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1. Summary / Zusammenfassung

1. Summary

Neuroblastoma is the most prevalent extracranial solid tumor in infants, contributing to approximately
15% of childhood cancer-related mortalities. Despite diverse therapeutic approaches encompassing
surgery, radiation, chemotherapy, stem cell transplantation or immunotherapy, the 5-year survival
rate for high-risk patients remains below 50% marked by considerable challenges and over 50%
incidence of high-risk neuroblastoma relapses. Currently, there are no established preventive
strategies for neuroblastoma. This emphasizes the need to elucidate new drug targets and therapeutic
avenues. Genomic anomalies underlie the progression of neuroblastoma, prominently characterized
by MYCN amplification and chromosome 17q gain. The co-occurrence of these chromosomal
aberrations is widely recognized, yet their intricate mechanistic relation remain largely elusive. Recent
years have identified several candidate oncogenes residing on chromosome 17q. Among them,
IGF2BP1, an oncofetal RNA-binding protein, has shown gene gain and suggested MYCN-associated

roles in neuroblastoma.

For the first time, a transgenic mouse model provides crucial insights into IGF2BP1's role in
tumorigenesis. The IGF2BP1-induced neuroblastoma model showcases the protein's potential to drive
tumor formation, highlighting its synergy with MYCN and the importance of genomic instability in this
process. These findings add to the existing repertoire of transgenic models that contribute to the
understanding of neuroblastoma progression. Exploration of mIiRNA expression in primary
neuroblastoma tumor samples has unveiled a general elevation of MYCN-regulatory miRNAs. This
suggests a mechanism that uncouples MYCN expression from miRNA-directed downregulation,
implicating RNA-binding proteins. Evidence points to IGF2BP1 as a potent and druggable chromosome
17q oncogene that synergizes with MYCN. This collaboration establishes a self-reinforcing feedforward
loop wherein MYCN transcriptionally enhances IGF2BP1 expression and IGF2BP1 post-transcriptional
impairs MYCN downregulation via inhibiting miRNA-directed degradation in a 3’UTR-dependent
manner. This intricate regulatory network unleashes an “oncogene storm” and genomic instability
reminiscent of high-risk disease. Inhibition of IGF2BP1, exemplified by BTYNB, disrupts this oncogenic
network, rendering cancer cells more susceptible to a spectrum of treatments. Subsequent
investigations should advance the efficacy and pharmacological properties of IGF2BP1 inhibitors to
effectively disrupt IGF2BP1-dependent oncogenic enhancement. BTYNB appears a promising starting
point for these endeavors. The presented mouse models will expedite the evaluation of improved
IGF2BP1 inhibitors and provide valuable resources for identifying additional IGF2BP1-driven oncogenic
effectors for combined cancer treatment. Given IGF2BP1’s substantial expression in various cancer
types, minimal expression in adult tissue and recurrent occurrence of chromosome 17q gains across

cancers, targeting IGF2BP1 emerges as a promising therapeutic avenue.
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1. Summary / Zusammenfassung

Zusammenfassung

Neuroblastom ist der haufigste extrakraniale solide Tumor im Sduglingsalter und tragt zu etwa 15% der
krebsbedingten Todesfalle im Kindesalter bei. Trotz verschiedener therapeutischer Ansatze,
einschlieRlich Operation, Stammzelltransplantation, sowie Strahlen-, Chemo- oder Immuntherapie,
bleibt die 5-Jahres-Uberlebensrate fiir Hochrisikopatienten unter 50% mit einer Rezidivrate von {iber
50%. Derzeit gibt es keine etablierten Praventionsstrategien fiir Neuroblastome. Dies unterstreicht die
Notwendigkeit, neue Wirkstoffziele und therapeutische Ansdtze zu untersuchen. Genomische
Anomalien, wie beispielsweise eine Amplifikation von MYCN oder die Zunahme von Chromosom 17q,
sind ein wesentlicher Bestandteil der Progression von Neuroblastomen. Das gleichzeitige Auftreten
dieser chromosomalen Aberrationen ist weithin anerkannt, aber ihre komplexe mechanistische
Beziehung bleibt grotenteils unklar. In den letzten Jahren wurden einige Onkogene identifiziert, die
auf Chromosom 17q liegen. Unter diesen liegt /IGF2BP1, ein onkofetales RNA-bindendes Protein,

verstarkt exprimiert vor und besitzt MYCN-assoziierte Rollen im Neuroblastom.

Zum ersten Mal liefert ein transgenes Mausmodell entscheidende Einblicke in die Rolle von IGF2BP1
in der Tumorentstehung von Neuroblastomen, hebt seine Synergie mit MYCN und die Bedeutung von
genomischer Instabilitdt in diesem Prozess hervor. Diese Ergebnisse erweitern das bestehende
Repertoire an transgenen Modellen, die zum Verstandnis der Neuroblastomprogression beitragen. Die
Untersuchung der miRNA-Expression in primaren Neuroblastomtumorproben legt eine allgemeine
Erhohung der MYCN-regulatorischen miRNAs nahe. Dies impliziert einen Mechanismus, der die MYCN-
Expression von der miRNA-vermittelten Degradation entkoppelt und RNA-bindende Proteine, wie
IGF2BP1, einschlieRt. Dabei verstadrken sich beide Proteine gegenseitig, wobei MYCN die Expression
von IGF2BP1 transkriptionell erhéht und IGF2BP1 post-transkriptionell die MYCN mRNA vor miRNA-
vermittelten Degradation in einer 3’"UTR-abhangigen Weise schiitzt. Die Inhibierung von IGF2BP1,
exemplarisch durch BTYNB, unterbricht dieses onkogene Netzwerk und macht Krebszellen anfalliger
flir eine Vielzahl von Behandlungen. Folgeuntersuchungen sollten die Wirksamkeit und
pharmakologischen Eigenschaften von IGF2BP1-Inhibitoren vorantreiben, um die IGF2BP1-abhangige
Tumorprogression effektiv zu unterbinden. BTYNB scheint ein vielversprechender Ausgangspunkt fiir
diese Bemiihungen zu sein. Die vorgestellten Mausmodelle werden die Bewertung verbesserter
IGF2BP1-Inhibitoren beschleunigen und eine wertvolle Ressource fiir die Identifizierung zusatzlicher
IGF2BP1-getriebener onkogener Effektoren sein. Angesichts der erheblichen Expression von IGF2BP1
in verschiedenen Krebsarten, der minimalen Expression in adulten Geweben und der Zunahme von
genetischem Material von Chromosom 17q bei verschiedenen Krebsarten erweist sich die gezielte

Inhibierung von IGF2BP1 als vielversprechender therapeutischer Ansatz.



2. Introduction

2. Introduction

2.1 Neuroblastoma

2.1.1 Origin and clinical presentation

Neuroblastoma was first documented by Dr. Rudolf Virchow in 1864. He described it as a glioma tumor
arising in the abdominal cavity in a child (Virchow 1864). However, it was Dr. James Homer Wright in
1910 who conducted detailed examination of its characteristic features and origin. He coined the term
“neurocytoma” or “neuroblastoma” after observing that the tumor consisted primarily of
undifferentiated nerve cells known as neurocytes or neuroblasts. He proposed that neuroblastoma
originates from primitive nerve cells that have migrated during development (Wright 1910). Indeed, it
is nowadays well accepted that neuroblastoma arise from the sympatho-adrenal lineage of the neural
crest (Nakagawara 2004). During normal embryonic development, the neural crest cell precursors
migrate from the dorsal neural tube and differentiate into various lineages, including melanocytic,
sensory, enteric and sympathetic neurons. However, a significant number of these developing neurons
undergo programmed cell death, mainly via apoptosis, during terminal differentiation (Nakagawara
1998a, Nakagawara 1998b). The remaining neurons successfully differentiate into mature neuronal
cells with proper function. Neuroblastoma-initiating cells inappropriately resists these death stimuli
and proliferate (Marshall et al. 2014). Neuroblastoma exclusively originates from precursor or stem
cells of the sympatho-adrenal lineage and does not arise from other neural crest lineages (Matthay et
al. 2016). This suggests that the oncogenic event leading to neuroblastoma occurs after migrating cells
have received the signal to differentiate into sympathetic neurons. Disturbance of neural crest
migration, maturation or differentiation considerably contribute to neuroblastoma development
(Whittle et al. 2017). Several transcriptional regulators, such as MASH1, ID2, dHAND, HIF and PHOX2,
are involved in determining the fate of cells within sympathetic lineages. These regulators likely play
roles in the pathogenesis of neuroblastoma (Isogai et al. 2011, Ichimiya et al. 2001, Lasorella et al.

2002, Gestblom et al. 1999, Pietras et al. 2009, Jogi et al. 2002, van Limpt et al. 2004).

Clinically, neuroblastoma presents with remarkable heterogeneity, ranging from spontaneous
regression to aggressive and chemoresistant disease (Nuchtern 2006, Nuchtern et al. 2012). Notably,
neuroblastoma exhibits the highest rates of spontaneous regression observed in human cancers, which
suggests delayed activation of normal apoptotic pathways may contribute to this phenomenon
(Brodeur 2018). Neuroblastoma primarily originates either in the adrenal medulla (47%) or the
paraspinal sympathetic ganglia of the abdomen (24%), thorax (15%), pelvis (3%) and neck (3%; Vo et
al. 2014). Tumor arising from the cervical or thoracic regions are more common in infants and typically

have a more favorable prognosis than adrenal tumors, which are often associated with advanced
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2. Introduction

stages and unfavorable genetic characteristics (Vo et al. 2014, Whittle et al. 2017). Clinical symptoms
of neuroblastoma include weight loss, fever, bruising, bone pain, and lumps in the abdomen, neck or
chest. At diagnosis, approximately half of patients present with highly aggressive disease characterized
by rapid tumor growth and metastasis (DuBois et al. 1999, Kholodenko et al. 2018). Common
metastatic sites include lymph nodes, bone and bone marrow, while metastasis to the lung, central
nervous system and skin is less frequent (Vo et al. 2014, Thompson et al. 2016). Patients with stage 4S
tumors, classified by the International Neuroblastoma Staging System, exhibit a distinct metastatic
pattern, with higher propensity for liver (80%), bone marrow (35%) and skin (14%) involvement than
metastasis in lymph nodes (9%) and adrenals (6%; DuBois et al. 1999). Only 50% of patients with distant
metastases will achieve long-term survival (Cohn et al. 2009). Conversely, patients with low- or
intermediate-risk disease have a better prognosis, achieving greater than 95% overall survival (Maris
et al. 2007, Gatta et al. 2014). The age of diagnosis varies, but generally, neuroblastoma is diagnosed
around 18 months of age (Castleberry 1997, Matthay et al. 2016, Whittle et al. 2017). Familial
neuroblastoma cases tend to be diagnosed earlier at around 9 months (Kushner et al. 1986).
Neuroblastoma rarely occurs in adolescents and young adults. About 40% of cases are diagnosed
within the first year of life, 75% before the age of 4 and over 95% before the age of 10 (Grovas et al.
1997, Pizzo and Poplack 2015). Generally, younger patients have a better prognosis depending on
other known risk factors. Neuroblastoma is the most common extracranial tumor in infancy,
accounting for 6-10% of childhood cancers and approximately 15% of all cancer-related childhood
deaths (Gurney et al. 1997, Stiller 2016, Zafar et al. 2021). Unfortunately, the etiology of
neuroblastoma largely remains unknown and effective prevention strategies are lacking (Cook et al.
2004, Menegaux et al. 2004, McDermott et al. 2015). Boys are slightly more affected by neuroblastoma
than girls, however, the reason for this prevalence is unclear (Whittle et al. 2017). Despite intensive
multimodal therapy, over 50% of high-risk neuroblastoma cases experience relapse, posing significant
treatment challenges (Park et al. 2010). Furthermore, the enigmatic aspect of neuroblastoma lies in its

high rate of spontaneous regression, even without medical intervention (Carvalho 1973).

2.1.2 Diagnosis

The diagnosis of neuroblastoma relies on a comprehensive approach encompassing laboratory tests,
radiographic imaging and pathological assessment (Matthay et al. 2016). Disease staging constitutes
the initial pivotal step, subsequently guiding patient stratification into risk groups based on various
clinical and molecular factors, including age at diagnosis, disease stage, histological characteristics,
DNA index and genetic anomalies (Cohn et al. 2009). Imaging techniques, such as computed
tomography or magnetic resonance imaging, play a crucial role in determining primary tumor size,

regional invasion, extent of spread and overall disease stage. Additional imaging of the chest, abdomen
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2. Introduction

and pelvis aids in identifying potential distant metastatic sites (Whittle et al. 2017). Radiolabeled
[*3Y]-meta-iodobenzylguanidine (MIBG) scans represent a valuable tool for detecting both primary
tumors and metastases, with approximately 90% of patients exhibiting MIBG-avid tumors (DuBois et
al. 2012). In cases where MIBG scans yield negative results, [*®F]-fluorodeoxyglucose positron emission
tomography scans or technetium-99 bone scintigraphy are recommended for the detection of
metastatic lesions (Sharp et al. 2009, Taggart et al. 2009, Bleeker et al. 2015, Nakagawara et al. 2018).
In conjunction with imaging studies, bone marrow aspirates and biopsies obtained from at least two
distinct sites are typically collected (Cheung et al. 1999). These findings are then combined with
histopathological assessments and/or increased levels of urinary or serum catecholamine to establish
a definitive diagnosis of neuroblastoma. Historically, the evaluation of urinary catecholamine levels led
to the identification of numerous cases of neuroblastoma, often exceeding the number of tumors that
clinically manifest later in life (Sawada et al. 1982, Hiyama et al. 2008). Notably, the implementation
of mass screening in the past resulted in nearly doubling the incidence of diagnosed neuroblastoma,
with minimal change in overall mortality (Yamamoto et al. 2002, Hisashige 2014). A significant
proportion of these diagnosed neuroblastoma exhibited a low-risk profile characterized by favorable
clinical and biological features, ultimately undergoing complete spontaneous regression (Schilling et
al. 2002, Woods et al. 2002). As far back as 1963, a report indicated the presence of neuroblastoma-
like cells in approximately 1 out of every 40 individuals, although the majority of these cells naturally
disappeared before birth (Beckwith and Perrin 1963). This suggests the existence of a greater number
of occult neuroblastoma that do not progress to overt clinical disease. In addition to catecholamine
levels, various biochemical parameters are assessable, including serum ferritin, neuronal-specific
enolase (NSE), lactate dehydrogenase (LDH) and dopamine levels. Elevated ferritin levels have been
associated with advanced stage, MYCN amplification, and reduced survival rates (Hann et al. 1985,
Tonini et al. 1997, Cangemi et al. 2012). Similarly, high levels of NSE or LDH correlate with MYCN
amplification and poorer clinical outcomes (Zeltzer et al. 1986, Joshi et al. 1993, Cangemi et al. 2012).
Nevertheless, it is important to note that increased serum levels of these markers lack specificity for
neuroblastoma and none are currently utilized to predict outcomes or guide therapeutic decisions
(DuBois et al. 2012). The staging of neuroblastoma involves procedures such as tumor excision, biopsy
and bone marrow aspiration, which collectively contribute to a comprehensive evaluation of the
disease. Immunohistochemistry studies are employed to affirm the neural origin of tumors, relying on
the examination of cell morphology and tissue architecture. According to the International
Neuroblastoma Pathology Committee, histopathologically, neuroblastoma fall into two main
categories: favorable and unfavorable histology (Shimada et al. 1999, Shimada et al. 2001, Peuchmaur
et al. 2003). The majority of neuroblastoma are characterized by undifferentiated features, comprising

small, round cells with dense hyperchromatic nuclei (neuroblasts) and limited evidence of neural
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2. Introduction

differentiation (Brodeur 2003). To distinguish neuroblastoma from other tumor types exhibiting similar
morphological characteristics, protein markers such as vimentin, NSE, S100 and ELAVL3/4 can be

employed (Takemoto et al. 2019).

2.1.3 Staging

The clinical stage assigned to a neuroblastoma patient at the time of diagnosis plays a pivotal role in
prognostication and dictates the therapeutic approach to be undertaken. As our understanding of
neuroblastoma has deepened over time, various classification systems have evolved to refine the
categorization of this complex disease. One of the earliest staging systems, introduced by Evans in
1971, emphasized the tumor’s position relative to the patient’s midline, delineating stage Il from stage
Ill, and acknowledged the presence of metastatic disease as key determinant, separating stage IV and
IV-S from other stages (Evans et al. 1971). Shimada’s system, proposed in 1984, introduced age at
diagnosis and histological tumor morphology as additional factors for classification (Shimada et al.
1984). To establish a standardized framework for improved comparability across research studies and
clinical protocols, the International Neuroblastoma Staging System (INSS) was established in 1986, with
subsequent revisions in 1993 (Brodeur et al. 1988, Brodeur et al. 1993). This system is predicated on a
comprehensive evaluation of neuroblastoma patients, incorporating clinical, radiographic and surgical
assessments. The INSS classifies neuroblastoma into five stages: 1, 2 (further divided into 2A and 2B),
3, 4 and 48S. Stage 1 designates localized tumors without lymph nodes involvement, typically amenable
to complete surgical resection, though these cases are relatively rare. Stage 2 encompasses tumors
that are largely localized but not amenable to complete surgical removal. Subdivision 2B accounts for
lymph node involvement without distant metastasis. Stage 3 aggregates unresectable intermediate-
to high-risk tumors coupled with lymph node metastases. Stage 4 represents the most aggressive
stage, characterized by distant metastases to lymph nodes, bone marrow, liver, skin or other organs.
Stage 4S is unique, specifically affecting children under one year of age. These tumors exhibit primary
characteristics akin to stage 1 or 2 tumors but share distant metastatic features with stage 4, excluding
lymph nodes. Remarkably, these particular tumors frequently undergo spontaneous regression for
reasons that remain enigmatic. While the INSS was a substantial advancement in neuroblastoma
management, it predominantly functioned as a postsurgical staging system. This limitation was
significant, given that a portion of neuroblastoma patients does not undergo surgical interventions.
Consequently, in 2009, the International Neuroblastoma Risk Group (INRG) staging system was
introduced (Monclair et al. 2009). The INRG systems relies on clinical criteria and image-defined risk
factors (IDRFs), facilitating its use prior to surgery. It categorizes neuroblastoma into four risk stages.
Stage L1 comprises low-risk, localized tumors, characterized by the absence of IDRFs and confined to

a single body compartment. Stage L2 designates locoregional tumors with one or more IDRFs,
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representing an intermediate-risk stage. Stage M identifies high-risk tumors with distant metastases,
notably affecting lymph nodes. Stage MS, applicable to patients under 18 months, designates tumors
with metastases restricted to the skin, liver and/or bone marrow, aligning closely with stage 4S of the
INSS. These tumors, akin to stage 4S, exhibit a propensity for spontaneous regression. The INRG system
refrains from dictating treatment recommendations, allowing for a comprehensive evaluation and
global comparison of treatment regimens. Crucial prognostic risk factors in neuroblastoma encompass
tumor stage, age at diagnosis, histology, differentiation grade, DNA ploidy and genetic aberrations such
as MYCN amplification, 11q loss, 179 gain or the presence/absence of segmental genomic alterations

(Table 1).

Table 1: Risk stratification with the INRG staging system.

age at MYCN pre-
INRG . . tumor tumor . 11q DNA
diagnosis . . L. amplifi- . treatment
stage histology differentiation . loss ploidy .
(months) cation risk group
L1/L2 any GN maturing, any any any any very low
GNB
intermixed
L1 any any* any no any any very low
MS <18 any any no no any very low
L2 <18 any* any no no any low
L2 >18 GNB nodular, differentiating no no any low
NB
M <18 any any no any  hyper- low
diploid
L2 <18 any* any no yes any intermediate
L2 >18 GNB nodular, differentiating no yes any intermediate
NB
L2 >18 GNB nodular, poorly no any any intermediate
NB differentiated/
undifferentiated
M <18 any any no any diploid intermediate
L1 any any* any yes any any high
L2 any any any yes any any high
M <18 any any yes any any high
M >18 any any any any any high
MS <18 any any yes any any high
MS <18 any any any yes any high

*except GN maturing and GNB intermixed; GN - ganglioneuroma, GNB - ganglioneuroblastoma, NB - neuroblastoma; Table
derived from (Whittle et al. 2017) Table 6.

2.1.4 Genetic susceptibility

Neuroblastoma, although predominantly sporadic in origin (Bunin et al. 1990), exhibit rare instances

of heritability, accounting for approximately 1-2% of neuroblastoma cases. Familial neuroblastoma
7
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typically follows an autosomal dominant inheritance pattern, often with incomplete penetrance at
around 65% akin to the classic two-hit model (Knudson Jr and Strong 1972, Shojaei-Brosseau et al.
2004). This familial form is characterized by multifocal primary tumors that manifest early in life

(Knudson Jr and Strong 1972, Kushner et al. 1986, Maris et al. 1997).

In 2004, the first neuroblastoma predisposition gene, paired-like homeobox 2B gene (PHOX2B), was
identified (Trochet et al. 2004, Bourdeaut et al. 2005). Located on chromosome 4p12, PHOX2B plays a
pivotal role in the regulation of autonomic nervous system development and differentiation (Pattyn et
al. 1999, Raabe et al. 2008). Two prominent germline mutations, R100L and R141G, result in a loss of
PHOX2B function with approximately 6-10% of familial neuroblastoma cases exhibit PHOX2B
mutations (van Limpt et al. 2004, Mosse et al. 2004). Mutated PHOX2B may contribute to the initiation
of neuroblastoma by disrupting normal developmental processes, possibly affecting the differentiation
or proliferation of neural crest cells, which give rise to neuroblastoma tumors. Notably, PHOX2B
mutations are recurrently found in neural crest-derived disorders such as congenital central
hypoventilation syndrome and Hirschsprung disease (Amiel et al. 2003, Trochet et al. 2004).
Additionally, these mutations occur in about 2% of sporadic neuroblastoma cases (Serra et al. 2008).
In contrast, PHOX2B is considered a core regulatory circuit (CRC) factor and is generally highly
expressed in non-familial neuroblastoma, in which PHOX2B may contribute to the maintenance of
tumor cell identity, survival or other oncogenic processes. This dual role underscores the complexity

of genetic factors in cancer predisposition and progression.

Another pivotal predisposition gene, the anaplastic lymphoma kinase (ALK), was identified in 2008
(Mossé et al. 2008, Janoueix-Lerosey et al. 2008). ALK, located at 2p23, is typically expressed during
embryonic and neonatal brain development. Formation of ALK fusion proteins due to chromosomal
translocations, resulting in constitutive activation of ALK is observed in various human malignancies
(Nakagawara et al. 2018). Germline ALK mutations, being the most prevalent genetic mutations, serve
as the principal cause of familial neuroblastoma (Mossé et al. 2008, Janoueix-Lerosey et al. 2008).
Within the tyrosine kinase domain of ALK, three germline missense mutations (R1192P, R1275Q and
G1128A) were identified in the majority of familial neuroblastoma cases studied. Importantly, germline
ALK mutations exhibit incomplete phenotypic penetrance, implying that not all afflicted individuals will
develop neuroblastoma. Of these mutations, R1275Q is encountered in both familial and sporadic
tumors and demonstrates higher penetrance compared to the weaker activating mutation, G1128A
(Mossé et al. 2008, Tolbert et al. 2017). Intriguingly, mutations in ALK are observed in 7-12% of sporadic
neuroblastoma cases (George et al. 2008b, Chen et al. 2008). Furthermore, due to its genomic
proximity to MYCN, ALK can be co-amplified in MYCN-amplified tumors, with ALK serving as direct

target gene of MYCN (Hasan et al. 2013). In neuroblastoma, the constitutive activation of the tyrosine
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kinase domain of ALK, resulting from enhanced autophosphorylation via multiple genetic mechanisms,
enhance its oncogenic potential. The heightened kinase activity subsequently amplifies several
downstream signaling pathways, including PI3K, RAS-MAPK and the RET pathway, culminating in
increased survival, migration, cell proliferation and oncogenic transformation (Carpenter and Mosse
2012, Gonzalez Malagon and Liu 2018, Park and Cheung 2020; Figure 1). Moreover, mutations in ALK
exhibit an elevated frequency in relapsed neuroblastoma cases (Schleiermacher et al. 2014, Eleveld et

al. 2015, Padovan-Merhar et al. 2016).

In addition to PHOX2B and ALK, several other predisposition syndromes for neuroblastoma have been
identified, including Li-Fraumeni and Costello syndrome (Barr and Applebaum 2018). Furthermore,
other genes (such as NF1) or genomic regions (12p, 16p12-13) have been implicated in neuroblastoma

predisposition (Clausen et al. 1989, Maris et al. 2002, Longo et al. 2007).
2.1.5 Mutations and altered gene expression

Only a small fraction of tumors exhibit identifiable oncogenic driver mutations (Vogan et al. 1993,
Hosoi et al. 1994; Figure 2). Unlike some adult cancers, pediatric malignancies like neuroblastoma are
often characterized by genomic aberrations rather than somatic mutations (Grobner et al. 2018).
Recent genome-wide association studies (GWAS) have unveiled an expanding repertoire of mutations
and genetic variations linked to neuroblastoma development (Barr and Applebaum 2018). In primary
tumors, ALK and PHOX2B mutations are prevalent, driving most cases of familial neuroblastoma as

previously described. Other notable mutations will be described briefly below.

TP53 and MDM2

Somatic mutations in the p53 pathway are rare in primary neuroblastoma (Vogan et al. 1993, Hosoi et
al. 1994). Nevertheless, certain germline variants have been associated with neuroblastoma
susceptibility and/or high-risk disease (Pugh et al. 2013, Diskin et al. 2014). The loss of p53 typically
occurs in relapsed, treatment-resistant tumors and is more common in cell lines derived from relapsed
patients (Keshelava et al. 2001, Tweddle et al. 2001). Mouse double minute 2 homolog (MDM2), an
antagonist of p53, binds to its transactivation domain, promoting ubiquitination and degradation
(Haupt et al. 1997, Kubbutat et al. 1997, Honda et al. 1997). Elevated MDM2 levels, often due to gene
amplification or a single nucleotide polymorphisms (SNPs) in the promoter (Corvi et al. 1995a, Cattelani
et al. 2008), are linked to poor prognosis, metastasis and advanced stage (Rayburn et al. 2005). This
elevated MDM2 activity attenuates p53 function, facilitating increased tumor formation. Additionally,
MDM2 can directly bind to the MYCN mRNA, enhancing its stability and translation, which could

contribute to multidrug resistance in neuroblastoma (Keshelava et al. 2001, Gu et al. 2012; Figure 1).
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Figure 1: Overview of signaling and regulation pathways in high-risk neuroblastoma. Signaling pathways implicated in
neuroblastoma are the RAS-MAPK pathway, the PI3K/Akt/mTOR pathway, ALK signaling, Trk signaling, WNT signaling and the
p53-MDM2 pathway. Other regulation pathways promoting high-risk neuroblastoma include the modulation of MYCN
transcription and stability, DNA/promoter hypermethylation, deregulation of apoptosis and alternative telomere
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pathway. In addition, ALK enhances the expression of MYCN. The RAS-MAPK and PI3K/Akt/mTOR pathway promote the
survival of neuroblastoma cells. TrkB/BDNF signaling activates the PI3K/Akt/mTOR pathway, whereas TrkA/C signaling, which
would promote apoptosis or differentiation, is absent in high-risk neuroblastoma. The WNT signaling is involved in
chemoresistance, stemness and enhanced MYCN expression. MDM2 inhibits p53 activity, promotes angiogenesis, increases
chemoresistance and elevates MYCN expression. Activated p53 is involved in apoptosis and growth arrest. The expression of
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level. MYCN also promote hypermethylation and subsequent downregulation of tumor suppressor genes as well as altered
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genes are frequently lost (chromosomal aberrations), inactivated (hypermethylation) or mutated in high-risk neuroblastoma.
Red genes are overexpressed due to genetic rearrangements or amplifications. Modified from (Zafar et al. 2021) Figure 1.
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RAS family

Although activating mutations in RAS are infrequent (Ireland 1989, Moley et al. 1991), RAS protein
activation often results from activating tyrosine kinase receptors, such as the tropomyosin receptor
kinase A (TrkA), associated with neural differentiation (Brodeur 2003). High HRAS expression is
correlated with lower stage disease and improved outcomes (Tanaka et al. 1988). Conversely, missense
mutations in NRAS, leading to gain-of-function alterations, are associated with aggressive
neuroblastoma (Pugh et al. 2013, Li et al. 2017b). Similar to TP53, ALK or other RAS-MAPK pathway
genes, mutations in the RAS family are more common in relapsed neuroblastoma (Eleveld et al. 2015,

Schramm et al. 2015).

ATRX

Alpha thalassemia/mental retardation syndrome X-linked (ATRX), an SWI/SNF (SWIltch/Sucrose Non-
Fermentable)-like chromatin remodeler implicated in telomere homeostasis, displays somatic
mutations, particularly in older patients, including adolescent and young adults, where roughly 40%
harbor ATRX mutations (Cheung et al. 2012b). These mutations, spanning missense, nonsense,
frameshift and in-frame deletions, are mutually exclusive of MYCN amplification (Molenaar et al.
2012c, Valentijn et al. 2015, Zeineldin et al. 2020). They result in the loss of nuclear ATRX protein,
alternative telomere lengthening and are linked to overall poor survival with limited treatment options

(Cheung et al. 2012b, Kurihara et al. 2014; Figure 1).

ARID1A/ARID1B

AT-rich interaction domain 1A/B (ARID1A/B), components of the SWI/SNF complex, are among the
most frequently mutated genes across all human cancers (Hodges et al. 2016). Chromosomal deletions
and sequence alterations are associated with early treatment failure, reduced patient survival and
increased cell invasion in vitro (Sausen et al. 2013, Lee et al. 2017, Li et al. 2017a). Patient data indicate
aninverse correlation between ARID1A and TERT (telomerase reverse transcriptase), implying a tumor-

suppressive role for ARID1A (Bui et al. 2019).

Additionally, GWAS have uncovered other genomic susceptibility loci, including 11p15.4 (LMO1),
1921.1 (NBPF23), 2p35 (BARD1), 6p22 (CASC15) and several SNPs in LIN28B (6g16.3-q21; Wang et al.
2011, Diskin et al. 2009, Capasso et al. 2009, Russell et al. 2015, Diskin et al. 2012). Although deletions
or mutations in NF1 have been reported in cell lines, there are no documented occurrences in primary

tumors (Johnson et al. 1993, The et al. 1993).
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Figure 2: Somatic mutations in pediatric cancer. Somatic coding mutation frequencies in 24 pediatric (n = 879) and 11 adult
(n=3281) cancer types (TCGA). Hypermutated and highly mutated samples are separated by dashed grey lines and
highlighted with black squares. Median mutation loads are shown as solid lines (black - cancer types; purple - all pediatric;
green - all adult). Derived from (Grobner et al. 2018) Figure 1.

The initiation and progression of neuroblastoma are profoundly influenced by altered gene expression
in addition to mutations or SNPs. Especially the loss of tumor suppressor genes due to genomic
aberrations and the overexpression of oncogenes are key drivers of malignant transformations in this
enigmatic malignancy. Cell type-specific developmental gene programs are intricately governed by
core regulatory circuitries (CRCs) that meticulously control cell fate and identity by orchestrating the
expression of a specific set of genes. These CRCs typically feature super enhancer elements within their
promoters to regulate transcription mutually (Saint-Andre et al. 2016). Neuroblastoma exhibit two
distinct CRCs: An adrenergic cell state managed by ASCL1, EYA1, PHOX2B, HAND1/2, GATA3, SIX3 and
AP1-1 and a neural crest/mesenchymal cell-like state promoted by MEOX1/2, SIX1/4, SOX9, SMAD3,
WWTR1 and PRRX1 (van Groningen et al. 2017, Boeva et al. 2017). Additionally, a separate set of CRCs
was identified in MYCN-amplified neuroblastoma, involving MYCN, HAND2, ISL1, PHOX2B, GATA3 and

TBX2 likely representing an adrenergic cell type (Durbin et al. 2018, Decaesteker et al. 2018).
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MYCN

MYCN belongs to the MYC family of proto-oncogenes, discovered in 1983 as a homolog to C-MYC in
neuroblastoma (Schwab et al. 1983). Its expression is normally restricted to the nervous system and
specific embryonic stages, playing an especial role in normal brain development (Zimmerman et al.
1986, Stanton et al. 1992). MYCN and C-MYC share functional redundancy due to structural and
sequence homology. MYCN regulates diverse cellular functions, including growth, proliferation,
metabolism, angiogenesis, apoptosis and differentiation (Beltran 2014). Located on chromosome
2p24, MYCN is frequently amplified in neuroblastoma, leading to aggressive, high-stage disease with
poor prognosis and treatment resistance, making MYCN the most important poor prognostic factor in
neuroblastoma (Seeger et al. 1985). The transcriptional activity of MYCN is mediated by dimerization
with MAX, forming MYCN/MAX heterodimers that activate transcription by binding to E-box elements
(CANNTG) in the DNA. At steady state, MAX expression is high and favors the formation of MAX/MAX
homodimers that repress transcription. However, elevated MYCN levels, resulting from amplification
or deregulation, lead to increased MYCN/MAX heterodimers and transcriptional activation (Wenzel et
al. 1991). In addition, MYCN expression and mRNA stability are tightly regulated (Figure 1). AURKA
stabilizes MYCN protein, whereas GSK3pB drives MYCN degradation (Otto et al. 2009, Matthay et al.
2016). In neuroblastoma, AURKA is generally overexpressed to increase MYCN protein stability.
Furthermore, MYCN indirectly upregulates AURKA (Otto et al. 2009), leading to a positive feedback
loop. The MYCN mRNA is stabilized by MDM2 and ELAVL4 (Gu et al. 2012, Samaraweera et al. 2017)
and negatively regulated by several miRNAs, including the miR-17-92 cluster, the let-7 family as well
as miR-34a (Samaraweera et al. 2017, Molenaar et al. 2012b, Wei et al. 2008). Besides protein-coding
genes, MYCN also modulates various miRNAs, such as upregulation of the miR-17-92 cluster or miR-9
(Schulte et al. 2008, Fuziwara and Kimura 2015, Ma et al. 2010) and downregulation of miR-184 or
miR-542-5p (Foley et al. 2010, Schulte et al. 2010), further contributing to tumor progression.
Additionally, neural crest-specific MYCN expression triggers neuroblastoma development (Weiss et al.

1997, Althoff et al. 2015).

Trk family

Neurotrophin signaling, predominantly mediated through the Trk family of tyrosine kinases, plays a
pivotal role in normal neuronal development (Barbacid 1995). Transformation of neuroblasts is
incompletely understood but likely involves one or more neurotrophin receptor pathways dictating
cell differentiation (Brodeur 2003). The extent of differentiation at the time of neoplastic
transformation determines the neurotrophin receptor expression pattern, influencing whether
neuroblastoma is favorable or unfavorable (Maris and Matthay 1999). The Trk family comprises three

members: TrkA, TrkB and TrkC. TrkA activity is mediated by the ligand NGF (nerve growth factor; Yano
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and Chao 2000, Patapoutian and Reichardt 2001). NGF withdrawal signals apoptosis in the developing
neurons, ensuring elimination of redundant cells. Thus, in the absence of NGF, TrkA-expressing tumor
cells undergo programmed cell death pathway, whereas the presence of NGF promote terminal
differentiation (Nakagawara 1998b, Brodeur et al. 2009). TrkA-expressing tumors generally are
hyperdiploid with whole chromosomal gains due to a fundamental defect in mitosis disjunction,
whereas structural rearrangements are rarely observed (Maris and Matthay 1999; Figure 3). Thus, TrkA
expression is inversely correlating with disease stage and MYCN amplification and high expression is a
marker of favorable neuroblastoma and good survival probability (Nakagawara et al. 1992,
Nakagawara et al. 1993, Combaret et al. 1997). The TrkA/NGF pathway might have an important role
in the propensity of some neuroblastoma to differentiate or regress, particularly in TrkA-expressing

infants, due to delayed activation of developmentally programmed cell death (Brodeur 2003).

differentiation

TrkA +V

3N ——— 3N Typel
mitotic \
dysfuch - NGF
2N :
apoptosis
2N/4N Type 2A
chromos.ome TrkB / 17g+
aberrations
N 11g-
14q-
17qg+

2N/4AN) — [ 2N/AN)  Type2B

17qg+ 17qg+
1p- 1p-
MNA

Figure 3: Genetic model of neuroblastoma development. There are at least two genetic subsets of neuroblastoma that are
highly predictive of clinical behavior. The degree of differentiation at time of malignant transformation determines the
neurotrophin expression pattern. The first type has high levels of TrkA expression and is characterized by mitotic dysfunction
leading to whole chromosomal gains. These cells (type 1) are often hyperdiploid or near-triploid (3N) and lack specific genetic
changes. They are prone to differentiate in the presence of NGF or to undergo apoptosis when NGF is limited. Patients with
type 1 neuroblastoma are generally younger (< 1 year) with localized disease and a good prognosis. The second type is
characterized by genomic aberrations and a high TrkB expression, resulting in a near-diploid (2N) or near-tetraploid (4N)
karyotype. These tumors (type 2) often have a chromosome 17q gain. Two subtypes can be distinguished depending on
further chromosomal aberrations. Type 2A frequently acquire chromosome 11q and/or 14q loss, but rarely develop MYCN
amplification or chromosome 1p loss. Type 2B often loses distal parts of chromosome 1p and subsequently acquire MYCN
amplification. These patients are generally older with advanced stage disease and normally a poor outcome. Modified from
(Brodeur 2003) Figure 5.

Full-length TrkB and its ligand BDNF (brain derived neurotrophic factor) are predominantly expressed
in advanced-stage, MYCN-amplified tumors linked to poor prognosis. In favorable neuroblastoma, TrkB
expression is low or as a truncated isoform (Nakagawara et al. 1994, Yano and Chao 2000, Patapoutian

and Reichardt 2001, Brodeur and Bagatell 2014). TrkB-expressing cells rely on autocrine or paracrine
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production of BDNF, supporting growth-promoting signals (Nakagawara et al. 1994, Matsumoto et al.
1995, Acheson et al. 1995). TrkB/BDNF also contributes to angiogenesis, drug resistance, migration
and invasion (Eggert et al. 2000, Ho et al. 2002, Hua et al. 2016). Tumors that express TrkB are
characterized by genomic instability, mostly with gain at chromosome 17q and additional aberrations
in 11g/14q or 1p/2p (Maris and Matthay 1999; Figure 3). BDNF itself is located at chromosome 11p14.1
(Yates et al. 2017) and gain of 11p occurs more frequently in 11g-deleted neuroblastoma with the
smallest region of overlap of 11p gain between 11p11.2 and 11p14, suggesting that 11p gain leads to
overexpression of BDNF and therefore contributes to the malignant phenotype (Stallings et al. 2003).
TrkC and its ligand NT3 (neurotrophin 3) are co-expressed with TrkA in lower-stage, MYCN non-
amplified tumors with a favorable prognosis (Yano and Chao 2000, Patapoutian and Reichardt 2001,
Ryden et al. 1996, Yamashiro et al. 1996). Its function mirrors that of TrkA, with NT3 promoting cell
survival and differentiation, whereas in absence of NT3 TrkC-expressing cells enter apoptosis (Bouzas-

Rodriguez et al. 2010).

MDR1 and MRP

Acquired drug resistance is a significant cause of neuroblastoma treatment failure, possibly mediated
by enhanced drug efflux through the multidrug resistance protein 1 (MDR1) and/or the multidrug
resistance-related protein (MRP; Kuroda et al. 1991, Keshelava et al. 1997). MDR1 expression increases
after chemotherapy exposure but is inversely correlated with MYCN expression, suggesting it’s rarely
a cause of de novo drug resistance (Bourhis et al. 1989, Goldstein et al. 1990, Nakagawara et al. 1991).
In contrast, MRP expression strongly correlates with MYCN expression and patient survival, conferring
a drug-resistant phenotype (Norris et al. 1996). E-box elements in the MRP promoter region suggesting
MRP as a direct transcriptional MYCN target gene, promoting chemoresistance and treatment failure
(Zhu and Center 1994, Norris et al. 1997). In addition, high MRP expression is a significant prognostic

indicator independent on MYCN status (Norris et al. 1996).

TERT

In normal cells, TERT plays a pivotal role in maintaining telomere length, stabilizing chromosomes’
protective ends. Progressive telomere shortening is implicated in cell senescence and apoptosis, which
is overwritten by high telomerase activity (Hiyama et al. 1997). Elevated telomerase activity is typical
in cancer cells, resulting in telomere stabilization and cell immortalization. Increased telomerase
activity seems to be a prerequisite for malignant transformation and is associated with poor survival,
MYCN amplification, genomic instability and an increased likelihood of additional mutations (Kim et al.
1994, Hiyama et al. 1995, Brinkschmidt et al. 1998). In stage 4S compared to stage 4 tumors, the
promoter of TERT is hypermethylated, causing lower TERT expression, indicating that telomere

shortening may counteract tumor cell immortalization and contribute to spontaneous regression (Binz
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et al. 2005, Decock et al. 2016). TERT is located at chromosome 5p15.33 and genomic rearrangements
that affect this region, resulting in an enhanced telomerase activity, occur in approximately 25% of
high-risk neuroblastoma, predominantly without MYCN amplification and ATRX mutations, and are
associated with unfavorable outcome (Peifer et al. 2015, Valentijn et al. 2015). Furthermore, TERT is a
direct MYCN target gene, resulting in increased expression of TERT in MYCN-amplified tumors without

the need of genomic rearrangements (Mac et al. 2000).

LIN28B

LIN28B represses the let-7 family of miRNAs, potent tumor suppressors, leading to increased MYCN
expression in neuroblastoma (Viswanathan et al. 2008, Piskounova et al. 2011, Molenaar et al. 2012b).
LIN28B overexpression is common in high-risk disease and is an independent risk factor for poor
outcomes (Molenaar et al. 2012b). Several SNPs within LIN28B are reported and are associated with
high LIN28B expression and adverse disease. In addition, Lin28b transgenic mice develop
neuroblastoma with pathological characteristics similar to human disease (Molenaar et al. 2012b). A
potential signaling pathway involving LIN28B in the promotion of tumorigenesis operates in
conjunction with RAN and AURKA (Schnepp et al. 2015; Figure 4). In this network, LIN28B indirectly
upregulates RAN expression by diminishing levels of let-7 miRNAs, thereby facilitating increased
expression of RANBP2, which subsequently stabilizes RAN protein (Patil et al. 2014). Furthermore,
LIN28B is speculated to directly interact with RAN mRNA, potentially promoting its translation, a
mechanism previously proposed for other LIN28B target genes (Peng et al. 2011, Wilbert et al. 2012).
Both, LIN28B and RAN, have been shown to enhance the expression or activity of AURKA (Trieselmann
et al. 2003, Tsai et al. 2003), leading to cell cycle progression and stabilization of MYCN oncogene (Otto
et al. 2009).

129 gain LIN28B

L]

RAN = <«— (RANBP2 H— let-7 — [ MYCN
‘ > AURKA ‘T

Figure 4: LIN28B-RAN-AURKA-MYCN signaling network in neuroblastoma. This signaling network is operative in both, MYCN-
amplified and high-risk MYCN-non-amplified tumors. In MYCN-amplified tumors, LIN28B is frequently upregulated due to

MYCN amplification, while in MYCN-non-amplified tumors, RAN is often overexpressed as a result of genomic aberrations on
chromosome 12q. LIN28B inhibits the biogenesis of let-7 miRNAs, leading to elevated levels of RANBP2, AURKA and MYCN.
Additionally, RANBP2 serves to stabilize RAN protein, which subsequently phosphorylates and activates AURKA. AURKA then
facilitates cell cycle progression and stabilizes MYCN protein. Moreover, LIN28B directly promotes RAN expression through a
mechanism independent of let-7 miRNAs. Modified from (Schnepp et al. 2015) Figure 6.
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Potential chromosome 1p tumor suppressor genes

Chromosome 1p loss is prevalent in neuroblastoma, suggesting the involvement of tumor suppressor
genes. One potential tumor suppressor is the kinesin family member 1B (KIF1Bp), located at 1p36.22.
KIF1Bp interacts with DExH-box helicase 9 (DHX9), leading to its nuclear accumulation in the absence
of NGF. DHX9 accumulation stimulates the pro-apoptotic XIAP associated factor 1 (XAF1), resulting in
apoptosis (Figure 1). In neuroblastoma harboring loss of 1p36, KIF1BB expression is absent or lowered
hindering nuclear localization of DHX9, subsequently protecting the cell from apoptosis (Chen et al.
2014). Low expression of KIF1BB is therefore associated with poor outcome. In addition, germline loss-
of-function missense mutations in KIF1Bp exist (Schlisio et al. 2008), indicating that it might be a critical
pathogenic target of neuroblastoma. Another candidate tumor suppressor is the chromodomain
helicase DNA binding protein 5 (CHD5), located at 1p36.31. CHD5 is absent or very low expressed in
neuroblastoma (Fujita et al. 2008). High expression is strongly associated with younger age, lower
stage, no MYCN amplification, hyperdiploidy, favorable histopathology and better survival probability,
indicating that inactivation of CHD5 drives malignancy (Fujita et al. 2008, Koyama et al. 2012).
Expression of CHDS is regulated at several stages, including epigenetics and post-transcriptional
regulation. Chromosome 1p deletions can lead to hemizygous loss of CHD5. In addition, the promoter
of CHDS is highly methylated, resulting in decreased expression (Koyama et al. 2012). Somatic
mutations in CHD5 are rare, but recurrently occur in relapsed patients (Schramm et al. 2015).
Furthermore, CHD5 mRNA can be regulated through MYCN-driven miRNAs such as the miR-17-92
cluster, resulting in downregulation of expression, indicating the cross-talk between MYCN and a
potential chromosome 1p36 tumor suppressor gene (Naraparaju et al. 2016). Lastly, NGF upregulates
CHDS in TrkA-expressing cells, resulting in neuronal differentiation (Higashi et al. 2015). Calmodulin
binding transcription activator 1 (CAMTAL) is another potential tumor suppressor gene, located at
chromosome 1p36. Low expression of CAMTAL is associated with MYCN amplification, advanced stage
and poor prognosis by slowing cell proliferation, suppressing tumor growth in vivo as well as inducing
neurite-like processes and markers of neuronal differentiation (Henrich et al. 2006, Henrich et al. 2011,
Henrich et al. 2012). A non-coding tumor suppressor on chromosome 1p is the miRNA miR-34a, located
at 1p36.22 (Yates et al. 2017). Expression of miR-34a is frequently lost in neuroblastoma due to 1p
deletions, which is associated with poor prognosis. Thus, miR-34a is a potent tumor suppressor in vivo
by inducing apoptosis (Welch et al. 2007, Tivnan et al. 2011). Furthermore, MYCN mRNA is directly
targeted and degraded by miR-34a (Wei et al. 2008). Other potential tumor suppressor gene on
chromosome 1p include Castor zinc finger 1 (CASZ1) and RUNX family transcription factor 3 (RUNX3;
Wang et al. 2012).
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Other genes of potential interest

Besides the mentioned genes above, many more are currently under investigation or have been shown
to contribute to neuroblastoma formation or progression. These include tumor-suppressive genes
positively associated with survival like CD44, HOXC9, TSLC1, miR-337-3p, RASSF1A, CASP8 or DCC
(Christiansen et al. 1995, Kocak et al. 2013, Ando et al. 2008, Xiang et al. 2015, Astuti et al. 2001, Kong
et al. 1997) and oncogenic genes that contribute to adverse outcome such as PES1, NME1, BIRCS or
ncRAN (Nakaguro et al. 2015, Valentijn et al. 2005, Islam et al. 2000, Yu et al. 2009). This also includes
oncogenic miRNAs such as the miR-17-92 cluster, miR-18a, miR-128 or miR-380-5p as well as tumor-
suppressive miRNAs like miR-9 or miR-184, which up- or downregulation, respectively, promotes cell

proliferation and inhibits neuronal differentiation (Zhi et al. 2014).
2.1.6 Genetics

Prognostic evaluation in neuroblastoma involves a multifaceted assessment of various clinical and
biological parameters to provide insights into the disease’s course and patient outcomes. These
parameters include the degree of differentiation, presence or absence of stroma, mitosis-karyorrhexis
index, age at diagnosis, clinical stage, histological category, DNA ploidy and MYCN amplification
(Shimada et al. 1984, Cotterill et al. 2000; Figure 5). Advanced tumors exhibit either a near-diploid or
near-tetraploid DNA content with segmental chromosomal rearrangements, including amplifications,
deletions and unbalanced translocations demonstrating generalized genomic instability. These tumors
are associated with patients older than 18 months, a higher risk of relapse and a decreased overall
survival (Brodeur et al. 1997, Schleiermacher et al. 2012). In favorable neuroblastoma cases,
characterized by a hyperdiploid or near-triploid DNA index with whole chromosomal gains, there is a
fundamental defect in mitosis and chromosomal segregation. These patients typically have a good
prognosis and respond well to therapy (Brodeur et al. 1997, Kinzler 1998, Bogen et al. 2016). Therefore,
DNA ploidy serves as a valuable predictive tool for survival probability, particularly in infants. However,
ploidy loses its predictive value for patients older than 1-2 years of age (Look et al. 1984, Look et al.
1991). Thus, age-specific considerations are crucial when assessing neuroblastoma prognosis based on

DNA ploidy.
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Figure 5: Prognostic factors and their contribution to survival probability. Kaplan-Meier survival analyses by different
prognostic factors: patient risk group (a), DNA ploidy (b), tumor stage (c), patient age (d), MYCN amplification (e) and
chromosomal aberrations (f). Data are derived from neuroblastoma datasets from Asghardazeh (a, b), Kocak (c-e) or de Preter
(f) via the R2 database. Statistical significance was determined by log-rank test.

Besides segmental or whole chromosomal aberrations, chromothripsis occur in approximately 20% of
primary neuroblastoma with stage 3 or 4 (Molenaar et al. 2012c). This phenomenon is also detected
in around 2-3% of malignancies across diverse cancer types (Stephens et al. 2011). Chromothripsis is
characterized by a massive genomic rearrangement, unfolding within a single catastrophic event. In
the context of neuroblastoma, its occurrence is notably associated with two key genetic alterations:
MYCN amplification and chromosome 1p loss. This connection suggests that chromothripsis plays a
role in restraining the differentiation of neuroblastoma cells, primarily via the allelic loss of putative
tumor suppressor genes located in the 1p36 region. Moreover, chromothripsis leads to structural
rearrangements within the TERT gene (Valentijn et al. 2015). This disruption results in a significant
extension of telomere length, particularly in high-stage neuroblastoma cases, suggesting that
chromothripsis is contributing to the immortalization of cells, endowing them with the capacity for
limitless proliferation. Chromothripsis emerges as a potent indicator of a poor prognosis in
neuroblastoma. It underscores the highly intricate relationship between genomic instability, telomere

dynamics and neuroblastoma progression.

Beyond chromothripsis, other prominent chromosomal aberrations exert substantial influence on
patient risk stratification and survival prognostication, namely MYCN amplification, gain of

chromosome 179 and losses at chromosome 1p and 11q (Figure 6).
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HR

Figure 6: Association of chromosomal aberrations in high-risk neuroblastoma. Association of MYCN amplification,
chromosome 17q gain and losses at chromosomes 1p and 11q in 525 neuroblastoma primary tumors. Data are derived from
a public R2 dataset (de Preter, cgh_avgpres_nbhr556_gent005). Most tumors (87%) harbor a chromosome 17q gain. Co-
occurrence of 17q gain with MYCN amplification and 1p loss or with chromosome 11q loss present the two most abundant
subtypes. Single chromosomal aberrations occur seldom as well as combination of MYCN amplification and chromosome 11q
loss. Subgroups (with n > 8) are color-coded according to their hazard ratio compared to tumors without these four genomic
aberrations.

MYCN amplification

MYCN amplification stands as a pivotal genetic event within the neuroblastoma landscape, occurring
with a prevalence ranging from approximately 18% to 38% (Brodeur et al. 1984, Seeger et al. 1985,
Look et al. 1991, Edsj6 et al. 2004, Altungoz et al. 2007). Notably, it serve as the sole genetic feature
used for treatment stratification in neuroblastoma (Schmidt et al. 2000). Elevated MYCN expression
emerges as a strong indicator of an unfavorable prognosis, aligning with advanced disease stage,
diagnosis at an age exceeding 18 months, tumor localization in the adrenal glands or non-thoracic
regions, unfavorable histopathological features, diploidy and undifferentiated or poorly differentiated
tumor grades (Brodeur et al. 1984, Seeger et al. 1985, Thompson et al. 2016). Furthermore, the
amplification of MYCN exhibits intricate associations with other genomic alterations. It is closely
correlated with chromosome 1p loss and 17q gain, while inversely related to chromosome 11q loss.
This indicates that MYCN amplification typically occurs concomitantly with 1p loos, 17q gain or both
(Figure 6). Thus, MYCN amplification is a subsequent event within the sequence of genetic aberrations,
often characterizing more advanced stages of neuroblastoma (Fong et al. 1989, Caron 1995, Meddeb
et al. 1996, Guo et al. 1999). MYCN amplification is also strongly linked to specific metastatic patterns,
notably lung metastases, followed by involvement of the bone marrow, bone and skin (Thompson et
al. 2016). Additionally, it is associated with a higher likelihood of treatment failure (Seeger et al. 1985).
The amplicon generated by MYCN amplification exhibits heterogeneity, with sizes ranging from 100 kb
to 1 Mb. However, it consistently features a core domain spanning around 100-200 kb (Amler and

Schwab 1989, Reiter and Brodeur 1996). This amplicon may be present in tandem repeats at its
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resident site at 2p24 or manifest as homogeneously stained region at other chromosomes or appear
as extrachromosomal double minute chromosomes (Schwab et al. 1984, Emanuel et al. 1985, Corvi et
al. 1994, Aygun 2017). The mechanisms underlying MYCN amplification are intricate and remain
incompletely elucidated. A suggested model of gene amplification is the episome model, wherein a
submicroscopic chromosomal region, including a replication origin and adjacent genes, undergo
deletion via recombination events. These autonomously replicating precursors are termed episomes
and subsequently give rise to larger double minute chromosomes. Over time, these may integrate into
new chromosomal sites, forming homogeneously stained regions (Carroll et al. 1988, Amler et al. 1992,
Corvi et al. 1994). Amplifications as double minute chromosomes are more common in tumors,
because acentric structures tend to be lost during mitosis or to be unequally divided between daughter
cells allowing high amplifications as observed for MYCN in neuroblastoma (Kanda et al. 1998). MYCN
homogeneously stained regions are frequently flanked by segments of 17q material, suggesting that
chromosome 17q may be a preferential recombination site for MYCN (O'Neill et al. 2001). It is
noteworthy that the copy number of MYCN remains consistent across different regions within
individual tumors, between primary tumors and their corresponding metastases, and even between
matched samples at initial presentation and relapse (Brodeur et al. 1987). In some instances,
duplications of the MYCN locus at 2p24 may exist, potentially serving as a precursor to full-blown
amplification (Corvi et al. 1995b). While MYCN amplifications often coincides with amplification of
other genes, such as DDX1 or ALK, MYCN consistently emerges as the primary gene amplified from the
2p region. Intriguingly, no amplification of ALK or DDX1 is reported in the absence of MYCN
amplification, suggesting a secondary role for these genes in the context of MYCN amplification (Reiter

and Brodeur 1996, 1998, George and Squire 2000, George et al. 2008a).

Chromosome 17q gain

Chromosome 17q gain emerges as the most frequently observed chromosomal aberration in
neuroblastoma, occurring in over 50% of cases (Van Roy et al. 1994, Caron 1995, Bown et al. 1999).
This genetic event can take two distinct forms: unbalanced 17g gain and gain of the whole
chromosome 17, each carrying distinct clinical implications. Unbalanced 17q gain, characterized by an
imbalance between two or more genes flanking the translocation breakpoint, is closely associated with
advanced disease stages, patient age exceeding one year at diagnosis, MYCN amplification and the
presence of diploidy or tetraploidy. Importantly, it correlates with an unfavorable clinical outcome
(Caron 1995, Bown et al. 1999, Carén et al. 2010). Conversely, the gain of the entire chromosome 17
is linked to a more favorable clinical prognosis and genetic profile (Bown et al. 1999). Chromosome
17q gain provides vital prognostic information within both, the groups characterized by the absence
of 1p deletion and the absence of MYCN amplification (Bown et al. 1999). The breakpoints on

chromosome 17q exhibit heterogeneity but are frequently situated in the 17q11-21 region (Mlakar et
21



2. Introduction

al. 2024; Figure 7). The presence of multiple breakpoints implies a gene dosage effect on chromosome
17q, providing a selective growth advantage (Savelyeva et al. 1994, Van Roy et al. 1994, Van Roy et al.
1995, tastowska et al. 2001, tastowska et al. 2002). The smallest region of overlap for 17q gain spans
approximately 25 Mb, located at 17q23.1-qter (Meddeb et al. 1996). This genetic alteration can
manifest independently but is often observed in conjunction with unbalanced translocations between
chromosomes 1 and 17. Such translocations result in simultaneous distal 1p loss and gain of 17q.
Chromosome 11q represents the second most common partner site for these translocations.
Analogous translocations have been documented on chromosomes 3p, 4p, 9p and 14q, underscoring
the biological significance of 17q involvement as a predominant mechanism leading to loss of
heterogeneity (Van Roy et al. 1994, Van Roy et al. 1997, Bown 2001). Within the frequently gained
region of chromosome 17q, numerous candidate genes have been proposed. These genes are
implicated in critical cellular processes such as apoptosis, cell cycle control or neuronal differentiation.
Notable examples include NME1, BIRC5, TBX2, PPM1D, TOP2A or ALYREF (Hailat et al. 1991, Islam et
al. 2000, Decaesteker et al. 2018, Saito-Ohara et al. 2003, Yoon et al. 2006, Nagy et al. 2021). Another
gene within this region, IGF2BP1, warrants particular attention and will be explored in greater detail
below. Furthermore, it’s worth noting that 17q gain is a recurrent event in other cancer types, where
it often arises due to the formation of isochromosome 17q. In these cases, it is accompanied by allelic
loss at 17p and mutations in the TP53 gene. However, in neuroblastoma, isochromosome 17q and
TP53 mutations are rare, suggesting distinct underlying mechanisms for 17q abnormalities in this

specific cancer context (Bown 2001).
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Figure 7: Chromosome 17q breakpoints in neuroblastoma tumors. Location and frequency of chromosome 17q breakpoints.
Modified from (Mlakar et al. 2024).
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Chromosome 1p loss

Chromosomal deletion events involving chromosome 1p are observed in a substantial portion of
neuroblastoma cases, ranging from 19% to 36% (Fong et al. 1989, White et al. 2001, Attiyeh et al.
2005). These deletions typically align with unfavorable clinical characteristics, such as unresectable
and metastatic disease, advanced stages, the presence of MYCN amplification and a poor overall
prognosis (Franke et al. 1986, Fong et al. 1989, Attiyeh et al. 2005). The spectrum of breakpoints on
chromosome 1p is notably broad, spanning from 1p22 to 1p36. Importantly, there are at least two
distinct chromosomal aberrations within this region, each associated with specific clinical outcomes.
One of these deletions, a smaller interstitial deletion located in 1p35-36, is more frequently detected
in tumors harboring a single copy of MYCN and generally linked to a favorable clinical course (Takeda
et al. 1994, Cheng et al. 1995). The second, larger deletion extends proximally into chromosome band
1p21. This deletion is more commonly associated with MYCN amplification, advanced disease stages
and a diminished likelihood of survival (Takeda et al. 1994, Cheng et al. 1995, Attiyeh et al. 2005). Thus,
it appears that at least two distinct tumor suppressor genes reside on chromosome 1p. The tumor
suppressor gene located in distal 1p36.2-3 exhibits genomic imprinting, often with a maternal origin
preference, and is frequently lost in neuroblastoma cases lacking MYCN amplification (Caron et al.
1993, Schleiermacher et al. 1994). Conversely, the tumor suppressor gene in proximal 1p35-36.1 does
not display a preferential allelic loss origin and is closely linked to MYCN amplification (Bown 2001).
This intriguing relationship suggests that proximal 1p deletion may be a prerequisite for MYCN
amplification or there could exist an underlying genetic abnormality that predisposes to both 1p loss
and MYCN amplification. In either scenario, it seems essential to delete a gene that regulates MYCN
expression or one that mediates programmed cell death in response to elevated MYCN gene
expression for amplification to occur (Brodeur et al. 1997, Kinzler 1998). Notably, the ectopic
expression of MYC family members induces apoptosis in the absence of survival signals. Therefore,
cancer cells must provide an adequate level of anti-apoptotic signals to tolerate high levels of MYC/N
(Pelengaris et al. 2002). Chromosome 1p loss actively contributes to tumorigenesis. Experiments
involving the transfer of chromosome 1p material into neuroblastoma cells in vitro have resulted in
morphological differentiation and the suppression of tumorigenicity (Bader et al. 1991). The most
common event for chromosome 1p loss is the unbalanced translocation der(1)t(1p;17q), which entails
the loss of distal 1p and the gain of distal 17q. This particular translocation accounts for approximately
42% of 1p loss cases. Simple 1p deletions represent 32% of instances, while unbalanced translocation

between 1p and other chromosomes makes up the remaining 26% (Bown 2001).
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Chromosome 11q loss

A predominant deletion event observed in neuroblastoma is the loss of chromosome 11q, documented
in a substantial percentage of cases ranging from 15% to 44% (Srivatsan et al. 1993, Guo et al. 1999,
Attiyeh et al. 2005). The loss of 11q is associated with specific clinical parameters, including patient
age exceeding one year at time of diagnosis, advanced disease stages, an unfavorable histological
profile and ultimately poorer survival outcomes. Notably, this loss is strongly inversely correlated with
MYCN amplification, rendering it a valuable prognostic indicator for predicting outcomes in high-risk
patients who do not exhibit MYCN amplification (Guo et al. 1999, Guo et al. 2000, Attiyeh et al. 2005).
The region of chromosomal loss on 11q is notably conserved and mapped to 11g23.3, suggesting the
presence of a critical tumor suppressor gene in this genomic region (Guo et al. 1999, Tomioka et al.
2008). Moreover, 11q loss is frequently concurrent with other chromosomal aberrations, including 17q
gain and loss of 1p, 3p, 4p and/or 14q (Breen et al. 2000, Luttikhuis et al. 2001, Vandesompele et al.
2005).

Other chromosomal aberrations

In addition to aforementioned primary chromosomal anomalies, several other genetic aberrations
have been identified in neuroblastoma. Generally, the gain of chromosomal segments, aside from 17q
gain and MYCN amplification, appears to be a less prominent than genetic loss in the context of cancer
(Bown 2001). One such gain is observed in chromosome segment 1q21-25, with the smallest region of
overlap identified at 1g23. This gain is associated with a progressive disease course, resistance to
chemotherapy and an unfavorable clinical outcome (Hirai et al. 1999). On the other hand, the loss of
chromosome 1432 is detected in a significant proportion of neuroblastoma cases, ranging from 22%
to 27% (Fong et al. 1992, Thompson et al. 2001). Intriguingly, this loss exhibits a strong correlation with
11qloss and therefore inversely correlates with MYCN amplification. This genetic alteration transcends
clinical risk groups, suggesting its potential occurrence in early stages of tumor development
(Thompson et al. 2001). Losses involving chromosomes 3p, 4p, 5q, 9p and 18q appear to manifest at
lower frequencies than 1p loss (Ejeskar et al. 1998, Caron et al. 1996, Meltzer et al. 1996, Takita et al.
1997, Reale et al. 1996). The consensus region for 3p loss spans a substantial area, encompassing the
region between 3p14.3 and 3p25.3 (Ejeskar et al. 1998). Allelic loss within chromosome 2q occurs in
roughly 32% of neuroblastoma cases and encompass the 2933 region (Takita et al. 2000). In both
deleted regions, the presence of tumor suppressor genes is suspected, further emphasizing their

significance in neuroblastoma pathogenesis.
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2.1.7 Epigenetics

Epigenetic mechanisms play pivotal roles in the regulation of growth and development. Any disruption
in this finely tuned regulation can lead to the onset and progression of disease. Notably, perturbations
in epigenetic regulation leading to altered gene expression are frequent occurrences in cancer,

including neuroblastoma (Baylin and Jones 2011, 2016).

DNA methylation

One of the primary epigenetic modifications involves DNA methylation, which primarily affects
cytosines within CpG islands, generally correlating with transcriptional repression (Bird 2002, Cedar
and Bergman 2009). DNA methylation is done by DNA methyltransferases such as DNMT3A/B, which
are responsible for de novo methylations. Aberrant DNA methylation patterns are a hallmark of cancer
and neuroblastoma is no exception (Alaminos et al. 2004). This alteration involves not only the global
loss of DNA methylation but also gains in methylation at specific promoters. These changes are
associated with clinical features and poor prognosis. Some well-known genes with hypermethylated
promoters, leading to decreased expression, include CHD5, CASZ1, RASSF1A and CASPS, all of which
are considered candidate tumor suppressor genes in neuroblastoma (Koyama et al. 2012, Wang et al.
2012, Astuti et al. 2001, Teitz et al. 2000). Therapies targeting DNA methylation, resulting in DNA
hypomethylation, have already gained FDA approval for certain malignancies (Fetahu and Taschner-

Mandl 2021).

Histone modifications

Covalent histone modifications, including acetylation, methylation and phosphorylation, constitute
another layer of epigenetic regulation. Histone acetylation typically marks active gene expression,
while histone methylation can lead to either gene activation or repression, contingent on factors such
as the degree of methylation (mono-, di- or tri-methylation), type of amino acid residue affected and
their location in the histone tails (Esteller 2008, Bannister and Kouzarides 2011). Changes in histone
methylation are facilitated by histone methyltransferases, such as EZH2, and histone demethylases.
Chromatin homeostasis depends largely on the interplay between various protein complexes, such as
the polycomb repressive complexes 1 and 2 (PRC), trithorax-group proteins (e.g. SWI/SNF) and
nucleosome remodelers (Piunti and Shilatifard 2016). Notably, the PRC2 complex is responsible for
introducing the repressive mark H3K27me3, while the SWI/SNF complex opposes its effects (Baylin
and Jones 2016). ARID1A/B, key components of the SWI/SNF complex, are frequently mutated in
cancer, including neuroblastoma, which is associated with poor survival (Sausen et al. 2013, Hodges et
al. 2016). EZH2, a member of the PRC2 complex, is overexpressed in neuroblastoma and MYCN directly
drives EZH2 expression (Cohen et al. 2013, Corvetta et al. 2013). In addition, regional gains

encompassing the EZH2 gene are reported in some neuroblastoma patients (Bate-Eya et al. 2017). It
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plays a crucial role in maintaining the undifferentiated phenotype by epigenetically repressing multiple
tumor suppressor genes, including CASZ1, CLU, RUNX3 and NGFR, and is associated with poor
outcomes (Wang et al. 2012, Li et al. 2018). Additionally, BMI1, another polycomb complex protein, is
highly expressed in the majority of primary tumors, directly promoted by MYCN and represses tumor
suppressors KIF1BB and TSLC1 (Cui et al. 2007, Ochiai et al. 2010). Other potentially important histone
methyltransferases include EHMT2 and DOTIL (Lu et al. 2013, Wong et al. 2017). Some histone
demethylases, like KDM1A or KDM5B, are overexpressed in neuroblastoma and associated with gene
silencing, poorly differentiated cells and a poor prognosis (Amente et al. 2015, Kuo et al. 2015), while
other, such as KDM3A or KDM4B, are upregulated and correlated with poor outcomes, but are
associated with gene activation (Tee et al. 2014, Yang et al. 2015). The role of histone
acetyltransferases in neuroblastoma progression is not yet fully elucidated (Fetahu and Taschner-
Mandl 2021), while histone deacetylases (HDACs) have garnered substantial attention. A positive
feedback loop has been identified between MYCN and HDAC2, SIRT1, and SIRT2, with MYCN directly
upregulating these HDACs, thereby promoting its own stability and expression (Kim and Carroll 2004,
Marshall et al. 2011). HDAC8 and HDAC10 are correlated with poor overall survival and resistance to
doxorubicin treatment (Oehme et al. 2009, Oehme et al. 2013). The precise mechanisms by which the
loss or gain of expression of these enzymes contributes to oncogenesis are yet to be fully investigated,
especially since the inhibition of enzymes that promote permissive or repressive chromatin states both

appear to contribute to reduced tumorigenic features of neuroblastoma cells.

Chromatin readers

Epigenetic regulation also involves chromatin reader proteins that recognize histone modifications and
recruit other proteins to the modification site to modulate transcription. These readers include
bromodomain-, tudordomain-, and chromodomain-containing proteins. Bromodomain (BRD)-
containing proteins can induce chromatin remodeling, histone activation and transcriptional
enhancement. This activity is observed in several oncogenes, including MYCN, which experiences
enhanced transcription due to increased BRD activity, leading to elevated proliferation and tumor
progression (Puissant et al. 2013, Henssen et al. 2016). Consequently, inhibiting BRD activity is

emerging as a potential therapeutic strategy.
2.1.8 Immunological microenvironment of neuroblastoma

Neuroblastoma is presumed to exhibit distinctive immune responses, prompting extensive research
into tumor-specific antigens. Among these, disialoganglioside (GD2) has garnered significant attention
due to its high expression in the majority of neuroblastoma cells, rendering it a promising target for
monoclonal antibody-based therapies (Mujoo et al. 1987). Immune responses in neuroblastoma

involve a critical role for M2 macrophages, specifically characterized by the expression of CD163. High-
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risk neuroblastoma displays elevated levels of CD163+ M2 macrophages and metastatic tumors exhibit
greater infiltration of tumor-associated macrophages compared to localized neuroblastoma
(Asgharzadeh et al. 2012). Both T cells and natural killer cells contribute substantially to the immune
response against neuroblastoma cells and are pivotal players inimmune-based therapeutic strategies.
Ordinarily, cytotoxic T cells exerts their cytotoxic effects upon recognition of major histocompatibility
complex (MHC) class I. However, neuroblastoma patients, especially those at high risk with MYCN
amplification, often display markedly reduced MHC class | expression, impairing this recognition
process (Sugio et al. 1991). In addition, high-risk neuroblastoma patients exhibit elevated expression
of programmed death-ligand 1 (PD-L1), which correlates with MYCN expression, MYCN amplification
and a poor prognosis. The co-occurrence of high PD-L1 expression and low MHC class | expression
allows neuroblastoma cells to evade immune surveillance, creating an immune-evasive
microenvironment (Dondero et al. 2016, Melaiu et al. 2017, Majzner et al. 2017). Therefore, targeting
the PD-1/PD-L1 axis emerges as a promising therapeutic strategy against high-risk neuroblastoma.
Blocking this immune checkpoint could help restore the immune system’s ability to recognize and

combat neuroblastoma cells, potentially improving treatment outcomes.

2.1.9 Treatment and therapy

In general, the overall survival rate of non-high-risk neuroblastoma patients is very good with over 95%
with limited treatment. In contrast, long-term survival for high-risk patients remains under 50% despite
multimodal, aggressive treatment (Gatta et al. 2014, Tonini and Capasso 2020). Additionally, high-risk
neuroblastoma frequently relapse, which then often acquire chemoresistance (Irwin and Park 2015).

Treatment regimens are closely linked to the risk group and stage of the tumor.

Treatment of low-risk patients

The prognosis for low-risk neuroblastoma patients, accounting for approximately 50% of patients, is
notably favorable, with a 5-year overall survival rate of 99% for stage 1 and 93-96% for stage 2 (De
Bernardi et al. 2008, Strother et al. 2012). Treatment strategies encompass observation alone, surgical
resection or the application of moderate chemotherapy doses coupled with surgery (Baker et al. 2010,
Strother et al. 2012). Infants younger than 6 months often undergo observation (81%), with surgery
excluding chemotherapy being the most-used option for the remaining 19%. Remarkably, this surgical
approach yields a 3-year overall survival rate of 100% due to a high proportion of spontaneous tumor
regression (Nuchtern et al. 2012). Surgical intervention alone is generally curative for patients with
localized disease, with chemotherapy reserved for cases requiring post-resection management or
relapse (Perez et al. 2000, De Bernardi et al. 2008). Low-stage tumors with favorable biological
characteristics tend not to metastasize, even following incomplete resection. This minimizes the

necessity for extensive chemotherapy in low-risk patients.
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Treatment of intermediate-risk patients

Intermediate-risk neuroblastoma patients achieve a commendable 3-year overall survival rate of 96%.
Treatment strategies for this group entail moderate chemotherapy regimens coupled with surgical
resection. Intermediate-risk patients can be further categorized into two subgroups based on their
biological features: those with favorable biology (characterized by favorable histology and DNA
index > 1) and those with unfavorable biology (marked by unfavorable histology and DNA index < 1).
Typically, the former group undergoes 4 cycles of chemotherapy, while the latter group requires a

more extensive treatment regimen of at least 8 cycles (Baker et al. 2010).

Treatment of high-risk patients

About half of patients are diagnosed with high-risk neuroblastoma and treatment remains challenging.
The standard regimen for high-risk patients includes four main components: induction chemotherapy,
local control, consolidation and maintenance. Crucial for high-risk patients, induction therapy aims to
reduce tumor size and mitigate metastatic risk through chemotherapy and surgery (Coughlan et al.
2017, Smith and Foster 2018). Response to induction therapy is a key prognostic indicator (Yanik et al.
2013). Remission is typically achieved in most patients. However, many patients relapse and
approximately 20% of patients experience disease progression or inadequate response during
induction therapy (Irwin and Park 2015). Adolescents and adults, often bearing chemoresistant
tumors, exhibit lower tumor response rates than younger children (Sorrentino et al. 2014, Mosse et al.
2014). Patients who do not respond to induction therapy represent an especially challenging subgroup
with long-term survival rates below 20% (Whittle et al. 2017). Current induction regimens incorporate
a combination of anthracyclines, topoisomerase Il inhibitors, platinum-containing compounds and
alkylating agents such as doxorubicin, topotecan, etoposide, cisplatin, carboplatin, cyclophosphamide
and vincristine (Pearson et al. 2008). To prevent local recurrence, local control measures include
surgical resection, typically after 4-6 cycles of induction therapy, and external beam radiation therapy,
targeted at the primary site and sites of residual disease (Whittle et al. 2017). Radiation is typically
administered to MIBG-avid sites (Mazloom et al. 2014). Proton beam radiation therapy, while
promising in minimizing radiation exposure to surrounding healthy tissue, currently faces limitations
in terms of cost and accessibility (Doyen et al. 2016). Early studies using proton beam radiation show
promising results and further studies are ongoing (NCT02112617). High-risk neuroblastoma
consolidation frequently involves myeloablative chemotherapy and autologous stem cell rescue
(ASCR). Peripheral blood is the preferred source for stem cell harvesting, typically after 2-3 induction
therapy cycles (Whittle et al. 2017). Myeloablative therapy includes regimens such as carboplatin,
etoposide and melphalan (CEM) or busulfan and melphalan (Bu-Mel; Ladenstein et al. 2011). Repeated

cycles of myeloablative chemotherapy with ASCR demonstrate improved outcomes with manageable
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toxicity. When using tandem transplant, the first chemotherapy cycle is done with thiopeta alone orin
combination with cyclophosphamide, whereas the second cycle includes CEM or Bu-Mel (Seif et al.
2013, Park et al. 2016). Immunotherapy presents a notable consolidation option. Utilizing anti-GD2
monoclonal antibodies, such as 3F8, in conjunction with granulocyte-macrophage colony-stimulating
factor (GM-CSF), isotretinoin and local radiotherapy demonstrates comparable overall survival rates
to myeloablative therapy and ASCR (Cheung et al. 2012a). Despite the achievement of complete
remission in many patients, relapse remains common, emphasizing the significance of minimal residual
disease in neuroblastoma relapse (Whittle et al. 2017). To address minimal residual disease, various
maintenance therapy options have been explored over the past years. Isotretinoin treatment, when
administered after chemotherapy or stem cell rescue, has improved survival rates. Isotretinoin is a
synthetic retinoid that hinders proliferation and induces differentiation (Matthay et al. 1999).
Combining the anti-GD2 monoclonal antibody ch14.18 (dinutuximab) with GM-CSF and interleukin-2
alongside isotretinoin has significantly enhanced short-term survival, leading to FDA approval of
dinutuximab for high-risk neuroblastoma treatment in 2015 (Dhillon 2015). Immunotherapy with
dinutuximab, while effective, entails side effects like allergic reactions, fever, hypotension, capillary
leak syndrome and pain (Yu et al. 2010). Another anti-GD2 monoclonal antibody, 3F8, has
demonstrated improved event-free survival rates, though side effects parallel those of dinutuximab
(Cheung et al. 1998). Utilizing the anti-protozoal drug difluoromethylornithine (DFMO, nifurtimox) for
maintenance therapy shows promise. DFMO, an irreversible inhibitor of MYCN-driven ornithine
decarboxylase (ODC1), the rate-limiting enzyme in the synthesis of polyamines, was well tolerated,
improved event-free survival rates and reduced MYCN expression (Hogarty et al. 2008, Saulnier Sholler
et al. 2009, Cabanillas Stanchi et al. 2015). Nifurtimox, long employed for treatment of Chagas disease,
a parasitic disease caused by Trypanocoma cruzi, exhibits most likely limited adverse side effects in
children (Carrillo et al. 2007). It is currently investigated in combination with topotecan and
cyclophosphamide (Moore et al. 2014). Combination therapy of anti-GD2 immunotherapy and DFMO
further elevates survival rates (Sholler et al. 2018). Overall, the outcome of high-risk neuroblastoma
patients improved over the past years with the incorporation of immunotherapy into maintenance
therapy regimens. Ongoing research aims to refine the treatment landscape for high-risk
neuroblastoma, with molecularly targeted therapies offering hope for continued improvements in

patient survival rates.

Treatment of relapsed and refractory neuroblastoma

Despite recent advancements, a considerable proportion of high-risk neuroblastoma patients
experience relapse or exhibit refractory disease, showing poor responsiveness to therapy.
Unfortunately, established curative treatments remain elusive for most of these patients. The 5-year

survival rate for patients with relapsed neuroblastoma stands at just 20% and those with refractory
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disease face similarly poor prognosis (London et al. 2011). While some patients experienced isolated
relapses may benefit from curative approaches involving surgery and/or localized radiation therapy,
the majority present with metastatic, chemoresistant disease often characterized by acquired
mutations induced by prior chemotherapy. Commonly employed drugs in this context include
topotecan, alone or in combination with cyclophosphamide, vincristine and/or doxorubicin, irinotecan,
primarily in combination with temozolomide, and the combination of ifosfamide, carboplatin and
etoposide (Kushner et al. 2006, Kushner et al. 2010, Kushner et al. 2013). Emerging strategies also
center on targeting specific cell surface markers, such as the norepinephrine transporter, or utilized
targeted radiation through [*311]-MIBG (Matthay et al. 2007). However, additional relapse and disease

progression frequently leaves these children with limited further treatment options.

Novel therapeutic approaches

Over the past decade, neuroblastoma research has unveiled novel therapeutic targets, with several
agents showing promise in preclinical studies and clinical trials. Clinical trials increasingly emphasize
therapies guided by genomic alterations and personalized treatment approaches. Among these
emerging targets is ALK, with ongoing investigations into ALK inhibitors like crizotinib, ceritinib and
lorlatinib. Crizotinib exhibits limited activity against various ALK mutants, while ceritinib shows efficacy
against the F1174L mutant (Mossé et al. 2013, Balis et al. 2017). Lorlatinib, also demonstrating potent
antitumor activity, stands out as effective against crizotinib-resistant cells (Infarinato et al. 2016).
Given the association of MYCN amplification with high-risk disease, MYCN itself has become an
appealing target. Yet, direct inhibition of MYCN remains challenging, with no current approved
compounds. Instead, current efforts center on the indirect inhibition of MYCN, including targeting BRD
proteins, HDACs or AURKA. BRD inhibitors downregulate MYCN transcription, resulting in apoptosis
and cell cycle arrest, with ongoing clinical trials evaluating their safety and efficacy (Puissant et al.
2013, Henssen et al. 2016). HDAC inhibitors also feature prominently in ongoing research, with
vorinostat, for instance, inducing growth arrest and apoptosis, particularly when combined with
chemotherapy, like paclitaxel, or radiotherapy (De los Santos et al. 2007, Mueller et al. 2011, Zhen et
al. 2017). Panobinostat, another HDAC, enhances survival rates and demonstrates synergistic effects
with cisplatin, doxorubicin or etoposide (Wang et al. 2013, Waldeck et al. 2016). Combining BRD (JQ1)
and HDAC (panobinostat) inhibitors synergistically inhibits growth and induces apoptosis,
accompanied by reduced levels of MYCN and LIN28B (Shahbazi et al. 2016). AURKA inhibitors, like
alisertib or tozasertib, reduce MYCN protein stability. Alisertib is applied alone or in combination with
irinotecan and temozolomide and show evidences for efficacy in relapsed neuroblastoma (Brockmann
et al. 2013, Gustafson et al. 2014, DuBois et al. 2016). Furthermore, immune checkpoint inhibitors
targeting PD-1 pathway components, such as atezolizumab or pembrolizumab, are under investigation

(Nakagawara et al. 2018), along with strategies targeting DNA methylation to inhibit DNA synthesis
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and cell proliferation. DNA methylation inhibitors like 5'-aza-2"-deoxycytidine (DAC), when combined
with cisplatin, doxorubicin and etoposide, have demonstrated superiority over monotherapy. Multiple
clinical studies are underway examining the potential of DAC and other DNA methylation inhibitors
(Charlet et al. 2012). Lastly, inhibition of TrkB presents another viable approach. Trk inhibitors,
including GNF-4256, AZD6918, CEP-751 or Entrectinib, have shown anti-proliferative activity and
enhanced effectiveness when combined with chemotherapeutic agents and radiation (Croucher et al.

2015, lyer et al. 2016).
2.1.10 Genetically engineered mouse models (GEMMs)

GEMMs of high-risk neuroblastoma are instrumental in unraveling the intricacies of tumor initiation,
progression and metastasis, and in validating pivotal tumor drivers and drug targets. Notably, GEMMs
have substantiated MYCN amplification, ALK mutation and LIN28B overexpression as key drivers of

neuroblastoma tumorigenesis (Table 2).

Table 2: GEMMs of high-risk neuroblastoma.

GEMM incidence median survival mouse strain

Th-MYCN 100% (+/+) 28-48d 129X1/Sv)

20-50% (+/-) 39-133d 129X1/Sv)

0-10% >100d C57BL6
LSL-MYCN 76% (+/-) 26-337 d C57BL6 x 129X1/Sv)
LSL-ALKF1174 42% 130-351d C57BL6
LSL-ALKF74/Th-MYCN 100% 22-55d C57BL6 x 129X1/Sv)
Th-ALKF174 0% - C57BL6/)
Th-ALKF174 /Th-MYCN 100% 40d C57BL6/J x 129X1/Sv)
ALK®?75Q knockin 0% - C57BL6 x 129X1/Sv)
ALKR*?75Q knockin/Th-MYCN 100% 41-177 d C57BL6 x 129X1/Sv)
LSL-Lin28b 25% 36-56 d 129X1/Sv)
MYCN transgenic models

Among these models, the Th-MYCN transgenic mouse was the first neuroblastoma model developed
in 1997 and remains the most widely utilized and extensively characterized (Weiss et al. 1997).
Thereby, human MYCN expression is directed to developing neuroblasts through a rat tyrosine
hydroxylase (Th) promoter. Spontaneous tumor development arises from neuronal progenitors within
sympathetic ganglia. In normal mice, these neuroblasts undergo hyperplasia followed by regression
within two weeks of birth (Hansford et al. 2004). The MYCN transgene extends hyperplasia, delays
regression and permits neuroblast persistence. Tumor incidence varies, contingent upon transgene
guantity and mouse genetic background. In general, homozygous mice exhibit higher tumor incidence
and shorter latency compared to heterozygous mice, independent of genetic background (Weiss et al.
1997, Rasmuson et al. 2012). The 129X1/Sv) mouse strain is prone to tumor development, while

31



2. Introduction

C57BL6 strains tend to exhibit lower penetrance. Microscopic metastases may manifest in the lung,
liver and ovary, but infrequently in bone or bone marrow (Weiss et al. 1997). Tumors arising in
Th-MYCN models recapitulate human disease histopathologically, with copy number alterations
closely resembling those seen in human neuroblastoma. In detail, homozygous tumors typically exhibit
no or only few chromosomal aberrations. In contrast, alterations were predominantly observed in
heterozygous tumors, where gains were more common than deletions. Chromosomal gains include
murine chromosomes 1 (25-30%), 3 (50%), 6 (25%), 11 (20-40%), 14 (20-30%), 17 (15-35%) and 18 (15-
35%), whereas Mycn amplification occur seldom. Among others, these regions are syntenic to human
chromosome 6 and 17, both frequently gained in human neuroblastoma. Lost regions include
chromosomes 5 (10-20%), 9 (10-20%) and 16 (15-25%), corresponding to human chromosomes 4, 11
and 3, respectively (Weiss et al. 1997, Weiss et al. 2000, Hackett et al. 2003, Rasmuson et al. 2012). In
2015, a new neuroblastoma model, LSL-MYCN;Dbh-iCRE, emerged due to limitations associated with
the Th-MYCN mouse model, such as not well defined transgene integration site, tumor formation
predominantly in the abdomen, no intrinsic imaging option and inconsistency between genetic
backgrounds (Althoff et al. 2015). The LSL-MYCN model conditionally expresses human MYCN in
dopamine B-hydroxylase (Dbh)-expressing cells. Tumors develop in 76% of mice within sympathetic
ganglia and adrenal medulla, regardless of genetic background. However, the latency period for tumor
development in this model is more variable and prolonged than in the Th-MYCN model. In the LSL-
MYCN model nearly no deletions were observed, except for loss of chromosome 8 in 15% of cases.
Chromosomal gains include murine chromosomes 3 (62%), 6 (38%), 11q (31%) and 12 (23%).
Importantly, these aberrations correspond to human chromosomal regions 17q and MYCN

amplification (Althoff et al. 2015).

ALK transgenic mice

Following the identification of ALK as a major predisposition gene in familial neuroblastoma, transgenic
mouse models were developed in 2012 and 2016 (Berry et al. 2012, Heukamp et al. 2012, Ueda et al.
2016). These models incorporate two common activating mutations: ALKR27°2 gnd ALKF174t ALKFLL74
was investigated by different approaches using the Th and the LSL system. LSL-ALKF*174t mice develop
neuroblastoma with an incidence of 42% and exhibit a prolonged latency period, independent whether
Dbh or Th was used as driver line for the Cre recombinase. Tumors primarily arise in paravertebral
ganglia or the adrenal gland, with 50% of cases developing liver metastases. Unlike MYCN models, ALK
models often exhibit more pronounced chromosomal aberrations, including segmental alterations
correlated with more aggressive disease. Chromosomal gains comprise murine chromosomes 3 (50%)
and 11q (25%), along with Mycn amplification (25%), resembling human chromosomal regions 1q and
17g. Chromosomal losses include murine chromosomes 4 and 5 (50%), syntenic to human

chromosome 1p36 (Heukamp et al. 2012). The relatively long latency, variable time to tumor
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development, incomplete penetrance and observed chromosomal aberrations indicate a requirement
of a secondary genetic event for neuroblastoma development. In contrast, the Th-ALKF74L mouse
model failed to induce tumor formation alone (Berry et al. 2012). However, crossing LSL-ALK™74 or
Th-ALK™74 with Th-MYCN mice results in 100% tumor penetrance with shorter latency period and
significantly less chromosomal aberrations compared to Th-MYCN or LSL-ALK Y74 models (Berry et al.
2012, Heukamp et al. 2012). Similarly, an ALK?27°Q knock-in mouse does not develop tumors within

200 days but had complete tumor penetrance in combination with Th-MYCN (Ueda et al. 2016).

LIN28B transgenic mice

In 2012, the first neuroblastoma mouse model relying on forced expression of a RNA-binding protein,
LIN28B, was established (Molenaar et al. 2012b). Conditional overexpression of murine Lin28b with
Dbh-driven CRE expression led to spontaneous neuroblastoma formation in 25% of mice with a short
latency period. Tumors predominantly developed in ganglia and adrenal glands, with chromosomal
aberrations observed at a lower frequency than MYCN GEMMs, but more akin to the ALKF74/MYCN
model. Key among these aberrations were gains at murine chromosome 3 (100%) and fewer gains at
chromosomes 7 (17%), 10 (17%) and 11q (33%). Deletions, apart from loss of chromosome 14qin 33%

of cases, were minimal.

These murine neuroblastoma mouse models closely resemble human disease in terms of localization
and gene expression signatures. Furthermore, characteristic chromosomal aberrations are a common
feature in most transgenic models, particularly involving gains on murine chromosomes 11q and 12.
These regions correspond to human chromosome 17qg gain and MYCN amplification, respectively,
which are well-established genetic anomalies in human neuroblastoma. However, the gain on murine
chromosome 3 appears as a prevailing and consistent feature across these models. The centromere
region of murine chromosome 3 is syntenic to the human chromosome 1g31.2-1g32.1, which is
frequently gained in MYCN-amplified neuroblastoma. Moreover, the extent of chromosomal
aberration exhibits a direct relationship with the duration of tumor induction, with an escalation in
chromosomal anomalies observed in models with extended latency periods (De Wilde et al. 2018).
Conversely, transgenic models incorporating two genetic hits show a decrease in the frequency of
chromosomal changes. This suggests that, in general, at least two genetic events are necessary to
initiate neuroblastoma tumor formation. The first genetic hit is provided by transgene overexpression,
while the second hit is predominantly acquired through the occurrence of chromosomal aberrations.
Importantly, it is worth noting that strong oncogenes, such as MYCN or LIN28B, induce fewer
chromosomal abnormalities than the comparatively weak oncogene ALK. The decreasing frequency of
chromosomal changes in these models follows the order: LSL-ALKF*74- > LSL-MYCN > LSL-Lin28b > TH-
MYCN (heterozygous) > ALK and MYCN double transgenic models = TH-MYCN (homozygous).
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2.2 Insulin-like growth factor 2 mRNA binding protein family - IGF2BPs

The insulin-like growth factor 2 mRNA binding protein (IGF2BP) family in humans comprises three
canonical members: IGF2BP1, IGF2BP2 and IGF2BP3. Over the years, various synonyms have arisen in
the literature, reflecting the diverse research fields investigating IGF2BPs. These alternative
designations encompass IMP1-3 in humans, murine CRD-BP (coding region instability determinant
binding protein), chicken ZBP1 (zipcode bonding protein 1), KOC (KH domain-containing protein
overexpressed in cancer), Vg1RBP/Vera (Xenopus laevis) and VICKZ (an acronym formed from the initial
letters of these synonyms; Yisraeli 2005). In Drosophila melanogaster, a shorter variant of IGF2BPs
exist, referred to as dIMP. IGF2BPs were first identified in 1992 by binding to the mRNA of MYC,
without detailed analysis of the protein structure (Bernstein et al. 1992). Five years later, ZBP1 was
characterized in detail as an RNA-binding protein (RBP) that regulates the subcellular localization of
B-actin (ACTB) mRNA in fibroblasts derived from chicken embryos (Ross et al. 1997). Simultaneously,
KOC (now recognized as IGF2BP3) was identified through a screening effort aimed at elucidating
overexpressed proteins in pancreatic carcinoma (Mueller-Pillasch et al. 1997). One year later, it was
demonstrated that MYC is upregulated by human and murine orthologues through their interaction
with the coding region instability determinant (CRD; Doyle et al. 1998). To avoid any confusion in

nomenclature, the official gene symbols, IGF2BP1-3, will be used throughout this study.
2.2.1 Structural features and RNA binding

In mammals, all three IGF2BPs share the same domain organization, possessing two N-terminal RNA-
recognition motifs (RRMs) and four C-terminal hnRNPK homology (KH) domains (Figure 8). These
paralogues exhibit an amino acid sequence identity exceeding 56%, particularly within the RRM and
KH domains, resulting in calculated molecular weight ranging from 58 to 66 kDa. Notably, IGF2BP1 and
IGF2BP3 share a higher sequence identity of approximately 73% (Bell et al. 2013). These structural

resemblances suggest shared biological functions.

In agreement, all IGF2BP members, across different organisms, have demonstrated strong RNA-
binding activity. Early in vitro studies suggest that RNA binding is primarily facilitated through the KH
domains (Farina et al. 2003). The RRMs, on the other hand, play a pivotal role in the subcellular
localization of bound transcripts (Farina et al. 2003) and potentially contribute to stabilizing the
IGF2BP-RNA complex (Nielsen et al. 2004). The formation of an anti-parallel pseudo-dimer of
KH3 and 4 suggests that IGF2BPs induce a specific conformation in associated RNAs (Chao et al. 2010).
Mutations of the GXXG loop within all four KH domains of IGF2BP1 and IGF2BP2 have confirmed the
essentiality of KH domains for proper RNA binding (Wachter et al. 2013), although this dependency

appears to vary based on the target RNA (Dagil et al. 2019). In contrast, it has been shown that all six
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protein domains in IGF2BP3 are involved in RNA binding (Wachter et al. 2013, Schneider et al. 2019).
However, given the absence of structural studies including protein-RNA complexes with the full-length

protein, a definite elucidation of how IGF2BPs bind RNA remains a subject for future research.
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Figure 8: The structure of the IGF2BP family. Domain structure of human IGF2BP isoforms. Isoforms were derived from
UniProt (www.uniprot.org). Depicted are IGF2BP1 isoform 1 (Q9NZI8-1) and 2 (Q9NZI8-2); IGF2BP2 isoform 1 (Q9Y6M1-2),
2 (Q9Y6M1-1) and 6 (Q9Y6M1-6); and IGF2BP3 isoform 1 (000425-1). Isoforms of IGF2BP1 and IGF2BP2 are generated by
alternative splicing. Modified from (Bell et al. 2013) Figure 1. RRM - RNA recognition motif; KH - hnRNPK homology domain

Additionally, despite various approaches such as CLIP (cross-linking and immunoprecipitation) and
SELEX (systematic evolution of ligands by exponential enrichment), a clear binding motif for IGF2BPs
has not been identified thus far (Hafner et al. 2010, Biswas et al. 2019). Because IGF2BPs exhibit six
RNA-binding domains, multiple motifs over an elongated sequence could be expected, increasing the
difficulty of these experiments. Putative binding motifs could include CAUH (H = A, U, C; Hafner et al.
2010), UGGAC (Huang et al. 2018a) or a combination of GGC and CA sequences (Schneider et al. 2019).
Furthermore, recent research has described IGF2BPs as m®A-binding proteins (Huang et al. 2018a). In
terms of RNA-binding, the KH3 and 4 domains have been shown to be essential for m®A recognition
and binding, while the KH1 and 2 domains play supportive roles. However, the exact mechanism by
which IGF2BPs bind m®A modifications remains unclear, given the absence of a classical domain for
mOA binding (like the YTH domain in YTHDF1) in IGF2BPs. The consensus motif for m®A modification is
RRACH (R=G, A; H=A, U, C), which may potentially overlap with an IGF2BP binding motif, if such a
motif exists. Another mode of action, at least proposed for IGF2BP3, could be the “m°A switch”.
Thereby, the m®A modification induces an unfolding of the RNA and enhances the accessibility of the
actual binding motif (Sun et al. 2019). More research is needed to clarify how IGF2BPs interact with

m°®A modifications.
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2.2.2 Subcellular localization and mRNA complexes

IGF2BPs predominantly reside in the cytoplasm, often found within granular-like protein-RNA
complexes. Furthermore, there is evidence suggesting that IGF2BPs can bind to their target mRNAs
within the nucleus, particularly at their sites of transcription (Oleynikov and Singer 2003, Hittelmaier
et al. 2005, Pan et al. 2007). This notion aligns with the presence of a nuclear export signal in IGF2BPs
and observations of these proteins within the nuclei of spermatogenic cells (Nielsen et al. 2003).
Additionally, IGF2BPs are primarily associated with “virgin” mRNAs, which include components of the
exon junction complex and the nuclear cap-binding protein (NCBP1). Importantly, these mRNAs lack
elF4E and elF4G, implying that IGF2BP-associated transcripts are translationally inactive (Jonson et al.
2007, Weidensdorfer et al. 2009). Hence, IGF2BPs form cytoplasmic messenger ribonucleoprotein
complexes (mRNP) along with other proteins such as Y-box binding protein 1 (YBX1) and ELAV-like
RNA-binding protein 1 (ELAVL1; Jonson et al. 2007, Weidensdorfer et al. 2009, Wachter et al. 2013).
These mRNPs are enriched in the peri-nuclear region but are also observed in neurites of developing
neurons, supporting the role of IGF2BPs in promoting mRNA localization (Zhang et al. 2001, Farina et
al. 2003). This “caging” effect offers protection to specific target mRNAs, such as CD44, MYC, PTEN or
BTRC, by limiting the release of IGF2BP-associated transcripts, thereby preventing premature decay
(Vikesaa et al. 2006, Lemm and Ross 2002, Kdbel et al. 2007, Stéhr et al. 2012, Noubissi et al. 2006,
Elcheva et al. 2009). Moreover, these stable, “translationally silenced” mRNPs enable the long-distance
transport of mMRNAs, as demonstrated for ACTB or CFL1 (Zhang et al. 2001, Hiittelmaier et al. 2005,
Maizels et al. 2015).

2.2.3 Role of IGF2BPs in RNA regulation

IGF2BPs influences the fate of their target mRNAs by impacting their subcellular localization, turnover
and/or translation. Comprehensive CLIP studies have unveiled IGF2BPs’ capacity to interact with a
multitude of mRNAs in a pleiotropic manner, implicating over 8000 potential mRNA targets (Hafner et
al. 2010, Conway et al. 2016, Van Nostrand et al. 2016). Additionally, IGF2BP1 has been shown also to
bind non-coding RNAs (ncRNA), like the Y3 RNA (Kohn et al. 2010), the long non-coding RNAs (IncRNA)
H19, HULC and THOR (Runge et al. 2000, Hammerle et al. 2013, Hosono et al. 2017) or the circular
RNAs circXPO1 and circPTPRA (Huang et al. 2020, Xie et al. 2021; Figure 9). Most of these ncRNAs serve
as temporary scaffolds, thereby facilitating or inhibiting IGF2BP1 binding to mRNAs by forming distinct
non-coding RNPs (THOR, circXPO1, circPTPRA). Notably, Y3 and IGF2BP1 form special mRNA-lacking
YRNA ribonucleoprotein complexes (Kéhn et al. 2010). For the IncRNA H19 it is reported that IGF2BP1
participates in localization to lamellipodia and peri-nuclear regions in fibroblasts (Runge et al. 2000).
Depending on the specific mRNA target, IGF2BPs modulate their localization, stability or translation,

consequently leading to alterations in protein expression levels (Figure 9).
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Figure 9: Overview of IGF2BP1 regulation and function. IGF2BP1 is regulated at every level, including epigenetic activation
by TET1/2, genomic amplification by unbalanced chromosome 17q gain, especially in neuroblastoma, as well as
transcriptional and post-transcriptional regulation. Known transcription factors include MYC, CTNNB1 and EGR2. Post-
transcriptional regulation include downregulation by miRNAs, such as let-7, phosphorylation by SRC or mTORC2 that
modulates IGF2BP1 function and ubiquitination by TRIM25/circNDUFB2 leading to protein degradation. IGF2BP1 modulates
mMRNA localization and spatial translation primarily in the embryonic development, for example for the ACTB or CFL1 mRNA.
Localized expression is conserved across organisms like Xenopus laevis and Drosophila melanogaster. Furthermore, IGF2BP1
inhibits translation of certain mRNAs, such as IGF2 and MAPK4, by safeguarding these mRNAs in mRNPs. Translational
repression is especially important during cellular stress when IGF2BP1 and the bound transcripts are localized in stress
granules. The main function of IGF2BP1 in carcinogenesis is the modulation of mRNA stability. Target transcripts are protected
from miRNA-dependent or CRD-dependent endonucleolytic degradation. IGF2BP1 also bind ncRNAs, which mainly function
as scaffolds to mediate IGF2BP1 function. The only reported destabilized RNA for IGF2BP1 is the IncRNA HULC.
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For instance, IGF2BP1 transiently represses the translation of ACTB mRNA upon binding to the zipcode
in its 3'UTR, leading to sequestration in “translationally silent” mRNPs. These mRNPs are transported
along the cytoskeleton to the leading edge of fibroblasts or to exploratory growth cones of developing
neurons (Zhang et al. 2001, Eom et al. 2003, Oleynikov and Singer 2003, Perycz et al. 2011, Song et al.
2015). Other examples are the cofilin-1 (CFL1) mRNA, bound by IGF2BP1 in the 3’"UTR and transported
to the cell periphery of lung carcinoma cells (Maizels et al. 2015) or the spinophilin (PPP1R9B) mRNA,
where IGF2BP1 facilitate the dendritic localization in developing hippocampal neurons (Patel et al.
2012). IGF2BP1 also modulates translational repression for the name-giving IGF2 mRNA by binding to
its 5°UTR (Nielsen et al. 1999) as well as for the MAPK4 mRNA upon 3°'UTR binding (Stohr et al. 2012).
In addition, IGF2BPs stabilize transcripts during cellular stress, when global mRNA translation is
reduced, by forming transient stress granules (Stohr et al. 2006). However, in cancer cells, the main
role of IGF2BP1 is to regulate RNA stability by shielding specific mMRNAs from degradation. For example,
it binds to the CRD region in the coding sequence of MYC and MDR1 (multi-drug resistance protein 1)
thus safeguarding these mRNAs from endonucleolytic degradation (Doyle et al. 1998, Lemm and Ross
2002, Sparanese and Lee 2007). Furthermore, IGF2BP1 predominantly modulate mRNA fate in a CRD-
independent manner, preventing miRNA-mediated degradation. The first identified target was
B-transducin repeat-containing E3 ubiquitin protein ligase (BTRC/BTrCP1) by inhibiting miR-183-
mediated degradation (Noubissi et al. 2006, Elcheva et al. 2009). Over the last decade, numerous
target mRNAs have been identified, for which IGF2BP1 exerts a protective function against miRNA-
induced degradation. These include, among others, KRAS (Mongroo et al. 2011), MITF (Goswami et al.
2015), LIN28B and HMGA2 (Busch et al. 2016), SIRT1 (Mdller et al. 2018), SRF (Miiller et al. 2019),
E2F1-3 (Miiller et al. 2020) or AURKA (GlaR et al. 2021). By maintaining high expression of LIN28B, a
key repressor of let-7 biogenesis, IGF2BP1 significantly influences various let-7 target mRNAs. Given
that these miRNAs primarily exhibit tumor-suppressive characteristics, IGF2BP1 contributes to the
upregulation of several oncogenes such as MYC or KRAS (Sampson et al. 2007, Mongroo et al. 2011).
Moreover, IGF2BP1 was recently found to enhance SRC activation in an RNA-independent manner,
promoting epithelial-to-mesenchymal transition (EMT) in ovarian carcinoma (Bley et al. 2020).
Additionally, IGF2BP1 modulates the tumor microenvironment by inhibiting immune cell infiltration
and enhancing PD-L1 presentation, ultimately resulting in immune escape and tumor progression (Liu
et al. 2022, Tang et al. 2023). Similar mechanisms have been reported for the other IGF2BP paralogues.
IGF2BP2 safeguards HMGA1, HMGA2 and CCND1 mRNAs from let-7-mediated degradation (Degrauwe
et al. 2016), while IGF2BP3 also shields HMGA2 from miRNA attack (Jonson et al. 2014). All these
instances collectively indicate that IGF2BPs predominantly promote RNA stability and less frequently
modulate RNA localization or translation, although other mechanisms of post-transcriptional

regulation have been reported. For example, IGF2BP1 destabilizes the HULC IncRNA by recruiting the
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CCR4-NOT complex (Hammerle et al. 2013) and IGF2BP3 has been shown to destabilize particular
mRNAs by recruiting the miRNA-induced silencing complex (Ennajdaoui et al. 2016). Additionally,
IGF2BPs can also promote the translation of certain targets mRNAs like IGF2 and clAP1 by stimulating
the translation initiation through an internal ribosomal entry site (Liao et al. 2005, Dai et al. 2011, Faye

et al. 2015).

Recent studies have unveiled a significant involvement of IGF2BPs in the regulation of circular RNAs
(circRNAs). CircRNAs are a class of non-coding RNAs that form covalently closed continuous loops and
are generated through a back-splicing process where a downstream 5' splice site is joined to an
upstream 3' splice site. These circRNAs have been increasingly recognized for their roles in various
cellular processes, including gene expression regulation, miRNA sponging and protein interaction
modulation (Chen and Shan 2021). IGF2BPs have been shown to interact with specific circRNAs. For
example, studies have demonstrated that circRNAs such as circNSUN2, circXPO1 or circPTPRA bind to
IGF2BPs, thereby modulating their association with target mRNAs (Chen et al. 2019, Huang et al. 2020,
Xie et al. 2021). Additionally, IGF2BP1 has been implicated in facilitating the export of certain circRNAs
from the nucleus to the cytoplasm, where they can exert their regulatory functions (Ngo et al. 2024).
On the other hand, circNDUFB2 enhances the binding of the E3 ubiquitin ligase TRIM25 to IGF2BPs,
facilitating their proteasome degradation, suggesting a complex interplay between IGF2BPs and

circRNAs (Li et al. 2021).

However, the protection of bound mRNAs requires a signaling event to selectively release silenced
transcripts for either protein synthesis or mRNA decay. For instance, SRC-directed phosphorylation of
IGF2BP1 in the linker region between KH2 and KH3 (Tyr396) triggers the disassembly of IGF2BP1-
containing mRNPs, thereby releasing bound mRNAs (Hiittelmaier et al. 2005). This mechanism appears
to be conserved, as the phosphorylation of Vg1RBP/Vera by mitogen-activated protein kinases
(MAPKs) is believed to modulate the release of the Vg1 mRNA from mRNPs (Git et al. 2009). In addition,
IGF2BP1 was shown to be phosphorylated at serine 181 by the mTORC2 complex, enhancing the
binding capability of IGF2BP1 to the IGF2 leader 3 5'UTR (Dai et al. 2013). Thus, post-transcriptional
modifications of IGF2BPs have emerged as an essential aspect of their function, especially in the

spatiotemporal control of mRNA fate (Figure 9).
2.2.4 Control of IGF2BP expression

The mechanisms governing the transcriptional regulation of IGF2BP expression remain largely
unknown. However, some insights have been gained regarding specific factors that influence the
transcription of individual IGF2BP paralogues (Figure 9). IGF2BP1 synthesis, for instance, is under the

control of B-catenin (CTNNB1) and promoted in a TCF4-dependent manner (Noubissi et al. 2006, Gu et
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al. 2008). This regulation proposes a positive feedback loop, as IGF2BP1, in turn, stabilizes the CTNNB1
MRNA, thereby enhancing the expression of both IGF2BP1 and CTNNB1 (Gu et al. 2008). Another
transcription factor known to promote IGF2BP1 expression is MYC (Noubissi et al. 2010), which also
contributes to a positive feedback mechanism (Lemm and Ross 2002). As MYC and MYCN share
structural and functional similarities, MYCN was proposed to enhance the expression of IGF2BP1 (Bell
et al. 2015). Additionally, early growth response 2 (EGR2) was recently shown to promote IGF2BP1
expression in renal cell cancer (Ying et al. 2021). In the case of IGF2BP2, transcriptional activation is
attributed to the architectural transcription factors HMGA2 and NFKB1 (Brants et al. 2004, Cleynen et

al. 2007). Unfortunately, factors governing IGF2BP3 expression have not been studied to date.

Beyond transcriptional control, IGF2BPs features multiple miRNA binding sites in their 3’"UTR regions,
notably let-7 miRNA sites (Boyerinas et al. 2008). Consequently, IGF2BP1 can reinforce its own
expression by stabilizing LIN28B mRNA, leading to elevated LIN28B protein levels and reduced let-7
miRNA levels (Busch et al. 2016). Notably in some cancer cell lines and tumors, IGF2BP1 3°UTR is
shortened by alternative cleavage and polyadenylation, increasing its stability, protein expression and
oncogenic potential due to the loss of miRNA-mediated repression (Mayr and Bartel 2009). In addition,
IGF2BP1’s expression can be influenced by genetic gains on chromosome 17, especially in
neuroblastoma (Bell et al. 2015), and at the epigenetic level by TET1/2 DNA demethylases (Mahaira et
al. 2014). Recently, IGF2BP1 was proposed to be regulated by ubiquitination. By binding circNDUFB2
in a ternary complex with TRIM25, IGF2BP1 is ubiquitinated and degraded (Li et al. 2021). Conversely,
USP10 is proposed to stabilize IGF2BP1 due to its deubiquitinase activity (Shi et al. 2023).

2.2.5 IGF2BPs in development and cancer

The IGF2BP family members, while structurally similar and sharing functional characteristics, exhibit
unique expression patterns during development and carcinogenesis. These distinct expression profiles
may underscore their specific roles in various biological contexts. During embryonic development, all
IGF2BPs are prominently expressed, reaching a peak around mouse embryonic day E10.5 to E12.5
(Nielsen et al. 1999). However, as embryogenesis progresses and birth approaches, their expression
levels decline, with IGF2BP1 and IGF2BP3 becoming nearly undetectable in adult mouse organs, except
for the reproductive tissues (Hansen et al. 2004, Hammer et al. 2005). In contrast, IGF2BP2, although
decreasing during embryogenesis, remains detectable in several adult mouse tissues (Yaniv and Yisraeli
2002, Yisraeli 2005, Christiansen et al. 2009), indicating that it is the sole member engaged in directing
mMRNA fate in non-transformed adult tissue. This notion aligns with a comprehensive analysis of 1542

RBPs in human hippocampus development (Gerstberger et al. 2014; Figure 10).
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Figure 10: Expression of IGF2BP family members in human hippocampus development.The fold change over mean
expression is shown for IGF2BP1-3 across different stages of human hippocampus development. Data after birth was divided
into infants (< 1 year), baby (1-4 years), child (5-12 years), teenager (13-17 years), young adults (18-25 years) and adults
(> 25 years). Data from post-conception week 25, 26 and 35 were excluded due to low sample number. Expression was
profiled by RNA-seq and data were deposited in the BrainSpan database (www.brainspan.org). Picture modified from
(Gerstberger et al. 2014).

IGF2BP2 is of particular significance as SNPs in the second intron, identified by GWAS, have been
associated with an increased risk of type 2 diabetes (Christiansen et al. 2009). Moreover, it plays a role
in enhancing glucose, lipid and amino acid metabolism by controlling the translation of various
mitochondrial components, such as UCP1 mRNA (Dai et al. 2015, Dai 2020). Hence, IGF2BP2 knockout
mice display smaller size, extended lifespans and have an increased resistance to obesity and
tumorigenesis (Dai et al. 2015). In comparison, IGF2BP1 gene-trap knockout mice exhibit increased
perinatal mortality and surviving mice display a dwarfism phenotype (about 40% smaller) due to
hypoplasia (Hansen et al. 2004). Additionally, complete knockout of IGF2BP1 is embryonal lethal,
whereas IGF2BP3 knockout is viable according to the International Mouse Phenotyping Consortium

(www.mousephenotype.org; IGF2BP2 has not been investigated thus far by this consortium). This

suggests that IGF2BP1 is a crucial factor in promoting cell growth and differentiation. Furthermore,
IGF2BP1 is implicated in promoting the self-renewal of fetal neural stem/progenitor cells, a pivotal
function for maintaining stem cell properties necessary for cellular expansion and brain development
(Nishino et al. 2013). It also contributes to the survival and adhesion of human pluripotent stem cells
(Conway et al. 2016). The precise spatiotemporal control of mRNA localization is widely recognized as
a pivotal factor in the intricate processes governing neuronal development, cytoskeletal remodeling
and ultimately synaptic function (Doyle and Kiebler 2011, Jung et al. 2012), highlighting IGF2BPs

significant roles in these fundamental biological mechanisms. In context of developing neurons,
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IGF2BP1 is instrumental not only in the spatially restricted translation of ACTB mRNA but also in the
facilitation of neurite outgrowth and branching in hippocampal neurons. Interestingly, it’s noteworthy
that IGF2BP1’s involvement is dispensable for the maintenance of matured dendrites (Perycz et al.
2011). This observation is concise with the fact that IGF2BP1 expression is notably diminished in adult
tissues (Figure 10). Another study has implicated IGF2BP1 in enhancing the nerve regeneration
capacity of adult sensory neurons, suggesting that IGF2BP1 may indeed have roles in mature neurons,
particularly in the context of regeneration processes (Donnelly et al. 2011). Collectively, these findings
underscore IGF2BP1’s essential roles in neural development. Studies in Drosophila and Xenopus
support the critical roles of IGF2BPs in nervous system development. In Drosophila, only one
orthologue is present termed dIMP. Loss-of-function mutations in dIMP are zygotic lethal and the
overexpression of dIMP disrupts dorsal/ventral polarity (Boylan et al. 2008). Consistently, dIMP direct
the fate of localized mRNAs during early development, including gurken and oskar (Geng and
Macdonald 2006, Munro et al. 2006), as well as play a role in determining cell fate in testis stem cells
(Toledano et al. 2012). Additionally, dIMP is responsible for synaptic terminal growth and modulation
of protein synthesis at neuromuscular junctions (Boylan et al. 2008). Moreover, dIMP is required for
chinmo-driven brain tumor initiation in Drosophila (Narbonne-Reveau et al. 2016). Similarly, in
Xenopus, Vg1RBP/Vera influences cell migration during neural tube formation of the embryo and is
essential for the migration of neural crest cells (Yaniv et al. 2003), the proposed origin of
neuroblastoma. Hence, IGF2BPs are integral players in cell growth and differentiation during

development.

Although IGF2BP1 and IGF2BP3 are nearly absent in adult tissue, both proteins undergo a strong de
novo synthesis in cancer. Due to this characteristic expression pattern, both proteins are considered
oncofetal. In contrast, IGF2BP2 is expressed in adult tissue, but also often upregulated in cancer.
Elevated expression of all IGF2BPs is associated to nearly all types of cancer and poor prognosis,
including neuroblastoma (Bell et al. 2015), ovarian carcinoma (Kobel et al. 2007), liver cancer
(Gutschner et al. 2014) and thyroid carcinoma (Haase et al. 2021) to name a few. Notably, IGF2BP1 is
intensively studied by multiple research laboratories and has been shown to influence cell
proliferation, migration, apoptosis, invasion, chemoresistance and immune response. Stabilized
transcripts include MDR1 (Sparanese and Lee 2007), KRAS (Mongroo et al. 2011), MKI67 (Gutschner et
al. 2014), MYC (Gutschner et al. 2014, Huang et al. 2018a), LIN28B (Busch et al. 2016) or E2F1 (Miller

et al. 2020) among others, indicating a pro-proliferative and oncogenic target spectrum (Figure 9).
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Figure 11: Expression and dependency for IGF2BP1 in human cancer. (a) IGF2BP1 expression in human embryonic (blue) and
normal (orange) tissue, cancer-derived cell lines (grey) as well as pediatric (purple) and adult (green) cancer entities.
Expression data is derived from the TCGA or the R2 database with indicated authors and cohort size. The lines indicate the
average expression across all (grey), pediatric (purple) or adult (green) cancer entities, respectively. (b) Dependency scores
for IGF2BP1 in pediatric (purple) and adult (green) cancer entities are derived from DepMap. The lines indicate the average
dependency score across all (grey), pediatric (purple) or adult (green) cancer entities, respectively. (c) Correlation between
IGF2BP1 expression and dependency score in human cancer. Spearman correlation coefficient and p-value is indicated. (d)
Dependency score for IGF2BP1 in all neuroblastoma samples and subdivided into MYCN-amplified (MNA) and non-amplified
(nMNA) samples.

Abbreviations Figure 11: AC - ampullary carcinoma; ACC - adenoid cystic carcinoma; ALL - acute lymphocytic leukemia; ATC -
anaplastic thyroid carcinoma; B-ALL - B-cell acute lymphocytic leukemia; BDC - breast ductal carcinoma; BL - Burkitt’s
lymphoma; BLCA - bladder urothelial carcinoma; BRCA - breast cancer; C Cancer - cancer cell lines; C NB - neuroblastoma cell
lines; CA - cervical adenocarcinoma; CESC - cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL -
cholangiocarcinoma; COAD - colon adenocarcinoma; CRC - colorectal cancer; CSCC - cutaneous squamous cell carcinoma; DG
- diffuse glioma; DLBC - lymphoid neoplasm diffuse large B-cell lymphoma; EAC - esophagogastric adenocarcinoma; EG -
embryogenesis; EMC - endometrial carcinoma; EP - ependymoma; ESCA - esophageal carcinoma; ESCC - esophageal
squamous cell carcinoma; ET - embryonal tumors; EWS - Ewing’s sarcoma; GBM - glioblastoma; GTD - gestational
trophoblastic disease; HB - hepatoblastoma; hESC - human embryonic stem cells; HL - Hodgkin lymphoma; HNSC - head and
neck squamous cell carcinoma; ICPN - intracholecystic papillary neoplasm; IPNB - intraductal papillary neoplasm of the bile
duct; KICH - kidney chromophobe; KIRC - kidney renal clear cell carcinoma; KIRP - kidney renal papillary cell carcinoma; LAML
- acute myeloid leukemia; LGG - low-grade glioma; LIHC - liver hepatocellular carcinoma; LMS - leiomyosarcoma; LNET - lung
neuroendocrine tumor; LS - liposarcoma; LUAD - lung adenocarcinoma; LUSC - lung squamous cell carcinoma; MB -
medulloblastoma; MCC - Merkel cell carcinoma; MEL - melanoma; MESO - mesothelioma; MN - myeloproliferative neoplasms;
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N AG - normal adrenal gland; N B - normal brain; N C - normal colon; N H - normal hematopoietic; NB - neuroblastoma; NCC
- neural crest cells; NHL - non-Hodgkin lymphoma; NSCLC - non-small cell lung cancer; NST - nerve sheath tumor; NT - neural
tube; OMEL - ocular melanoma; OS - osteosarcoma; OV - ovarian cancer; PA - pilocytic astrocytoma; PAAD - pancreatic
adenocarcinoma; PCPG - pheochromocytoma and paraganglioma; PMESO - pleural mesothelioma; PRAD - prostate
adenocarcinoma; RB - retinoblastoma; RCC - renal cell carcinoma; READ - rectum adenocarcinoma; RMS -
rhabdomyosarcoma; SARC - sarcoma; SKCM - skin cutaneous melanoma; SS - synovial sarcoma; STAD - stomach
adenocarcinoma; T-ALL - T-cell acute lymphocytic leukemia; TGCT - testicular germ cell tumor; THCA - thyroid carcinoma;
THYM - thymoma; UCEC - uterine corpus endometrial carcinoma; UCS - uterine carcinosarcoma; US - uterine
sarcoma/mesenchymal; UVM - uveal melanoma; WDTC - well-differentiated thyroid carcinoma; WT - Wilm’s tumor

Expression data from The Cancer Genome Atlas (TCGA) and different R2 datasets of embryonic, normal
and tumor tissue as well as cancer-derived cell lines confirm the high expression of IGF2BP1 during
embryogenesis, in human embryonic stem cells and neural crest cells (Figure 11a). In contrast, IGF2BP1
is less abundant in neural tube cells and the expression is markedly reduced in adult tissue of the
adrenal gland, brain and colon or in cells of hematopoietic origin. This analysis also confirms high
expression of IGF2BP1 in all pediatric and some adult tumor entities (Figure 11a). Notably,
neuroblastoma presents the entity with the fourth highest expression of IGF2BP1 (p = 2.8e-20). In
addition, analysis of essentiality data derived from the DepMap portal revealed higher dependency for
IGF2BP1 in pediatric cancers (Figure 11b). Among these, neuroblastoma ranked on third place.
IGF2BP1 expression and dependency correlate well over all cancer entities, but especially in pediatric
malignancies (Figure 11c), indicating a pivotal role of IGF2BP1 in these diseases. Furthermore,
investigating neuroblastoma cell lines revealed a significant higher dependency for IGF2BP1 in MYCN-
amplified cell lines compared to non-amplified ones, suggesting an association of MYCN and IGF2BP1
in this malignancy (Figure 11d). In neuroblastoma, IGF2BP1 have reported gene gain by unbalanced
translocation of chromosome 17q, suggested MYCN-associated roles and is associated with a poor
patient outcome, but detailed mechanisms are missing (Bell et al. 2015). IGF2BP2’s relevance to
neuroblastoma remains largely unreported, while IGF2BP3 is linked to undifferentiated histology,
advanced stages, MYCN amplification and poor outcome in the context of this cancer (Chen et al.
2011). Recently, two studies focusing on RBPs in neuroblastoma confirmed upregulation of IGF2BP1.
The first study emphasizes the link between IGF2BP1 and MYCN amplification (Bell et al. 2020). In
contrast, the second study reveals a general increase in IGF2BP expression compared to normal tissue,
ranking IGF2BP1 as the third most upregulated gene, following LIN28B and TERT (Yang et al. 2021). In
the past years, more insights were gained for the function of IGF2BP1 in neuroblastoma related to the

results of this thesis. Therefore, these results will be examined in the discussion.
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2.2.6 Inhibition of IGF2BP1

IGF2BP1 stands out as a promising therapeutic target for cancer treatment due to its characteristic
oncofetal expression pattern and its close association with various oncogenic factors. In 2017, the first
inhibitor of IGF2BP1 was identified, a small molecule known as BTYNB. This compound effectively
disrupts the interaction between IGF2BP1 and its target mRNA, as exemplified with a MYC RNA
fragment via a fluorescence anisotropy-based assay (Mahapatra et al. 2017). However, it’s worth
noting that the precise binding site of BTYNB on IGF2BP1 remains yet to be revealed. BTYNB
demonstrated a remarkable ability to significantly reduce the proliferation of cells derived from
ovarian carcinoma and melanoma in vitro, with a primary mechanism involving the inhibition of MYC
expression (Mahapatra et al. 2017). Subsequently, BTYNB has exhibited efficacy in diverse cancer
types, including leukemia (Jamal et al. 2023), esophageal squamous carcinoma (Wang et al. 2023) as
well as lung, liver and pancreatic carcinoma (Miiller et al. 2020). These findings collectively suggest
that IGF2BP1 is, in principle, an attractive target for pharmacological intervention. Recent
developments have introduced two additional inhibitors of IGF2BP1, denoted as 7773 (Wallis et al.
2022) and cucurbitacin B (CuB; Liu et al. 2022). Compound 7773 functions by interacting with a
hydrophobic surface situated at the boundary of IGF2BP1 KH3 and 4 domains, effectively impeding the
binding of IGF2BP1 to mRNA targets such as KRAS. Additionally, 7773 exerts inhibitory effects on
downstream signaling, wound healing and growth of lung carcinoma cells in vitro (Wallis et al. 2022).
In contrast, CuB covalently targets IGF2BP1 at a unique site (Cys253), located within the KH1-2 di-
domain. This interaction results in a pharmacological allosteric effect, preventing IGF2BP1 from
recognizing m®A-modified mRNA targets, notably exemplified with MYC. CuB has displayed anti-
proliferative properties in hepatocellular carcinoma, both in vitro and in vivo, by inducing apoptosis
and subsequently recruiting immune cells to the tumor microenvironment (Liu et al. 2022). These
newly identified inhibitors offer promising avenues for the development of therapeutic strategies

aimed at targeting IGF2BP1 in cancer treatment.

2.2.7 IGF2BP1 mouse models in cancer

Although there is limited in vivo data available for IGF2BP1, insights from xenograft studies have
provided valuable information. Xenograft investigations have suggested that IGF2BP1 plays a role in
tumorigenesis. Notably, overexpression of IGF2BP1 in a colorectal cancer cell line resulted in increased
tumor development and the enhanced spread of cancer cells into the bloodstream. Consistently,
IGF2BP1 knockdown in the same cell line reduced the dissemination of tumor cells into the
bloodstream, indicating that IGF2BP1 may be implicated in early-stage metastasis (Hamilton et al.
2013). Moreover, xenograft studies involving cell lines derived from various cancer types have

demonstrated impaired tumor growth following IGF2BP1 depletion (Gutschner et al. 2014, Miiller et
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al. 2018), providing additional evidence for the oncogenic role of IGF2BP1 in cancer progression. It’s
worth noting that only one transgenic mouse model for IGF2BP1 has been reported thus far. In this
model, murine Igf2bp1 is overexpressed under the control of the whey acidic protein (WAP) promoter,
leading to the induction of mammary carcinoma in lactating mice (Tessier et al. 2004). The incidence
of tumor formation in this model is 95% in mice with high levels of expression and 65% in mice with
low expression, with a relatively long latency period of approximately 53 and 60 weeks, respectively.
This indicated that IGF2BP1 has oncogenic potential. In support of this, targeted knockdown of
IGF2BP1 specifically within the intestine led to a reduction in the number of tumors in a transgenic
model of intestinal tumorigenesis using Apc™* mice (Hamilton et al. 2013). Remarkably, prior to this

study, no mouse models existed for investigating the role of IGF2BP1 in the context of neuroblastoma.
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2.3 Aims of the thesis

Chromosome 17q gain represents one of the most prevalent genomic aberrations in neuroblastoma
and is frequently closely associated with MYCN amplification, a hallmark of aggressive disease. This
genomic region encompasses a multitude of genes suspected to contribute to tumor progression.
Among them, IGF2BP1 exhibits elevated expression in aggressive neuroblastoma and associated roles
with MYCN. Nonetheless, our current understanding of the precise mechanisms underlying IGF2BP1’s
involvement in neuroblastoma remains limited, emphasizing the necessity of further investigation.

Therefore, the primary objectives of this doctoral thesis are as follows:

I.  The investigation of the relation between IGF2BP1 and MYCN in neuroblastoma by a

potential feedforward loop and subsequent analysis of shared downstream targets.

. The evaluation of various compounds to target this regulatory network in vitro.

lll.  The assessment of the IGF2BP1 inhibitor BTYNB efficacy in neuroblastoma in vivo.

IV.  The analysis of IGF2BP1’s oncogenic potential in neuroblastoma mouse models.

To achieve these objectives, a comprehensive analysis of a human neuroblastoma cohort comprising
100 samples has been conducted, involving both transcriptomic and genomic assessments to affirm
the association of IGF2BP1 with high-risk neuroblastoma. In depth in silico data analysis further
substantiated the critical role of chromosome 179 gain and especially the overexpression of IGF2BP1
in neuroblastoma. To unravel the regulatory network between IGF2BP1 and MYCN, various in vitro
models and techniques were employed, following validation through in vivo models. In this context,
the impact of BTYNB-mediated IGF2BP1 inhibition in neuroblastoma was explored using cell culture
systems and mouse models. Furthermore, an array of compounds was assessed in vitro through
comparative analyses of their potency, efficacy and potential synergistic effects when combined with
BTYNB. Ultimately, the oncogenic potential of IGF2BP1 in neuroblastoma has been explored by
establishing a transgenic mouse model characterized by IGF2BP1 overexpression in the adrenal glands

and peripheral nerves.
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3. Material and Methods

3.1 Material

3.1.1 Patient samples

The human neuroblastoma cohort consists of 69 previously published untreated primary samples (Bell
et al. 2015) extended by 31 additional tumor specimens (Appendix Table 28). Tumors were granted
after patient consent and ethical approval from the Cologne tumor bank and the Universitatsklinikum

Essen, Germany. The International Neuroblastoma Staging System criteria (INSS) was used for staging.

3.1.2 Animals

Animals (Table 3) were handled according to the guidelines of the Martin Luther University. Permission
was granted by the state administration office of Saxony-Anhalt (reference number: 42502-2-1381

MLU, 42502-2-1530 MLU, 42502-2-1625 MLU).

Table 3: Mice strains.

name genotypes reference/company
athymic nude mouse Crl:NU(NCr)-Foxn1™ Charles River
) ) Johannes Schulte
Dbh-iCRE Dbh-iCRE*

(Charité Berlin)
Johannes Schulte

LSL-MYCN LSL-MYCN*" o _
(Charité Berlin)
) . Johannes Schulte
LSL-MYCN;Dbh-iCRE LSL-MYCN*;Dbh-iCRE*"" w ,
(Charité Berlin)
LSL-IGF2BP1*" this study / Taconic

LSL-IGF2BP1 o
LSL-IGF2BP1*/* Bioscience

LSL-/IGF2BP1*/;Dbh-iCRE*"
LSL-/IGF2BP1*"*:Dbh-iCRE*
LSL-/GF2BP1;LSL-MYCN;Dbh-iCRE  LSL-IGF2BP1*;LSL-MYCN*;Dbh-iCRE*" this study

LSL-IGF2BP1;Dbh-iCRE this study

3.1.3 Bacteria

For cloning purposes, the bacteria strain Escherichia coli TOP10 (genotype: F-mcrA A(mrr-hsdRMS-
mcrBC) ®80/acZAM15 AlacX74 recAl deoR araD139 A(ara-leu)7697 galU galK rpsL (StrR) endAl nupG)
was used. Bacterial culture media (LB, lysogeny broth) contained 1% (w/v) Peptone, 0.5% (w/v) yeast
extract and 1% (w/v) NaCl. For the generation of LB-Agar, 1.5% (w/v) Agar-Agar was supplemented.
For selection of recombinant clones, 30 pg/ml Kanamycin or 150 pg/ml Ampicillin was added to the LB

medium, respectively.
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3.1.4 Cell lines

Table 4: Parental cell lines.

cell line ID origin
BE(2)-C CRL-2268 (ATCC) bone marrow metastasis
KELLY ACC 355 (DSMZ) neuroblastoma
NBL-S ACC 656 (DSMZ) primary adrenal gland tumor (stage 3)
TET21N obtained from Dr. Schwab (DKFZ) bone marrow metastasis
KNS42 - glioblastoma
HEK293T17 CRL-11268 (ATCC) embryonal kidney
A549 CRM-CCL-185 (ATCC) lung carcinoma
H522 CRL-5810 (ATCC) non-small cell lung adenocarcinoma (stage 2)
Huh?7 - adult hepatocellular carcinoma
HepG2 HB-8065 pediatric hepatocellular carcinoma

Cell lines (Table 4) were purchased from ATCC or DSMZ. Neuroblastoma cell lines (BE(2)-C, KELLY,
TET21N, NBL-S) were authenticated at Eurofins Genomics by 16 independent PCR systems (D8S1179,
D21S11, D7S820, CSF1PO, D3S1358, THO1, D13S317, D16S539, D2S1338, AMEL, D5S818, FGA,
D195433, vWA, TPOX and D18S51) and compared to online databases of the DSMZ and Cellosaurus.
KELLY cells had some additional signals but were nevertheless correctly authenticated. TET21N cells
were stated as SH-SY-5Y Tet-On SNCA cells because no STR profile exists for TET21N cells in the
databases. SH-SY-5Y and TET21N cells have the same parental cell line (SK-N-SH) and show therefore
probably similar STR profiles. Within this study, several stable modulated cell lines and clone have been

generated (Table 5).

Table 5: Generated cell lines and clones.

cell line / clone parental cell line technique
BE(2)-C IGF2BP1 knockout BE(2)-C CRISPR/Cas9
KELLY IGF2BP1 knockout KELLY CRISPR/Cas9
NBL-S IGF2BP1 knockout NBL-S CRISPR/Cas9

3.1.5 Chemicals and reagents

All chemicals used throughout this study were purchased from Thermo Fisher Scientific, Sigma-Aldrich
and Carl Roth, unless otherwise stated. Enzymes, including respective reaction buffers, PCR-master
mixes, transfection reagents as well as DNA and protein ladders were purchased from Promega,
Thermo Fisher Scientific and New England Biolabs. Cell culture dishes and flasks were purchased from
TPP (Techno Plastic Products) and cell culture solutions were acquired from Thermo Fisher Scientific

(medium, FBS, OptiMEM, GlutaMax, TE and PBS). Small molecule inhibitors are listed in Table 6.
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Table 6: Small molecule inhibitors.
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compound target company
ABBV-075 (Mivebresib) BRD4 MedChemExpress (HY-100015)
ARV-771 BRD2/3/4 (PROTAC) MedChemExpress (HY-1000972)
BTYNB IGF2BP1 Selleckchem (S9871)
CPI-0610 BRD2/3/4, BRDT Abcam (ab230374)
Doxorubicin TOP2A Selleckchem (51208)
EN-4 MYC Selleckchem (59807)
Entinostat HDAC1/3 Selleckchem (S1053)
FM28 HDAC8/11 synthesized by the group of Wolfgang Sippl
FM35 HDAC11 synthesized by the group of Wolfgang Sippl
HI2.1 HDAC1/2/3 synthesized by the group of Wolfgang Sippl
HI7.3 HDAC1/2 synthesized by the group of Wolfgang Sippl
INCB-057643 BRD2/3/4 MedChemExpress (HY-111485)
KH16 panHDAC synthesized by the group of Wolfgang Sippl
NI-16 HDAC3 synthesized by the group of Wolfgang Sippl
Panobinostat panHDAC Selleckchem (51030)
PCI-34051 HDACS Selleckchem (S2012)
PS59 HDACS8 synthesized by the group of Wolfgang Sippl
PSP50 HDAC1/3/8/11 synthesized by the group of Wolfgang Sippl
SIS17 HDAC11 Selleckchem (S6687)
Vorinostat panHDAC Selleckchem (51047)
YM-155 BIRCS Selleckchem (51130)

3.1.6 Buffers

Table 7: Standard buffer.

ingredients

PBS (phosphate buffered saline), pH 7.4

PBST (PBS-Tween)

TAE (Tris/Acetate/EDTA)

MOPS SDS-running buffer

NuPAGE transfer buffer

137 mM NaCl

2.7 mM KClI

10 mM Na;HPO4

2 mM KH;PO4

PBS + 1% Tween-20 (v/v)
40 mM Tris

20 mM acetic acid

1 mM EDTA (pH 8.0)
50 mM MOPS

50 mM Tris

0.1% SDS (v/v)

1 mM EDTA

50 mM Tris

40 mM glycerol
0.04% SDS (v/v)
10% methanol (v/v)
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Ponceau-S

TRIZOL

total lysis buffer

RIP buffer

0.1% Ponceau-S (w/v)

5% acetic acid (v/v)

0.8 mM guanidinium thiocyanate
0.4 mM ammonium thiocyanate
0.1 mM sodium acetat (pH 4.0)
5% glycerol (w/v)

48% Roti-Aqua-Phenol (v/v)

50 mM Tris (pH 7.4)

50 mM NacCl

1% SDS (v/v)

2 mM MgCl,

10 mM HEPES (pH 7.4)

150 mM KCI

5 mM MgCl,

0.5% NP-40 (v/v)

3.1.7 Antibodies

Table 8: Primary and secondary antibodies.

primary antibodies species company dilution

AGO2 rabbit abcam (ab156870) 2ug/IP
AGO2 rat Thermo Fisher (14-6519-82) 1:1000 WB
AURKA mouse Cell Signaling (12100) 1:1000 WB
phospho-AURKA(T288) rabbit Cell Signaling (3875T) 1:1000 WB
AURKB rabbit Cell Signaling (3094) 1:1000 WB
BIRCS rabbit Novus (nb500-201) 1:1000 WB
CDK1 mouse Cell Signaling (9116) 1:1000 WB
phospho-CDK1(Y15) rabbit Cell Signaling (9111) 1:1000 WB
CDKN1A rabbit Cell Signaling (2947) 1:1000 WB
E2F1 mouse abcam (ab135251) 1:1000 WB
ELAVL1 mouse Santa Cruz (sc-5261) 1:1000 WB
GAPDH rabbit Proteintech (10494-1-AP) 1:5000 WB
GSK3B mouse  Thermo Fisher (MA5-15597) 1:1000 WB
phospho-GSK3B(S9) rabbit Cell Signaling (5558) 1:1000 WB
H3K9ac rabbit abcam (ab10812) 1:2500 WB

. , 2ug/IP

IGF2BP1 rabbit Mobitec (RNOO7P)

1:1000 WB
IGF2BP1 mouse Biozol (RNO01M) 1:1000 WB
METTL14 rabbit Sigma Aldrich (HPA038002) 1:1000 WB
METTL3 rabbit Proteintech (15073-1-AP) 1:1000 WB
MS2-BP mouse Cell Signaling (E8032) 1:1000 WB
MYC rabbit Cell Signaling (185835S) 1:1000 WB
MYCN mouse Santa Cruz (sc-53993) 1:1000 WB
MYCN rabbit Cell Signaling (51705T) 1:1000 WB
MYCN-AF790 mouse  Santa Cruz (sc-53993 AF790) 1:1000 WB
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phospho-MYCN(T58) rabbit Cell Signaling (46650T) 1:1000 WB
PHOX2B rabbit Cell Signaling (83811) 1:1000 WB
PHOX2B rabbit Cell Marque (EP312) IHC
PLK1 mouse abcam (ab17056) 1:1000 WB
phospho-PLK1(T210) rabbit Cell Signaling (5472) 1:1000 WB
PYCR1 rabbit Proteintech (13108-1-ap) 1:1000 WB
TK1 rabbit Cell Signaling (8960) 1:1000 WB
TOP2A rabbit Cell Signaling (12286) 1:1000 WB
TP53 mouse Santa Cruz (sc-126) 1:1000 WB
VCL mouse Sigma Aldrich (V9131) 1:5000 WB
WEE1 rabbit Call Signaling (13084) 1:1000 WB
secondary antibodies species company dilution
IRDye® 680RD anti-Mouse IgG (H+L) donkey Li-Cor (926-68072) 1:10000 WB
IRDye® 680RD anti-Rabbit I1gG (H+L) donkey Li-Cor (926-68073) 1:10000 WB
IRDye® 800CW anti-Mouse IgG (H+L)  donkey Li-Cor (926-32212) 1:10000 WB
IRDye® 800CW anti-Rabbit IgG (H + L) donkey Li-Cor (926-32213) 1:10000 WB
IRDye® 800CW anti-Rat 1gG (H+L) goat Li-Cor (926-32219) 1:10000 WB
3.1.8 Plasmids
Table 9: Cloning vectors and plasmids.

plasmid resistance reference
pcDNA-Cas9-T2A-GFP Ampicillin (Muller et al. 2018)
psg-RFP-IGF2BP1 Exon6 Ampicillin (Muller et al. 2018)
psg-RFP-IGF2BP1 Exon7 Ampicillin (Muller et al. 2018)
pmirGLO-MCS Ampicillin (Busch et al. 2016)
pmirGLO-MYCN 3'UTR WT Ampicillin this study
pmirGLO-MYCN 3°'UTR mut Ampicillin this study
pmirGLO-AURKA 3'UTR Ampicillin this study
pmirGLO-AURKB 3°UTR Ampicillin Jacob Haase (AG Huttelmaier)
pmirGLO-BIRC5 3'UTR Ampicillin this study
pmirGLO-CDK1 3'UTR Ampicillin this study
pmirGLO-NME1 3°'UTR Ampicillin this study
pmirGLO-PKMYT1 3°'UTR Ampicillin this study
pmirGLO-PLK1 3"UTR Ampicillin this study
pmirGLO-PYCR1 3'UTR Ampicillin this study
pmirGLO-TK1 3"UTR Ampicillin this study
pmirGLO-TOP2A 3°'UTR Ampicillin this study
pmirGLO-WEE1 3'UTR Ampicillin this study
pcDNA3.1-2xMS2 loops Ampicillin (Busch et al. 2016)
pcDNA3.1-MYCN 3°'UTR WT-2xMS2 loops Ampicillin this study
pcDNA3.1-GFP-stop Ampicillin this study
pcDNA3.1-GFP-stop-MYCN 3'UTR WT Ampicillin this study
pcDNA3.1-GFP-stop-MYCN 3°UTR mut Ampicillin this study
pcDNA3.1-iRFP Ampicillin this study
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pcDNA3.1-iRFP-IGF2BP1 WT Ampicillin this study
pcDNA3.1-iRFP-IGF2BP1 mut Ampicillin this study
pcDNA3.1-iRFP-ELAVLA Ampicillin this study
pcDNA3.1-iRFP-stop Ampicillin this study
pcDNA3.1-iRFP-stop-2x perfect miR-17 Ampicillin this study
pcDNA3.1-iRFP-stop-2x perfect let-7a Ampicillin this study
pcDNA3.1-FFL Ampicillin Marcell Lederer (AG Hittelmaier)
pNL3.1 [Nluc/minP] Ampicillin Promega (N1031)
pNL3.1 [Nluc/minP] E-Box Ampicillin this study
pLVX-shC-PGK-puro-T2A-iRFP Ampicillin (Gutschner et al. 2014)
psPAX2 Ampicillin Addgene (12260)
pMD2.G Ampicillin Addgene (12259)
pcR® blunt Kanamycin Thermo Fisher (K270040)

3.1.9 Oligonucleotides

Oligonucleotides for cloning (Table 10), RT-qPCR (Table 11) and genotyping (Table 12) were purchased
from Eurofins Genomics GmbH. Primer pairs for RT-gPCR were selected using Primer Blast

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/).

Table 10: Oligonucleotides and restriction sites for cloning.

oligonucleotide sequence (5 - 37) restriction site

MYCN_3"UTR_s gggGAATTCacgcttctcaaaactggacagtcactgec EcoRlI
MYCN_3°UTR_as gggCTCGAGcatgaggtatttcaaagtgctataagatgcagce Xhol
MYCN 3'UTR mut Synthesized by GenScript Biotech, then sub-cloned. EcoRI / Xhol
AURKA_3'UTR_s gg8GAATTCgaatcgtgcagggggagaaatcc EcoRlI
AURKA 3°UTR_as ggCTCGAGgcatatttaaagtttacacacatgctatgactcc Xhol
BIRC5_3'UTR_s gggGAATTCgaaaggagatcaacattttcaaattagatg EcoRlI
BIRC5_3"UTR_as gggCTCGAGccacatgagactttattggcaattg Xhol
CDK1_3°UTR_s ggGAATT Cctaattttattaatatttatgcactgtggatataaagggac EcoRlI
CDK1_3°UTR_as ggCTCGAGggaaaaagataaagcagaatctgtatccc Xhol
NME1 _3°UTR_s gggGAATTCcaggagggcagaccacattg EcoRlI
NME1 3°UTR_as gggCTCGAGagaaggaaaaaaaagcaatgcaacaatatg Xhol
PKMYT1_3°UTR_s ggGAATTCgccccagactctgectcet EcoRlI
PKMYT1_3'UTR_as ggCTCGAGgggtgctcccaaggttcaaatac Xhol
PLK1 _3'UTR_s gggCTTAAGtagctgcccteccectec Aflll
PLK1_3'UTR_as gggCTCGAGgtgcataaagccaag Xhol
PYCR1_3'UTR_s gg8gGAATTCcacgtcctgectgaccacc EcoRlI
PYCR1_3°UTR_as gggCTCGAGgattacattgacattttaatcagtaaggcagatgcc Xhol
TK1_3°UTR_s gggGAATTCgggacctgcgagggccg EcoRlI
TK1_3°'UTR_as gggCTCGAGcaattagttaatttcataagctacagcagaggegtgg Xhol
TOP2A 3°UTR_s ggeGAATTCaatgtgaggcgattattttaagtaattatc EcoRlI
TOP2A _3°UTR_as gggCTCGAGgtttagaacattttattaaagtacaaaattgttgg Xhol
WEE1_3'UTR_s g8GAATTCgctactcctttcccacctecc EcoRlI
WEE1_3'UTR_as ggCTCGAGcatcatgctacatttctagcaagtcacatg Xhol
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GFP_s
GFP_stop_as
iRFP_s
iRFP_as
IGF2BP1 WT
IGF2BP1 mut
ELAVLA s
ELAVL4A as
iRFP_stop_as

2x perfect let-7a_s

2x perfect let-7a_as

2x perfect miR-17_s

2x perfect miR-17_as

6x E-Box_s

6x E-Box_as

g8eGCTAGCcatggtgagcaagggcgaggagctg Nhel
gcgGAATTCttacttgtacagctcgtccatgeccgagagtgatcecgg EcoRlI
geGCTAGCatggctgaaggctccgtcg Nhel
g8GAATTCctcttccatcacgecgatctge EcoRlI
Sub-cloned from previous vector. EcoRl / Xhol
Sub-cloned from previous vector. EcoRI / Xhol
ggGAATTCatggttatgataattagcaccatggag EcoRlI
ggCTCGAGtcaggacttgtgggctttgttg Xhol
g8GAATTCtcactcttccatcacgecgatct EcoRlI

ggGAATTCctagaAACTATACAACCTACTACCTCAacgcgtAAC

TATACAACCTACTACCTCAgccCTCGAGCC
ggCTCGAGgEcTGAGGTAGTAGGTTGTATAGTTacgegt TGA
GGTAGTAGGTTGTATAGTTtctagGAATTCcc

oligo annealing
(EcoRlI / Xhol)

ggGAATTCctagaCTACCTGCACTGTAAGCACTTTGacgegtCT

ACCTGCACTGTAAGCACTTTGgccCTCGAGcc
g8CTCGAGggcCAAAGTGCTTACAGTGCAGGTAGacgcgtCA

oligo annealing
(EcoRlI / Xhol)

AAGTGCTTACAGTGCAGGTAGtctagGAATTCcc
CTAGCggccacgtgaatcgcacgtgtgcacgtggacacgtgtgggecacgt

gactagccacgtgaccA

AGCTTggtcacgtggctagtcacgtggceccacacgtgtccacgtgcacacg

tgcgattcacgtggecG

oligo annealing
(Nhel / Hindlll)

Table 11: RT-qPCR primer.

human gene

sense (5 - 37)

antisense (5" - 3)

AURKA
AURKB
BIRCS
CDK1
E2F1

EEF2
GAPDH
HIST1H2AC
HIST2H3A
IGF2BP1
IGF2BP1 (transgene)
IRF1
MDM?2
METTL14
METTL3
MYCN
NME1
PKMYT1
PLK1
PYCR1
RPLPO

CAGGCAACCAGTGTACCTCA
GGGAACCCACCCTTTGAGAG
GGACCACCGCATCTCTACAT
GCGGAATAATAAGCCGGGATCT
AAGAGCAAACAAGGCCCGAT
CCTTGTGGAGATCCAGTGTCC
CATCAAGAAGGTGGTGAAGCAG
TTTCTCGTGAGCTTAGGCCG
CTACCAGAAGTCCACGGAGC
TAGTACCAAGAGACCAGACCC
GGGCCATCGAGAATTGTTGC
CCTGTGCACCGTAGCAGGGC
TGCCAAGCTTCTCTGTGAAA
GGGGTTGGACCTTGGAAGAG
TATCCAGGCCCACAAGAAGC
CACAAGGCCCTCAGTACCTC
GGACCGTCCATTCTTTGCCG
CAGGGACACCCTGGATTCAC
AAGAGGAGGAAAGCCCTGAC
TTGGCTGCCCACAAGATAAT
CCTCGTGGAAGTGACATCGT

CCCAGAGGGCGACCAATTTC
GGGGTTATGCCTGAGCAGTT
GTCTGGCTCGTTCTCAGTGG
CATGGCTACCACTTGACCTGT
ACAACAGCGGTTCTTGCTCC
TTGACCACAAACATGGGGGT
TGTCATACCAGGAAATGAGCTT
CCTTGCTTACCACGTCCAGA
AAGCGCAGGTCCGTCTTAAA
GATTTCTGCCCGTTGTTGTC
CGGGAGCCTGCATAAAGGAG
TCTTCCCAGGAGGCAGGGCC
GTCCGATGATTCCTGCTGAT
CCCATGAGGCAGTGTTCCTT
GAACTGCTGAAGCTGTGCTG
ACCACGTCGATTTCTTCCTC
CGATCTCCTTCTCTGCACTCT
AAGTAGGCTGGGACTGGGAT
TTCTTCCTCTCCCCGTCATA
GTCTCCTTGTTGTGGGGTGT
ATCTGCTTGGAGCCCACATT
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TK1 GTAATTGTGGCTGCACTGGA GTCAGCTTCACCACGCTCTC
TOP2A CAAACAAAGGGACCCAAAAA CAACTTTGTGTTCAACAACAGGA
WEE1 CACACGCCCAAGAGTTTGC CACTTGAGGAGTCTGTCGCA
mouse gene sense (5 - 37) antisense (5" - 3)
Eef2 GTGGTGGACTGTGTGTCTGG CGCTGGAAGGTCTGGTAGAG
Gapdh TCTTCCAGGAGCGAGACCCCA TTCAAGTGGGCCCCGGCCTT
lgf2bp1l GACGTGGCCGCCATGAGCTT AGCCTGGGCGGGGATGAACA
Mycn GGAGAGGATACCTTGAGCGA AGTGGTTACCGCCTTGTTGT
Rplp0 CAGGTGTTTGACAACGGCAG GAAGGCCTTGACCTTTTCAGT

Table 12: Primers for genotyping.

genotyping PCR primers sequence
Al (Rosa26_s) CTCTTCCCTCGTGATCTGCAACTCC
A2 (knockin_s) TTGGGTCCACTCAGTAGATGC

A3 (Rosa26_as)

11 (IGF2BP1_transgene_s)
12 (IGF2BP1_transgene_as)
M1 (MYCN_transgene_s)
M2 (MYCN_transgene_as)

CATGTCTTTAATCTACCTCGATGG
GAAGGTCTCCTACATCCCCGATGAGCAG
CCTTCCTTGCCAATGAGACGCCCTAC
ACCACAAGGCCCTCAGTACC
TGGGACGCACAGTGATGG

iCRE_s GAACCTGATGGACATGTTCAGGGACAGGC
iCRE_as GGTGTTGTAGGCAATGCCCAGGAAGGC
3.1.10 siRNAs

All siRNAs (Table 13) used in this study were synthesized by Eurofins Genomics GmbH.

Table 13: siRNAs.

siRNAs

sequence

siC (cel-miR-239b-5p)

silGF2BP1 pool

SIMETTL3 pool

UUUGUACUACACAAAAGUACUG
CCGGGAGCAGACCAGGCAA
UGAAUGGCCACCAGUUGGA
CCAGGCAAGCCAUCAUGAAGCUGAA
GGCUGCUCCCUAUAGCUCCUUUAUG
GGGAAGAGCUGGAGGCCUA
CCAUCCGCAACAUCACAAA
AAGCUGAAUGGCCACCAGUUG
AACACCUGACUCCAAAGUUCG
GUAUGGUACAGUAGAGAAC
CCUGAAGAAGGUAGAGCAA
GUUCGUAUGGUUAUCAUCA
GUGAACACCGAGAGUGAGA
GCAAGUAUGUUCACUAUGAAA
GUAUGAACGGGUAGAUGAAAU
CUACAGAUCCUGAGUUAGAGA
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SIMETTL14 pool

siMYC pool

siMYCN pool

CUUACAAGCCGAUAUAGAAGC
GGCUAAAGGAUGAGUUAAUAG
GAGAGAAAUUGCUGAAACAAG
CGUUAGCUUCACCAACAGG
CCAGAGGAGGAACGAGCUAAA
ACUGAAAGAUUUAGCCAUAAU
CCCGGACGAAGAUGACUUCUA
CGUGCCGGAGUUGGUAAAGAA
AAAUUGAACACGCUCGGACU
UGAUCUGCAAGAACCCAGA
CAUACCUAAGUACUGUAAUAA

3.1.11 Kits and systems

Table 14: Standard systems and kits.

name

company

AllPrep® DNA/RNA/Protein Mini Kit
Caspase-Glo® 3/7 Assay System
CellTiter-Glo® Luminescent Cell Viability Assay
Click-iT™ Nascent RNA Capture Kit

DC Protein Assay

Dual-Glo® Luciferase Assay System

KAPA mouse genotyping kit

Monarch® RNA Cleanup Kit (50 pg)
Nano-Glo® Dual-Luciferase Assay System
NuPAGE® Bis-Tris Electrophoresis System
ORA™ gPCR Green ROX L Mix

Phusion High-Fidelity PCR-Kit

PureLink™ Quick Gel Extraction Kit

Q5°® High-Fidelity 2X Master Mix

QIAGEN Plasmid Midi Kit

QlAprep Spin Miniprep Kit

RiboMAX™ Large Scale RNA Production Systems - T7

Zero Blunt™ PCR Cloning Kit

Qiagen

Promega

Promega

Invitrogen Life Technologies
Bio-Rad

Promega

Sigma Aldrich

New England Biolabs
Promega

Invitrogen Life Technologies
HighQu

New England Biolabs
Invitrogen Life Technologies
New England Biolabs
Qiagen

Qiagen

Promega

Invitrogen Life Technologies
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Table 15: Instruments.
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application

device (company)

Block heater

Cell Counter
Cell culture bench

Centrifuges

Flow Cytometry

Gel documentation

Gel electrophoresis

Homogenizer

Incubator

Infrared scanner

Luminescence / Absorption

Microscopy

Microtome
pH meter
Power supplier

Rotator

RT-gPCR
Scales

Shaker
Spectroscopy
Stirrer
Thermocycler
Vortexer
Water bath

QBD2 and QBA1 (Grant)

Thermo-Shaker PHMT (Grant-bio)

TC20™ Automated Cell Counter (Bio-Rad)
Scanlaf Mars 1200 (Labogene)

Biofuge® Stratos (Heraeus)

Fresco™ 17 (Heraeus)

miniSpin (Eppendorf)

Megafuge 1.0R (Heraeus)

Sprout® Plus (Heathrow Scientific)

FACS Melody (BD)

MACSQuant Analyzer 9® (Miltenyi BioTech)
E-Box VX5 (VILBER)

XCell SureLock™ Mini-Cell (Invitrogen)
XCell I™ Blot Modul (Invitrogen)
Mini-Sub® Cell GT (Bio-Rad)

Precellys 24 (berting technologies)

CO2 incubator CB150 (Binder)

shaking incubator 3032 (GFL)

Unitron (INFORS HT)

Odyssey Infrared Scanner (Li-Cor)

Pearl® Small Animal Imaging System (Li-Cor)
GloMax® Discover 96 Well Microplate Reader
(Promega)

Eclipse TS2 (Nikon)

Eclipse TS100 (Nikon)

Eclipse TE2000-E

IncuCyte S3® (Sartorius)

RM2235 (Leica)

Lab875 (SI Analytics)

PowerPac 200 and basic (Bio-Rad)

i Roll RnR 10 (neuation)

rotator SB2 (stuart)

Light Cycler® 480 Il (Roche)

Pioneer™ PA2202C and PA224C (Ohaus)
Rocker-Shaker PMR-100 (grant-bio)
Spark (Tecan)

RCT basic (IKA)

Mastercycler Nexus Il (Eppendorf)
VortexGenie®2 (Scientific Industries)
ecoline RE104 (LAUDA)
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3.2 Animal work

3.2.1 Mouse xenograft studies

Female immunodeficient athymic nude mice were obtained from Charles River, Germany. For
subcutaneous xenograft assays 1 x 10° iRFP-labeled BE(2)-C or 2 x 10° iRFP-labeled NBL-S cells (stably
transduced using iRFP encoding lentiviruses) were harvested in PBS, afterwards supplemented with
50% (v/v) matrigel (Sigma Aldrich) and injected into the left flank of six-week old mice. Prior injection,
cells were counted using a TC20 Cell Counter (Bio-Rad). Mice were held with access to chlorophyll-free
food to avoid background noise in iRFP image acquisition. Subcutaneous tumor growth and volume
were measured and monitored by non-invasive near-infrared imaging using a Pearl Impulse Imaging
System (Li-Cor) and isoflurane as anesthetic (2.5 - 5%). Tumor volume was calculated using the formula
/6 x L1 x L2 x L3. The mice were sacrificed, once the first tumor reached a diameter of 1 - 1.5 cm. For
testing BTYNB in vivo BE(2)-C cells were treated for 24 h with BTYNB or DMSO prior to harvesting. For
intra-tumoral application of BTYNB 5 x 10° iRFP-labeled BE(2)-C cells were injected into nude mice and
grown for two weeks. Afterwards treatment was started by injecting 50 mg/kg body weight BTYNB in
100 pl 35% cyclodextrin solution in PBS with a final DMSO concentration of 7%. Treatment was
performed in two cycles with five days of treatment and two days break. Tumor volume and mouse

weight was documented over time.

3.2.2 Patient-derived xenograft study

Patient-derived xenografts (PDX) were performed by the EPO company in Berlin, Germany. The
neuroblastoma tumor 14647 harboring MYCN amplification and 17q gain was implemented in NOG
mice to generate PDX. Treatment was performed by intra-peritoneal application of DMSO, 100 mg/kg
body weight BTYNB, 2.5 mg/kg body weight YM-155 and the combination of BTYNB and YM-155 in
100 pl 30% cyclodextrin solution in PBS with a final DMSO concentration of 7%. Compound application
was done in three cycles with five days of treatment and two days break. Tumor volume and mouse
weight was documented over time. Mice initially lost weight due to compound application but recover

from that loss after 3 days.

3.2.3 Transgenic mouse studies

Transgenic mice were generated by Taconic Bioscience (LSL-/IGF2BP1) or were obtained from Johannes
Schulte (Charité Berlin). For getting a homogenous background, mice were backcrossed to
C57BL6/NCrl mice and afterwards crossbred to generate transgenic lines. Mouse genotyping was
confirmed by gPCR. Mice were palpated weekly for abdominal tumors and are summarized in Appendix

Table 29. Primer sequences are provided in Table 12.
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3.2.4 Immunohistochemistry

Transgenic tumor samples were fixated with Roti-Histofix (Roth) and embedded in paraffin. Paraffin
blocks were sliced at 4 um thickness using RM2235 (Leica) and transferred to a specimen slide. Slides
were heated for 15 min at 65°C and then incubated twice in xylene (4 min), washed twice in 96%
ethanol (1 min) and for 1 min in distilled water. Afterwards slides were stained with hematoxylin for
10 min, washed 10 min under tap water, stained for 3 min with eosin and again washed 1 min under
tap water. Prior to adding the clover slip, slides were washed twice in 96% ethanol and xylene. Staining
of Phox2b was done with the Cell Marque antibody EP312. Images were acquired using a Nikon Eclipse

TE2000-E microscope with a 20x objective and 1.5 manual magnification.

3.3 Cell biological methods

3.3.1 Cell culture

BE(2)-C cells were cultured in a 1:1 mixture of DMEM/F12 (with HEPES, Gibco) and MEM (Gibco). KELLY,
TET21N, HEK293T17, KNS42, Panc-1, H522, HepG2 and Huh7 cells were cultured in DMEM (Gibco).
NBL-S cells were cultured in IMDM (Gibco). All media were supplemented with 10% FBS and 1%
GlutaMAX (Gibco). Cells were grown at 37°C and 5% CO.. Prior to passaging, the medium was discarded
and the cells were washed with PBS. Afterwards, cells were detached adding Trypsin-EDTA, followed
by resuspension in complete media to stop the detaching. Subsequently, cells were counted and

seeded into cell culture dishes.
3.3.2 Transfection

For siRNA knockdown 4.5 x 10° BE(2)-C, 1.5 x 10° KELLY, 5 x 10° TET21N, Panc-1, H522, HepG2 or Huh7
cells were transfected on a 6-well plate using 7.5 ul Lipofectamine RNAIMAX (Thermo Fisher Scientific)
and 50 pmol siRNA according to the manufacturer’s instructions. In brief, Lipofectamine was mixed
with 100 pl OptiMEM (Gibco). Then 1 ul of siRNA was mixed with 100 pl of OptiMEM and 100 pul of
Lipofectamine/OptiMEM was added to the siRNA mixture. After incubation of 5 minutes at room

temperature, 200 pl were added to the cells.

3.3.3 CRISPR/Cas9-mediated knockout

For genomic deletion of IGF2BP1 via CRISPR/Cas9 5 x 10° cells were transfected on a 6-well plate using
3.75 ul Lipofectamine 3000 (Thermo Fisher Scientific), 2 pg Cas9- and 1 ug sgRNA-encoding plasmids.
Plasmid DNAs were mixed with 2 pl/pg P3000. Subsequent procedure was similar to siRNA transfection

(see 3.3.2). 48 h post transfection cells were sorted for single cell clones by seeding one RFP- and GFP-
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positive cell per 96-well using a FACS Melody sorter. The deletion of IGF2BP1 was validated by western

blotting.

3.3.4 Luciferase reporter assay

For luciferase reporter studies 5 x 10* BE(2)-C or 1.25 x 10° KELLY or NBL-S cells were transfected on a
24-well plate with 1 pl Lipofectamine 2000 (Thermo Fisher Scientific) and 200 ng pmirGLO vector. The
Lipofectamine was mixed with 25 pl OptiMEM. Plasmid DNA and 25 pl OptiMEM were mixed, then
25 pl Lipofectamine/OptiMEM was added to the DNA mixture. After incubation of 5 minutes, 50 pl
were added to the cells. 36 h post transfection, Dual-Glo luciferase reporter analyses were performed
according to manufacturer’s protocol. In brief, cells were lysed in 220 ul of a 1:1 mixture of PBS and
Dual-Glo substrate 1. After 10 minutes incubation, duplicates (100 ul each) were pipetted in a white
96-well plate and Firefly luciferase activity was measured with a GloMAX Discover. Afterwards, 50 pl
of substrate 2 (1:100 dilution in stop and glow buffer) was added to measure after 10 minutes the
Renilla Luciferase activity. Ratios of Firefly to Renilla activity were calculated and the activity of the
3’UTR reporters were normalized to the respective controls. For luciferase assays with BTYNB, medium
was changed 6 h post transfection and DMSO or BTYNB was added at ECso concentration. Reporter
containing a minimal vector-encoded 3'UTR served as normalization control. For measuring the
transcriptional activity of MYCN, cells were handled similarly, but transfected with 200 ng Firefly
control and 20 ng Nano luciferase vector. After 36 h, Nano luciferase assay was performed, essentially

as the Dual-Glo luciferase assay.

3.3.5 Fluorescence reporter assay

For the fluorescence reporter assay 3.5 x 10° BE(2)-C cells were seeded in a 6-well plate and after 6 h
transiently transfected with 2.5 pg GFP reporter and 7 ug iRFP vector using 14.5 pl Lipofectamine 3000
reagent. Plasmid DNAs were mixed with 2 pl/ug P3000. Subsequent procedure was similar to siRNA
transfection (see 3.3.2). Medium was changed after 24 h and cells were harvested and analyzed by

flow cytometry 48 h post transfection.

3.3.6 Lentiviral transduction

For the production of lentiviral particles, 3.6 x 10® HEK293T17 cells were transfected on a 6-well plate
with 7 ul Lipofectamine 3000, the packaging plasmids psPax2 (3 pg) and pMD2.G (1.5 pg) as well as the
lentiviral expression vector pLVX (4 ug) encoding iRFP. 2 pl P3000 per pg DNA was added. Lentiviral
particle-containing supernatant was collected 24 and 48 h post transfection and stored at -80°C. Titers

were analyzed 72 h post infection of 5 x 10* HEK293T17 cells and determined by flow cytometry (iRFP)
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using a MACS Quant Analyzer 9. Lentiviral transduction for downstream experiments was

accomplished at 5 MOI (multiplicity of infection).

3.3.7 Inhibition of RNA and protein synthesis

For mRNA or protein decay analyses, 5 x 10° BE(2)-C or TET21N cells were seeded one day before the
experiment in a 6-well plate. Cells were treated with Actinomycin D (5 uM, Sigma Aldrich) or Emetine
(100 uM, Sigma Aldrich), respectively, for indicated time points. Abundance at these time points were

analyzed by RT-qPCR or Western blot, respectively.

3.3.8 2D growth assay

To analyze 2D proliferation, cells were seeded in a 6-well plate at low density and tracked through the

IncuCyte S3. Confluence was determined over time with the internal IncuCyte software.

3.3.9 3D spheroid formation assay

For spheroid growth assay 2 x 10° cells were seeded in a 96-well round-bottom ultra-low attachment
plate (Corning) with 10% FBS. Spheroid formation was induced by centrifugation for 5 minutes at

2000 rpm. Images were acquired over five days using the IncuCyte S3.

3.3.10 Anoikis resistance assay

For anoikis assay 5x 10% cells were seeded in a 96-well flat-bottom ultra-low attachment plate
(Corning) with 1% FBS. Five days post seeding cells were transferred to a round-bottom plate,

centrifuged for 5 minutes at 2000 rpm and then images were acquired using an IncuCyte S3.

3.3.11 Cell viability measurement

Cell viability was measured with CellTiter-Glo 72 h after drug exposure or after five days of 3D or
anoikis resistance assay according to the manufacturer’s protocol. In brief, for drug assays the medium
was discarded and 70 ul of a 1:1 mixture of PBS and CellTiter-Glo was added to the cells. For 3D and
anoikis resistance assays, 50 pl CellTiter-Glo was directly added to the medium. After incubation for
10 minutes, the cell lysates were transferred to a white 96-well plate and luminescence was measured
using a GloMAX Discover. Inputs were measured accordingly when seeding the cells at the start of the

experiment.

3.3.12 Apoptosis measurement

Apoptosis was measured with the Caspase-Glo 3/7 assay after five days of 3D or anoikis resistance

assay according to the manufacturer’s protocol. In brief, 50 ul Caspase-Glo was added to each 96-well.
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After incubation for 30 minutes, the cell lysates were transferred to a white 96-well plate and

luminescence was measured using a GIoMAX Discover. Inputs were measured accordingly.

3.3.13 Compound testing

For determining the ECso values 5 x 103 BE(2)-C, 1 x 10* NBL-S, 1.25 x 10* KELLY or 2 x 10* Panc-1, H522,
HepG2 or Huh7 cells were seeded per well of a 96-well plate. A serial dilution of the drugs was
performed and added to the cells at the indicated concentrations. DMSO served as control condition.
After 72 h of treatment, an image was acquired using IncuCyte S3. Confluence was determined using
the IncuCyte software. Confluence values were normalized to DMSO control. For the analysis of
synergy between two drugs, the cell viability was determined 72 h upon drug exposure using CellTiter-
Glo in a drug matrix screen at indicated concentrations. Synergy relief maps were generated using the

SynergyFinder web application (https://synergyfinder.fimm.fi; version 2.0) and the ZIP (Zero

interaction potency) method (lanevski et al. 2020). For BTYNB recovery experiment DMSO or 5 uM
BTYNB were added to the cells and grown for 72 h. Afterwards one third of the BTYNB-treated cells
were harvested (referred to as ‘3 days BTYNB’) while the rest was treated further with DMSO

(‘BTYNB+DMSO 6 days’ = recovery) or 5 uM BTYNB (‘6 days BTYNB’), respectively.

3.4 Biochemical methods

3.4.1 Cloning

All generated and used plasmids, oligonucleotides and restriction sites are summarized in Table 9 and

Table 10. All constructs were validated by Sanger sequencing at Eurofins Genomics GmbH.

Plasmid digestion
For restriction cloning, 2 ug plasmid DNA was digested with 0.5 ul of the respective restriction enzymes

and its buffer (NEB) for 4 h at 37°C. Digested plasmids were separated on an agarose gel.

DNA amplification by polymerase-chain reaction (PCR)

To generate luciferase reporter comprising different 3’"UTRs, the respective DNA was amplified from
human genomic DNA (Promega) using the Q5 polymerase. For cloning purposes, DNA amplification
from plasmids were performed with the Q5 polymerase. To fuse multiple fragments in a Fusion-PCR,

the Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific) was used (Table 16, Table 17).

62



3. Material and Methods

Table 16: PCR reaction setup.

PCR from gDNA PCR from plasmids Fusion-PCR
template 200 ng 10 ng 50 ng
10 uM oligonucleotide mix 0.5 ul 0.5 ul 1l
10 mM dNTPs 0.5 ul
buffer 5 ul Q5 2x mix 5 ul Q5 2x mix 5ul
polymerase 0.5 ul
nuclease-free water add to 10 ul add to 10 ul add to 25 ul

Table 17: PCR program.
steps temperature time
initial denaturation 98°C 30s
denaturation 98°C 10s
primer annealing 50-72°C 20s
37 cycles
elongation 72°C 15s/kb (Q5)
30 s/ kb (Phusion)
final elongation 72°C 1 min
4°C hold

Oligonucleotide annealing
For the annealing of oligonucleotides, 15 ul sense and 15 pl antisense oligonucleotide (100 uM each)
were mixed with 15 ul nuclease-free water, incubated for 3 minutes at 95°C, 65°C and 37°C and then

cooled to room temperature. Annealed oligonucleotides were used for ligation in linearized vectors.

Agarose gel electrophoresis

Amplified PCR products and digested plasmids were separated on a 1% TAE agarose gel containing
ethidium bromide at 140 V. Therefore, DNA samples were mix with 6x Gel Loading Dye (NEB). The
Quick-Load 2-log DNA ladder (NEB) served as size marker. Signals were detected with an UV imager

and respective bands were cut out of the gel.

DNA extraction from agarose gels

DNA extraction from agarose gels was performed with the PureLink Quick Gel Extraction Kit according
to the manufacturer’s instructions. In brief, the gel was solubilized in Gel Extraction Buffer, incubated
at 65°C for 5 minutes and spun through the DNA column. The column was washed with Washing Buffer

and the DNA was eluted with nuclease-free water.

Ligation
The ligation of linearized DNA fragments (= insert) and vectors was performed according to Table 18.

The reaction mix was incubated at room temperature for at least 1 h.
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Table 18: Ligation.

pcR blunt vector final vector
10x Ligation Buffer (Roche) 1.2 ul 1.2 ul
T4 Ligase (Roche) 0.8 ul 0.8 ul
insert 9.5 ul 7.5 ul
vector 0.5 ul 2.5 ul

Transformation

Chemo-competent E. coli TOP10 were thawed on ice for 15 minutes. Subsequently, 200 ul bacteria
were added to the ligation mix and incubated for another 20 minutes on ice. Afterwards, heat shock
was performed for 45 s at 42°C in a water bath. Tubes were cooled for 3 minutes on ice, then 500 pl
LB medium without antibiotics were added to the transformation batch and incubated for 1 h at 37°C
on a thermal shaker. Finally, bacteria were plated on LB-agar plates containing the respective antibiotic

and incubated over night at 37°C in an incubator.

Colony PCR
Colonies were picked from the agar plates and analyzed by PCR using the OneTaq 2x Master Mix (NEB)

according to manufacturer’s protocol.

Plasmid DNA preparation from E. coli
For positive clones a 4-ml overnight culture was inoculated and plasmid DNA extraction was performed
using the QlAprep Spin Miniprep Kit, according to the manufacturer’s instructions. If necessary, the

QIAGEN Plasmid Midi Kit was used for DNA extraction of 100-ml overnight cultures.
3.4.2 RNAisolation

Total RNA from cell culture samples was isolated using phenol-chloroform extraction. Cells were
harvested, washed with PBS, lysed in 1 ml TRIZOL and shock frozen in liquid nitrogen. After thawing of
the samples, 200 pl chloroform were added, mixed thoroughly and samples were centrifuged for
10 minutes at 13.000 rpm and 4°C to separate phases. The RNA-containing upper phase was
transferred to a new reaction tube and mixed with 1 volume of isopropanol. Subsequently, samples
were mixed thoroughly and centrifuged for 30 minutes at 13.000 rpm and 4°C. The RNA pellet was
washed twice with 80% ethanol and centrifuged for 10 minutes at 13.000 rpm and 4°C. The ethanol
was removed completely. The pellet was dried at 65°C and resolved in RNase-free water. RNA

concentration and purity was assessed by nanodrop.
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3.4.3 Reverse transcription

Table 19: RT program.

steps temperature time
20°C 5 min
annealing 25°C 5 min
30°C 5 min
reverse transcription 42°C 1h
inactivation 72°C 15 min
4°C hold

For cDNA synthesis, 2 ug total RNA served as a template using M-MLV Reverse Transcriptase (Promega)
and random hexamer (R6) primers following manufacturer’s protocol. In brief, RNA in 13.5 pl RNase-
free water was mixed with 1 pl R6 primer (5 uM). Samples were heated for 5 minutes at 65°C to
obstruct any secondary structures. Afterwards, 5.5 pl reaction mix (4 pl 5x RT buffer (Promega), 1 ul
dNTPs, 0.5 ul M-MLV Reverse Transcriptase) was added and the RT program was initiated (Table 19).
For RNA decay analyses oligo-dT primers were used instead of random hexamer primers. Final cDNA

was diluted 1:10 and stored at -20°C.

3.4.4 AQuantitative real-time PCR

RT-gPCR analyses were performed on a LightCycler 480 Il (Roche) with 2.5 ul ORA™ qPCR Green ROX
L Mix (highQu), 2.5 pl diluted cDNA and 0.02 ul primer mix. The PCR conditions are shown in Table 20.
In general, RPLPO, EEF2 and GAPDH served as housekeeping genes (normalization controls). For RNA
decay analyses RPLPO served as normalization control. For IGF2BP1 RIP assays RNA data are input
normalized and HIST1 served as normalization control. For AGO2 RIP assays RNA data are input
normalized and IGF2BP1-KO cells were normalized against control cells. Relative RNA abundance was

determined by the AAC; method, as previously described (Livak and Schmittgen 2001).

Table 20: RT-qPCR program.

steps temperature time
activation of DNA polymerase 95°C 5 min
denaturation 95°C 10s
primer annealing 60°C 10s 50 cycles
elongation 72°C 20s
melting curve 55-95°C -
4°C hold

3.4.5 Protein extraction

For protein extraction of cell culture samples, cells were harvested, washed with PBS and lysed in total

lysis buffer supplemented with 0.5 pl Benzonase (Merck Millipore) per 100 ul. For phosphoprotein
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analyses protease and phosphatase inhibitor (Sigma Aldrich) were added during lysis. Protein
concentrations were determined using the DC Protein Assay, according to manufacturer’s instructions,
and the GloMAX Discover at 600 nm. A BSA standard curve (0 to 10 mg/ml) served as quantification

control.

3.4.6 SDS-PAGE and Western blot analysis

For SDS-PAGE, 4x NuPAGE LDS Sample Buffer (Invitrogen) supplemented with 100 mM DTT was added
to the protein lysates and incubated for 3 minutes at 95°C. Separation of proteins was accomplished
on a NUPAGE Novex 4-12% Bis-Tris protein gel (Invitrogen) with MOPS SDS-running buffer. The SeeBlue
Plus2 Pre-Stained Protein Standard (Thermo Fisher) served as marker for size detection. Subsequently,
proteins were transferred using NUuPAGE transfer buffer by wet blotting onto a nitrocellulose
membrane (GE Healthcare). Finally, membranes were blocked with 5% (w/v) milk or 5% (w/v) BSA for
detection of proteins or phosphoproteins, respectively. Protein expression was analyzed by Western
blotting with indicated primary antibodies by using fluorescence-coupled secondary antibodies and an
infrared scanner (Li-Cor). Vinculin (VCL/Vcl) served as a loading and normalization control. For RIP
analyses VCL served as negative control. For the miTRAP study VCL served as negative control and

MS2-BP as control for equal loading of the resin.

3.4.7 Mouse tissue preparation

Transgenic tumors and murine organs were dissected and shock-frozen on dry ice. For preparation of
DNA, RNA and protein the Qiagen AllPrep DNA/RNA/Protein Kit was used. Approximately 30 mg of
frozen tissue was lysed in 600 ul RLT lysis buffer containing B-mercaptoethanol. Tumors were
homogenized with Zirconium Oxide beads and Precellys 24 homogenizer (berting technologies).
Lysates were subjected to the Qiagen AllPrep DNA/RNA/Protein Kit protocol, with the exception, that
precipitated protein was solubilized in 5% SDS solution. For preparation of genomic DNA from mouse

tail tip biopsies, the KAPA Mouse Genotyping Kit was used, according to manufacturer’s protocol.
3.4.8 RNA immunoprecipitation

Cell extracts (3.5 x 10° BE(2)-C or 12.5 x 106 KELLY and NBL-S) for RNA immunoprecipitation (RIP) were
prepared on ice using RIP buffer. Cleared lysates were incubated with anti-IGF2BP1 or anti-AGO2
antibody and Protein G Dynabeads (Life Technologies) for 30 min at room temperature. After three
washing steps with RIP buffer, protein-RNA complexes were eluted by addition of 1% SDS and 65°C for
5 minutes. Protein enrichment was analyzed by western blotting. Co-purified RNAs were extracted
using TRIZOL and analyzed by RT-qPCR. If indicated, DMSO or 5 uM BTYNB was added 6 h before RIP

was performed.
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3.4.9 Nascent mRNA capture

For analyzing the newly synthesized RNA the Click-iT™ nascent RNA capture kit was used according to
manufacturer’s instructions. In brief, cells were transfected with siC and siMYCN, after 72 h labeled
with 0.2 mM ethylenuridine (EU) for 4 h, harvested and RNA was extracted using TRIZOL. 10 pg total
RNA served as input for biotinylation of the EU-labeled RNA by click reaction using 1 mM biotin azide.
1 ug of biotinylated RNA served as input for the purification of nascent RNAs using Streptavidin T1
magnetic beads. Total RNA and purified nascent RNA served as templates for cDONA-synthesis and qPCR

analysis.
3.4.10 miTRAP

Plasmid preparation

20 ug plasmid DNA were digested with 10 pul enzyme (PspOMI or Apal) in 100 ul overnight.
Linearization was confirmed on an agarose gel. DNA was purified using the PureLink Quick Gel
extraction kit as described in 3.4.1. DNA was eluted in 40 ul TE buffer and concentration was

determined.

In vitro transcription

In vitro transcription was performed using the RiboMax Large Scale RNA Production Systems - T7 kit
(Promega). The reaction mix (Table 21) was incubated for 4 h at 37°C. RNA size was confirmed on an
agarose gel. Afterwards, 1 ul DNase | (Promega) per ug DNA was added and incubated for 30 minutes

at 37°C. In vitro transcribed RNA was stored at -20°C.

Table 21: In vitro transcription reaction mix.

control (MS2) target (MYCN 3°UTR)
5x T7 transcription buffer 10 ul 20 ul
rNTPs 15 i 30 ul
DNA 5ug 10 pug
T7 enzyme mix 5ul 10 ul
nuclease-free water add 50 pl add 100 pl

RNA purification

In vitro transcribed RNA was purified using the Monarch RNA Cleanup Kit (NEB). Therefore, RNA was
thawed on ice and filled up to 100 pl. Then 200 pl RNA Cleanup Binding Buffer and 300 pl 100% ethanol
was added and mixed by pipetting. The samples were centrifuged through a filter cartridge
(13.000 rpm, 30 s). The flow-through was discarded and the bound RNA was washed twice with 500 pl
RNA Cleanup Wash Buffer. Finally, the RNA was centrifuged for 5 minutes to remove residual wash

solution. For elution, 35 pl RNase-free water were added, incubated for 3 minutes at 65°C and then
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centrifuged for 1 minute at room temperature. To determine the RNA concentration by nanodrop, 1 pl

RNA was diluted with 10 pul RNase-free water. RNA size was again confirmed on an agarose gel.

RNA pulldown

miRNA trapping by RNA in vitro affinity purification (miTRAP) experiments using the 3’UTR of MYCN or
MS2 control RNA were essentially performed as described recently (Braun et al. 2014). Thirty
microliters amylose resin (NEB) was washed four times with binding buffer (BB: 20 mM Tris, pH 7.5,
150 mM NaCl, 1.5 mM MgCI2, 8.6% glycerol and 0.05% NP40) and incubated with 100 pmol
recombinant MBP-MS2BP in 1 ml BB for 30 min. On blocking with bovine serum albumin (25 pg/ml)
and yeast tRNA (20 pg/ml) for 30 min in 1 ml BB buffer, resin was washed three times with BB.
Afterward, in vitro transcribed bait RNA was immobilized to the resin by 1 h incubation of 20 pmol RNA
with the resin in 1 ml BB supplemented with 11 ug/ml heparin (Sigma Aldrich). In the meanwhile,
2 x 107 cells were lysed on ice for 10 min with 1 ml BB supplemented with protease inhibitor cocktail
(1:200; Sigma Aldrich) and cleared by centrifugation (10 min, 12000 g). Resin with immobilized bait
RNA was washed one time with BB supplemented with 11 pg/ml heparin. Next, the resin was incubated
with 500 pl cell extract supplemented with 500 pl BB, 11 ug/ml heparin, 1 mM DTT and 400 U/ml
RNasin (Promega) for 30 min. After incubation, the amylose resin was washed four times with heparin-
supplemented BB. All steps, except cell lysis, were performed at room temperature under constant
agitation. For protein analysis, amylose resins were incubated with 25 pl of SDS-sample buffer
supplemented with 10% B-mercaptoethanol. For miRNA isolation, protein-RNA complexes were eluted

twice in 150 pl BB supplemented with 15 mM maltose.

RNA preparation

miRNAs were purified from maltose solution by phenol-chloroform extraction. 80 ul nuclease-free
water and 3 pl proteinase K (NEB, only inputs) was added to 280 ul eluate and incubated for 15 minutes
at 50°C. Afterwards, 80 pl NHs-acetat and 400 pul phenol/chloroform/isoamyl alcohol was added and
the samples were centrifuged for 15 minutes at 4°C. The upper phase was transferred to a new tube
and precipitated with 1 ml 100% ethanol containing 1 ul glycogen for 10 minutes at -20°C followed by
10 minutes centrifugation at 4°C. The supernatant was removed and the pellet washed once with 80%

ethanol. The pellet was resolved in 32 pl (input) or 8 ul (pulldown) nuclease-free water.

3.4.11 Flow cytometry

GFP and iRFP fluorescence was measured with a MACSQuant Analyzer 9. Transfected cells were
harvested, washed once with PBS and then resuspended in 1% BSA in PBST. To exclude dead cells DAPI
was added to the sample automatically by the machine. Cells were gated to analyze a homogenous

and single cell population. Mean fluorescence of GFP and iRFP double positive cells was analyzed. The
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mean GFP fluorescence of empty GFP, GFP-MYCN 3’UTR wt and GFP-MYCN 3’UTR mut transfection
was first normalized to respective empty iRFP vector co-transfection and then normalized to empty

GFP with respective iRFP vector transfection.
3.5 Bioinformatic methods

3.5.1 RNA sequencing and differential expression analysis

RNA-seq library preparation and sequencing

Library preparation of human neuroblastoma tumor samples was performed on fragmented RNA,
subsequently reverse transcribed using random hexamer and Superscript Il (Life Technologies).
Second strand synthesis was achieved using the TargetAmp kit (Epicentre) according to the instructions
of the manufacturer. Final steps of library preparation, e.g. blunt end repair, adapter ligation, adapter
fill-in and amplification were done as previously described (Meyer and Kircher 2010). Barcoded
libraries were purified and quantified using the Library Quantification Kit - lllumina/Universal (KAPA
Biosystems) according to the instructions of the manufacturer. A pool of up to 10 libraries was used
for cluster generation at a concentration of 10 nM using an lllumina cBot. High-throughput sequencing
of 100 bp long unstranded paired-end reads was performed with an Illumina HiScanSQ sequencer at
the sequencing core facility of the IZKF (Leipzig) using version 3 chemistry and flowcell according to

the instructions of the manufacturer. This resulted in around 17 million reads per sample.

For RNA-seq library preparation of transgenic mouse tumor samples, 2 ug of total RNA served as input
for polyA(+)-RNA enriched and strand-specific library preparation, performed by Novogene
(Hongkong). Sequencing was accomplished with an lllumina NovaSeq 6000 machine, resulting in

150 bp long stranded paired-end reads with an average of 55 million reads per sample.

Transfected BE(2)-C and KELLY cells were harvested after 72 h. RNA extraction was performed using
TRIZOL according to manufacturer's protocol. polyA(+)-RNA was enriched using oligo-dT beads. RNAs
are fragmented randomly by adding fragmentation buffer. Synthesis of cDNA using random hexamers
primer was accomplished followed by second strand synthesis. Strand-specific double-stranded cDNA
libraries were completed by size selection (250-300 bp) and PCR enrichment. Paired-end sequencing
(150 bp) of three biological replicates per condition was performed on an lllumina NovaSeq 6000

platform at Novogene (Hongkong).

miRNA-seq library preparation and sequencing
Total RNA of neuroblastoma tumor samples was extracted from 30 mg of primary tumor tissue using
the Qiagen AllPrep tumor protocol with miRNeasy kits (Qiagen). 500 ng of total RNA was used in the

small RNA protocol with the TruSeq™ Small RNA sample prepkit v2 (lllumina) according to the

69



3. Material and Methods

instructions of the manufacturer. The barcoded libraries were size restricted between 140 and 165 bp,
purified and quantified using the Library Quantification Kit - Illumina/Universal (KAPA Biosystems)
according to the instructions of the manufacturer. A pool of 10 libraries was used for cluster generation
at a concentration of 10 nM using an Illumina cBot. Sequencing of 51 bp was performed with an
IlluminaHighScan-SQ sequencer at the sequencing core facility of the IZKF (Leipzig) using version 3

chemistry and flowcell according to the instructions of the manufacturer.

SmallRNA-seq libraries of transgenic mouse tumor samples was performed with small RNA library
preparation kit after TRIZOL extraction of approximately 30 mg of tissue. Sequencing was
accomplished with an Illlumina NovaSeq 6000 machine, resulting in 50 bp long unstranded single-end

reads with an average of 26 million reads.

Analysis of high-throughput RNA sequencing data

Demultiplexing of raw reads, adapter trimming and quality filtering were done as previously described
(Stokowy et al. 2014). Low quality read ends as well as remaining parts of sequencing adapters were
clipped off from RNA-seq, smallRNA-seq and sWGS reads using Cutadapt (human: v1.18, mouse: v2.8).
Subsequently, the processed sequencing reads were aligned by HiSat2 (Kim et al. 2015) to the human
(UCSC hg38) or mouse genome (UCSC mm39). SmallRNA-seq reads were aligned by Bowtie2
(Langmead and Salzberg 2012) to the human (UCSC hg38) or mouse genome (UCSC mm10). For
sequencing reads, FeatureCounts (Liao et al. 2014) was used for summarizing gene-mapped reads.
Ensembl GRCh38.96 (Cunningham et al. 2019) or GRCm39.105 (Cunningham et al. 2022) and
miRbase 22 (Kozomara et al. 2019) was used as annotation basis for human and mouse samples. RNA-
seq reads of transgenic mouse tumor samples was corrected for a determined batch effect using
ComBat-seq from R package sva (Leek et al. 2012) with default parameters in full mode. Differential
gene expression was determined using the R package edgeR (Robinson et al. 2010) utilizing trimmed
mean of M-values (Robinson and Oshlack 2010) normalization. A false discovery rate (FDR) value below

0.05 was considered as threshold for the determination of differential gene expression.

Principal component analysis (PCA) on normalized fragments per kilobase of transcript per million
fragments mapped (FPKM) and filtered genes with zero expression was performed by the prcomp

function within the R environment. R package factoextra (https://rpkgs.datanovia.com/factoextra/;

v1.0.7) was used for visualization of PCA results on centered and scaled data.

Copy number (CN) variations from sWGS data was determined using the R package cn.Mops
(Klambauer et al. 2012) utilizing poisson based genome normalization followed with circular binary
segmentation performed by the DNAcopy algorithm (Venkatraman and Olshen 2007). The window

length of the initial segmentation of the genome was set to 20 kb to allow a proper CN detection based
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on the low coverage of sWGS and enable detection of small regions of CN alterations, e.g. the MYCN

locus with around 6.46 kb.

3.5.2 Gene set enrichment analysis

Gene set enrichment analysis (Subramanian et al. 2005) was performed using the R package
clusterProfiler (Yu et al. 2012) and MSigDB (Liberzon et al. 2011) gene sets utilizing the fgsea algorithm
and setting the exponent parameter to 0 for unweighted analyses of log2 fold-change ranked protein-
coding genes from RNA-seq data. The hallmark (Liberzon et al. 2015), curated human (C2) and mouse
(M2) gene set collection was applied with a minimum set size of 10 and no upper size restriction. To
analyze the human C2 collection on mouse tissue, mouse gene symbols were homology converted to

human symbols by using the R package biomaRt (Durinck et al. 2009).

3.5.3 Shallow whole genome sequencing

A total amount of 50 ng - 1 ug DNA per sample was used as input material for DNA sample preparation
of human neuroblastoma and transgenic mouse tumor samples. Shallow whole genome sequencing
(sWGS) libraries were generated using NEBNext DNA Library Prep Kit following manufacturer's
recommendations and indices were added to each sample. The genomic DNA was randomly
fragmented to a size of 350 bp by shearing, then DNA fragments were end polished, A-tailed, and
ligated with NEBNext adapter for lllumina sequencing and further PCR enriched by P5 and indexed P7
oligonucleotides. The PCR products were purified (AMPure XP system) and resulting libraries were
analyzed for size distribution by Agilent 2100 Bioanalyzer and quantified using real-time PCR. sWGS of
all samples was performed on an Illumina NovaSeq 6000 at Novogene (Hongkong), resulting in 150 bp
unstranded paired-end reads with a low coverage of around 0.7x comprising approximately 15 million

reads per sample for mouse and human samples, respectively.

Quantitative analysis of copy number data

For copy number analysis, threshold values were set to known log2 ratios of -0.4 and +0.3 associated
with losses and gains, respectively (Gardina et al. 2008). Percentage plot of gains and losses was
calculated on the determined fraction across all samples based on the gains and losses thus defined.

Each chromosome was divided into equal bins of 1000 kb and centromere regions were excluded.

Identification of balanced and unbalanced 17qg samples is based on median copy number fold-change
comparing the whole 17p region (17p) with the 179 region from IGF2BP1 locus to the terminal end
(IMP1-ter). A balance value (bv) is determined on linear regression model, separating each sample
into balanced or unbalanced 17q. Linear regression is defined as bv = (-IMP1-ter + 17p + 0.2), resulting

in unbalanced if bv < 0 and balanced if bv > 0. Identification of MYCN-amplified samples is based on
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CN of the MYCN locus (CN > 4 as MNA). Visualization of CN changes and comparison of gain and loss
regions was performed with the R package karyoploteR (Gel and Serra 2017). Genome conversion of
coordinates and annotations between mouse (Jun. 2020 (GRCm39/mm39)) and human (Dec. 2013
(GRCh38/hg38)) assemblies was performed wusing USCS Lift Genome Annotations

(https://genome.ucsc.edu/cgi-bin/hgLiftOver) with default parameters.

3.5.4 Kaplan-Meier survival analysis

Survival analysis were performed using TMM normalized expression data. mRNAs were expression
filtered (at least 1 FPKM in sum across all samples), log2 transformed and associated with available
clinical data of the tumor cohort. Mantel-Cox log-rank test was performed with the R package survival

(v3.2-11, https://CRAN.R-project.org/package=survival). High and low expression groups were

separated by the respective median of log2-transformed normalized expression values to investigate
the influence of an altered mMRNA/miRNA expression on survival. Survival analysis for IGF2BP1
expression was determined by best cut-off method. Hazardous ratios (HR) were determined by
differences of Kaplan-Meier survival curves for both respective groups with p values indicate difference
of survival curves. For determining the overall HR of oncogenic and tumor suppressive miRNA
signatures, respectively, the log2-transformed expression values of all oncogenic or tumor suppressive
miRNAs were first median-centered, then combined and afterwards divided into high and low
expression group (median cut-off). In addition, proportional Cox hazard ratios were established to
assess the general effect of the expression of the observed mRNAs on survival. Multi-variate cox
regression was performed using the coxph funtion of the R package survival (v3.4.0) via an in-house R
script. Survival analysis upon MYCN amplification and/or 17g unbalancing was performed based on
determined CN. Of 100 tumors one was lacking survival data and for three samples RNA sequencing
failed, resulting in different amount of total samples depending on analysis. Survival analysis of LUAD,

PAAD and LIHC TCGA datasets was performed with GEPIA2 (Tang et al. 2019).

3.5.5 Public data analysis

Pan-cancer loss-of-function analysis

To identify essential genes in MNA neuroblastoma, pan-cancer loss-of-function CRISPR screens of 620
cancer cell lines from different primary diseases were utilized for dependency analysis, using the Broad
Institute Cancer Dependency Map (DepMap) portal (Meyers et al. 2017). Genetic dependency of
CRISPR-Cas9 gene knockout, CCLE RNA-seq expression as well as gene level CN data were retrieved
from DepMap (Hart et al. 2014, Blomen et al. 2015). 13 MNA cell lines (MYCN CN > 4) were selected
from 46 available neuroblastoma cell lines and compared against 607 non-neuroblastoma cell lines

(referred to as others). Subsequently, all available genes were filter by minimum expression (log2
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TPM > 2) in at least 11 of 13 MNA cell lines. Median dependency was calculated for remaining genes
across MNA and others, filtering for essential genes in both groups by a median below -0.2 and above
-0.3 for MNA and others, respectively. Following, genes not present in both groups or to be considered
as common essential genes, retrieved by DepMap, were removed. For the final identification of MNA
essential genes in neuroblastoma, significance in dependency changes between MNA and other cell
lines were determined, performing a two-group comparison across the remaining genes by parametric
empirical Bayes method provided by the Limma R package (Ritchie et al. 2015). A FDR value below 0.05
was considered as threshold for the determination of statistically significant essential genes in MNA

neuroblastoma compared to other cancer cell lines. Genes were ranked by significance.

IGF2BP1 CLIP studies

IGF2BP1 eCLIP (enhanced crosslinking and immunoprecipitation) peak data of Hep-G2 and K-562 cells

were obtained from the ENCODE portal (www.encodeproject.org; ENCODE Project Consortium, 2012;

identifiers ENCFF486BXN, ENCFF976DBP and ENCFF435MEM, ENCFF701YCW, respectively). IGF2BP1
eCLIP data of human embryonic stem cells (hESCs) were obtained from the Gene Expression Omnibus
(GEO; sample IDs GSM2071742 and GSM2071745). Overlap between CLIP-peaks and candidate genes
was determined via an in-house R script using the annotatr package (Cavalcante and Sartor 2017).
Gene annotations for hgl9 are derived from the TxDb (Carlson and Maintainer 2015) and org.db

(Carlson 2019) packages.

RNA madification analysis

N8-Methyladenosine (m®A) modification sites were identified using the RNA Modification Database,
RMBase (Xuan et al. 2018). The database integrates public high-throughput modification sequencing
data retrieved from the Gene Expression Omnibus (GEO), covering 13 species. Positions of m°A
modification sites were predicted from m®A- or MeRIP-seq via the RMBase workflow, resulting in

477.452 human m®A-sites, matched to transcripts of known human RefSeq genes (UCSC hg19).

MYCN ChIP-seq analysis

MYCN ChiIP-seq (chromatin immunoprecipitation sequencing) data was obtained from ChIP-Atlas
database (Oki et al. 2018), integrating public available data from different sources, e.g. the SRA
(Sequence Read Archives) in NCBI. Peak locations of MYCN ChIP sites (+/- 5 kb distance to TSS, HG38)
were retrieved from peak-calling data records from 9 untreated neuroblastoma-derived cell lines
(BE(2)-C, CHP-134, COG-N-415, KELLY, LA-N-5, NB-1643, NB69, NGP, SK-N-BE(2)), comprising 15
experiments (SRX1690205, SRX5662024, SRX5662025, SRX5662026, SRX6935370, SRX1690210,
SRX2550934, SRX3542258, SRX6935374, SRX2550935, SRX6935376, SRX6935379, SRX1690213,
SRX2550933, SRX1178181). The stated MYCN ChIP values refer to the number of experiments,

indicating a peak at the observed position. Binding information of MYCN incorporated in the
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IGF2BP1/MYCN-dependent regulation and diseases relevance score is based on the average MYCN

binding values obtained from each of the experiments used.

Locations of E-Box sequences were determined via an in-house R script using pattern matching of the

MYC/N E-Box motif (CANNTG) at investigated sequences (Murphy et al. 2009).

miRNA target prediction

Predicted and validated miRNA-MYCN bindings were obtained by utilizing the R-package multiMiR (Ru
et al. 2014). Eight databases containing predicted and two databases including validated binding
information were queried (prediction cutoff 20%) for targeting MYCN mRNA. If a certain miRNA-mRNA
pair was obtained by at least two (predicted) and one (validated) database, it was considered as a

putative interacting pair.

ADRN/MES signature

For determination of the ADRN/MES signature for mouse tissues, previously published gene sets were
used (van Groningen et al. 2017). Human ADRN/MES gene symbols were homology converted to
mouse gene symbols by using the R package biomaRt (Durinck et al. 2009) resulting in 471 mouse MES

and 378 mouse ADRN genes instead of 485 human MES and 369 human ADRN genes, respectively.

3.6 Statistics and presentation

All experiments were performed at least in biological triplicates unless otherwise noted. For transgenic
mouse experiments biological replicates are individual mice. Statistical significance was tested by
parametric two-sided Student’s t-test on equally distributed data (errors defined as standard deviation
of the mean). This includes all lab-based analyses. Otherwise, a non-parametric two-sided Mann-
Whitney-test was performed (error defined as standard error of the mean). This includes all tumor-
related analyses. For box plots, horizontal lines demonstrate the median with upper and lower box
boundaries demonstrating the 25™-75% centiles. Error bars represent the maximum and minimum. For
Kaplan-Meier survival analyses, statistical significance was determined by log-ranked test. No testing
for outliers was performed. Data were visualized with GraphPad Prism (v8.0.1). Heatmaps were

generated with Flourish web application (https://flourish.studio/). Graphical figures were generated

with BioRender (https://www.biorender.com/).

n.s., non-significant; *, p < 0.05; **, p <0.01; ***, p < 0.001; **** p < 0.0001.
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4. Results
4.1 Genome analyses of primary neuroblastoma

The existing cohort of human neuroblastoma (Bell et al. 2015) was expanded to include 100 samples
and subsequently re-evaluated regarding gene expression, survival outcomes and copy number gains.
The assessment of chromosomal aberrations was performed using shallow whole genome sequencing
(sWGS), which is a more accurate and comprehensive technique compared to the previous used PCR
method. This approach confirmed the presence of common chromosomal changes, including
amplification of the MYCN gene (MNA) and gains at chromosome 2p, 7 and 17q, as well as losses at
chromosome 1p, 3, 4 and 11q (Figure 12a). In general, chromosomal gains were observed more
frequently than deletions. Notably, the most prevalent aberration was the gain of chromosome 17q,
detected in approximately 80% of cases, followed by complete chromosome 7 gain in 45% of cases.
MYCN amplification was identified in roughly 20% of patients. Among the deletions, loss of
chromosome 11q was the most common, occurring in approximately 25% of cases, followed by losses
on chromosome 3p and 14q. Deletion within the chromosomal region 1p was less frequent, observed
in only around 10% of patients. In summary, the frequencies of these gains and losses were consistent
with those reported in previously published neuroblastoma cohorts (Table 22; Maris and Matthay

1999, Bown et al. 1999, Bown et al. 2001, Spitz et al. 2003, Stallings et al. 2003, Park et al. 2010, Kuzyk

et al. 2015).
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Figure 12: The genomic landscape of neuroblastoma is predictive for patient outcome. (a) Frequency (in %) of DNA copy
number gains (red) and losses (blue) for chromosome 1 to 22 in 100 primary human neuroblastoma samples. (b-f) Kaplan-
Meier survival analyses by chromosome 17q balance status (b), MYCN amplification status in chromosome 17q unbalanced
(c) or balanced (d) tumors, chromosome 17q status in nNMNA tumors (e) and MYCN amplification status (f). Statistical
significance was determined by log-rank test.
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Table 22: Frequency of chromosomal aberrations in neuroblastoma.

chromosomal region genomic aberration frequency frequency literature
1p loss 10% 30-40%
2p gain 23% 20-35%
3p loss 24% 18%
4p loss 14% 20%
7 gain 44% 40%
11q loss 27% 29-44%
14q loss 20% 22-25%
17q gain 79% > 50%
unbalanced 17q gain 35% 44-66%

Since segmental chromosomal changes are associated with more aggressive forms of neuroblastoma
(Maris 2010), the most frequently observed aberration, gain of chromosome 17q, was further classified
into unbalanced and balanced samples. Unbalanced 17q tumors exhibited an uneven distribution of
DNA quantities from the region encompassing IGF2BP1 to the terminal end (IMP1-ter) of chromosome
179 relative to the 17p arm. The balance score was calculated as follows: bv = (-IMP1-ter + 17p + 0.2)
and tumors were classified as unbalanced if bv <0 or balanced if bv > 0. Balanced chromosome 17
refers to the state where there is either gain of the entire chromosome or maintenance of the normal
chromosomal status (Figure 13). Conversely, unbalanced chromosome 17 may arise due to loss of the

short arm (17p) or gain of the long arm (17q).
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Figure 13: Unbalancing of chromosome 17. (a) Scheme of balanced and unbalanced chromosome 17 variants. (b) Examples
of CN gain for different chromosome 17 states in neuroblastoma specimens.
Subsequent analysis revealed that patients with unbalanced 17q tumors had a lower overall survival
probability compared to patients with balanced chromosome 17 (Figure 12b), confirming previous

findings (Bown et al. 1999). The adverse prognosis of 17q unbalanced patients was further exacerbated

by concurrent MYCN amplification, indicating a pro-oncogenic association between chromosomes 2p
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and 17q (Figure 12c). Only few tumors with balanced 17q and MYCN amplification were observed,
limiting conclusive analyses (Figure 12d). Additionally, unbalancing of chromosome 17q was also found
to have prognostic value in patients without MYCN amplification (nMNA; Figure 12e). As expected,
MYCN amplification had a significant impact on patient survival (Figure 12f). Furthermore, Cox multi-
variate analysis confirmed that both MNA (HR = 20.4, p = 5.05e-10) and unbalanced 17q gain (HR = 8.2,
p = 1.56e-4) were independent predictors of poor outcome. In summary, this suggests that the
analyzed tumor cohort represents the clinical and genomic characteristics of neuroblastoma and

therefore, it was selected for further analyses.
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4.2 Identification of essential candidate genes on chromosome 17q in
neuroblastoma

To identify crucial candidate genes in neuroblastoma, publicly available pan-cancer loss-of-function
CRISPR screen data were analyzed for 13 MNA neuroblastoma and 607 non-neuroblastoma cell lines
using the DepMap portal (Meyers et al. 2017). This analysis aimed to determine the essentiality of
protein-coding genes for proliferation and survival, as indicated by cell model-specific dependency
scores. This revealed 177 genes (175 autosomal, 2 gonosomal) with increased essentiality in MNA
neuroblastoma (Figure 14a). Among these genes were several known neuroblastoma-related genes,
like MYCN, PHOX2B or LIN28B (Schnepp and Diskin 2016, Durbin et al. 2018). Notably, MYCN, ISL1 and
HANDZ2 were the top-ranked candidates in terms of significance (Table 23). Further investigating the
genomic distribution of these genes using hypergeometric testing showed that only chromosome 17
had a significantly higher number of enriched candidates than expected (Table 24). All identified
chromosome 17 candidate genes, except CHD3, were located on the g-arm of chromosome 17, with

IGF2BP1, GJC1 and MSI2 being the top-ranking genes (Table 23).
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Figure 14: Chromosome 17q harbors most neuroblastoma essential genes. (a) Genomic distribution of 175 autosomal
essential genes in MNA neuroblastoma. (b) Correlation of fold-changes of copy number gain (CN) and mRNA expression of
chromosome 17 genes between unbalanced and balanced 17q tumors. Neuroblastoma (NB) essential genes are highlighted
in red. (c-e) Correlation of copy number and mRNA expression (FPKM) of IGF2BP1 (c), MYCN (d) and miR-21 (e) in 100 primary
neuroblastoma tumors. Spearman correlation coefficient and p-values are indicated.
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Table 23: Top 10 essential gene candidates by significance.

MNA-NB essential genes chromosome 17 essential genes
gene p-value gene p-value
MYCN 2.14e-36 IGF2BP1 1.78e-13

ISL1 2.25e-35 GJC1 1.20e-11
HAND?2 4.66e-32 MSI2 1.24e-11
PDK1 5.91e-32 PCTP 3.92e-8
PHOX2A 6.52e-23 LIMD2 2.79e-6
PHOX2B 3.02e-20 TOM1L1 2.96e-6
SOX11 1.57e-17 AFMID 6.16e-6
LIN28B 1.04e-14 PRKCA 8.49¢e-6
HDAC2 1.12e-13 NT5C 3.46e-5
IGF2BP1 1.78e-13 MFSD11 3.70e-5

Table 24: Hypergeometric testing for distribution of MNA neuroblastoma essential genes.

chromosome protein coding genes NB essential genes % distribution p-value
1 2048 22 12.6% 0.2497
2 1247 17 9.7% 0.0668
3 1075 4 2.3% 0.9905
4 751 5 2.9% 0.8245
5 886 4 2.3% 0.9652
6 1047 6 3.4% 0.9239
7 917 4 2.3% 0.9716
8 683 3 1.7% 0.9528
9 781 5 2.9% 0.8493
10 731 4 2.3% 0.9076
11 1311 6 3.4% 0.9835
12 1035 10 5.7% 0.4816
13 321 3 1.7% 0.5682
14 612 0 0.0% 1
15 599 7 4.0% 0.3129
16 853 5 2.9% 0.8971
17 1188 52 29.7% 5.05E-22
18 268 3 1.7% 0.4479
19 1471 9 5.1% 0.9305
20 546 2 1.1% 0.9626
21 232 0 0.0% 1
22 444 4 2.3% 0.5853

To gain a closer understanding of chromosome 17, the fold-change in mRNA expression between
unbalanced and balanced 17g tumor samples was correlated with DNA copy number gain (Figure 14b).
A positive correlation was observed (Rs=0.6257, p <0.0001), indicating that increased DNA copy
number was associated with higher mRNA expression. However, not all genes that gained DNA copies

showed a corresponding increase in mMRNA expression in unbalanced 17q tumors (Figure 14b). Most of
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the neuroblastoma essential genes exhibited enrichment at both, the DNA and mRNA levels.
Specifically, IGF2BP1 and MYCN showed a strong correlation between mRNA and copy number (Figure
14c, d). However, miR-21, a potent oncogenic miRNA that shared DNA gains with IGF2BP1, did not
show an association between DNA and RNA levels (Figure 14e). This suggests that copy number gain
of a single gene does not always translate to increased expression. These findings indicate that multiple
processes are involved in the up- or downregulation of genes in cancer. Most importantly, however,
these findings highlight the potential significance of gained genes on chromosome 17q in

neuroblastoma progression, with IGF2BP1 emerging as a top candidate.
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4.3 IGF2BP1 expression and prognostic significance in neuroblastoma

IGF2BP1 (17921.32), located within the frequently gained region on chromosome 17q, has been
identified as one of the most essential genes in MYCN-amplified neuroblastoma. Consistently, IGF2BP1
expression is an independent prognostic factor confirmed by Kaplan-Meier and Cox multi-variate
analysis (Figure 15a; Cox: HR=1.4, p=0.0213). Furthermore, although often not statistically
significant, IGF2BP1 exhibit prognostic value in various low- and high-risk neuroblastoma subgroups,
including nMNA, unbalanced or balanced 179 gain and higher stages (Figure 15b-e). Prognostic results
for low-risk subgroups such as stage 1, 2 or 4S are not available due to non-deceasing patients. Notably,
IGF2BP1 lacks prognostic potential in MNA tumors, as MYCN alone serves as a strong predictor of

patient survival (Figure 15f).
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Figure 15: IGF2BP1 has prognostic relevance in different neuroblastoma subgroups, is highly expressed in aggressive
neuroblastoma and correlates with MYCN abundance. (a-f) Kaplan-Meier survival analyses of IGF2BP1 expression overall
(a), in nMNA (b), unbalanced (c) or balanced (d) 17q, stage 3/4 (e) and MNA (f) tumors (best cut-off). Statistical significance
was determined by log-rank test. (g-j) IGF2BP1 mRNA expression separated by MYCN amplification status (g), chromosome
17q balance status (h), INSS stage (i) and survival (j). Statistical significance was determined by Mann-Whitney test (errors
defined as SEM). Non-parametric one-way ANOVA and Kruskal-Wallis test was performed to compare all stages. (k)
Correlation of IGF2BP1 and MYCN mRNA expression in neuroblastoma tumors. MNA samples are indicated in red. Spearman
correlation coefficient and p-value is indicated.
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Additionally, IGF2BP1 expression is significantly increased in MNA, unbalanced 17q, INSS-4 and
deceased patients (Figure 15g-j). Furthermore, IGF2BP1 exhibits a strong correlation with MYCN at the
RNA level (Figure 15k), suggesting a potential interconnected disease-driving role of both proteins in
high-risk neuroblastoma. To explore this further, IGF2BP1-driven gene expression was correlated with
that of all transcription factors. Best associated transcription factors were MYBL2, E2F1 and FOXM1
(Table 25). High-risk neuroblastoma is often driven by the core-regulatory circuit (CRC) of
transcriptional regulators (Ciaccio et al. 2021). Among CRC transcription factors, MYCN was identified
as the top candidate at position 35. Notably, PRRX1, a driver of mesenchymal neuroblastoma lineage
identity, did not show an obvious positive correlation, supporting the notion that IGF2BP1 promotes
adrenergic and aggressive neuroblastoma lineage identities. This is further supported by the negative
correlation observed with the tumor-suppressive transcription factor TCF21 (Ao et al. 2020). In
conclusion, IGF2BP1 exhibits high expression in aggressive neuroblastoma and correlates strongly with
MYCN expression. Moreover, it demonstrates prognostic potential for patient stratification, even in
lower risk subgroups such as nMNA or patients with balanced 17qg. These findings emphasize the
significance of IGF2BP1 in neuroblastoma disease progression and highlight its potential as biomarker
for risk stratification, as previously shown in anaplastic thyroid carcinoma (Haase et al. 2021), as well

as for targeted therapies.

Table 25: Selected IGF2BP1-associated transcription factors.

rank transcription factor Rs
1 MYBL2 0.9702
2 E2F1 0.9613
3 FOXM1 0.9586
27 TOP2A 0.9330
33 ALK 0.9282
35 MYCN* 0.9260
53 TBX2* 0.9165
609 PHOX2B* 0.8433
664 ISL1* 0.8394
929 HAND2* 0.8160
1075 GATA3* 0.8013
1675 ASCL1* 0.6498
1725 TFAP2B 0.6014
1885 PRRX1 0.0936
2520 TCF21 -0.7902
2747 KLF5 -0.9170

CRC transcription factors are indicated by an asterisk (*). The p value for all selected genes is < 2.2e-16.
Rs - Spearman correlation coefficient

82



4. Results

4.4 IGF2BP1 and MYCN form a self-promoting feedforward loop

4.4.1 MYCN as a transcriptional regulator of IGF2BP1 in neuroblastoma

MYC family members play crucial roles in tumorigenesis by functioning as transcription factors that
activate various oncogenes through direct binding to E-Box elements in the promoter regions.
Previously studies have demonstrated that MYC promotes the synthesis of IGF2BP1 (Noubissi et al.
2010). Considering the similarities between MYC and MYCN (Huang and Weiss 2013), the strong
association of IGF2BP1 and MYCN expression in neuroblastoma (Figure 15k) as well as the co-
occurrence of chromosome 2p and 17q aberrations in neuroblastoma (Bown 2001), it was
hypothesized that MYCN might also contribute to the transcriptional activation of IGF2BP1. To
investigate this hypothesis, publicly available MYCN ChIP-seq data (Oki et al. 2018) performed in
neuroblastoma cell lines were analyzed. These studies confirmed the presence of MYCN binding at the
IGF2BP1 promoter region, which encompasses several E-Box motifs (Figure 16a). Consistently,
transient depletion of MYCN using siRNAs resulted in a significant reduction in both, IGF2BP1 mRNA
and protein levels in two different MNA neuroblastoma cell lines (Figure 16b). Additionally, analysis of

nascent transcript synthesis validated the decrease of IGF2BP1 upon MYCN depletion in BE(2)-C (Figure

16c).
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Figure 16: MYCN directly promotes IGF2BP1 transcription. (a) MYCN ChIP-seq profile of the IGF2BP1 promoter region. E-
Boxes, putative MYC/N binding sites, are indicated in dark blue. The IGF2BP1 gene is depicted schematically in orange up to
the beginning of the second intron. (b) Western blot (n = 3) and RT-gPCR (n = 3) analysis of IGF2BP1 expression upon MYCN
(siMN) compared to control knockdown (siC) in two MNA neuroblastoma cell lines. (c) RT-gPCR (n = 3) analysis of indicated
nascent mRNAs upon MYCN compared to control knockdown in BE(2)-C. (d) Relative expression of transgenic MYCN and
endogenous Igf2bpl mRNA in two-week old pre-cancerous ganglia from TH-MYCN (n =4) compared to wildtype mice.
Statistical significance was determined by parametric two-sided Student’s t-test (errors defined as SD). **, p <0.01;
*¥*% p<0.001; ¥*** p<0.0001
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Furthermore, examination of pre-cancerous ganglia derived from 2-week old TH-MYCN mice showed
a significant increase in endogenous Igf2bp1 expression in comparison to wildtype mice (Figure 16d;
unpublished data from Daniel Carter, Children’s Cancer Institute, University of New South Wales,
Sydney, Australia). Importantly, this early period is considered as the time of neuroblastoma initiation
in this mouse model (Hansford et al. 2004). Collectively, these findings provide evidence that MYCN is
a potent driver of IGF2BP1 transcription in neuroblastoma, supporting recent findings in breast cancer

(Shi et al. 2022).
4.4.2 Deregulated miRNAs distinguishes MYCN-amplified neuroblastoma

Aiming to reveal the MYCN-dependent microRNA transcriptome, miRNA expression was evaluated in
17 MYCN-amplified versus 80 non-amplified primary neuroblastoma tumors. Differential expression
analysis between these two groups identified 52 significantly up- and 66 significantly downregulated
miRNAs in MNA neuroblastoma samples (FDR <0.05; Table 30, Figure 17a). Remarkably, all
upregulated miRNAs exhibited an oncogenic character, as indicated by a HR>1, whereas all
downregulated miRNAs displayed tumor-suppressive properties, with HR < 1. Kaplan-Meier survival
analysis of these oncogenic and tumor-suppressive miRNA signatures confirmed that high expression
of oncomiRs was associated with substantial reduction in overall survival probability, as expected
(Figure 17b). Conversely, low expression of tumor suppressor miRs was correlated with a poor

prognosis (Figure 17c).

Consistent with these findings, examination of miRNA expression in individual tumor samples clearly
demonstrated the ability of these two miRNA signatures to distinguish between MNA and nMNA
neuroblastoma (Figure 17d). Former studies indicated that MYCN-regulatory miRNAs are
predominantly downregulated in MNA neuroblastoma (Beckers et al. 2015b). In support of this, the
reported miR-542 (Schulte et al. 2010) and the predicted miR-488 were confirmed among tumor-
suppressive miRNAs. However, contrary to expectations, the majority of previously reported MYCN-
regulating miRNAs were found to be upregulated in MNA tumors. This included miR-17 (Lazarova et
al. 1999, Samaraweera et al. 2017), miR-19a (Buechner and Einvik 2012), miR-15b and miR-16 (Chava
et al. 2020). Furthermore, miR-20a and miR-93, which share the same seed sequence as miR-17, as
well as members of the let-7 family (Molenaar et al. 2012a, Powers et al. 2016), which are known or
expected to target MYCN mRNA, were among the upregulated miRNAs in MNA tumors. Additionally,
other miRNAs from the miR-17-92 cluster family, namely miR-18a, miR-25, miR-92a and miR-92b, were
significantly upregulated. This observation is consistent with the role of MYC transcription factors in
promoting the expression of this miRNA cluster through direct binding to E-Box elements in the
promoter (Schulte et al. 2008, Fuziwara and Kimura 2015). Consistent with various previous studies,

upregulation of miR-9 (Ma et al. 2010) and miR-181a/b (Schulte et al. 2008) as well as downregulation
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of miR-628-5p (Mestdagh et al. 2010, Megiorni et al. 2017) and miR-137-3p (Inomistova et al. 2016)
was observed in MNA neuroblastoma. Additionally, several previously unreported miRNAs were
identified (Table 30). Surprisingly, miR-34c expression was elevated in MNA tumors, despite previous
studies claiming that the miR-34 family is downregulated in high-risk neuroblastoma (Wei et al. 2008,
Mei et al. 2014, Galardi et al. 2018). In summary, these findings suggest that a variety of MYCN-
targeting miRNAs, particularly the miR-17-92 cluster, are upregulated in MNA neuroblastoma. This

suggests a mechanism that limit MYCN downregulation through these miRNAs.

a s , —~ b c
* MYCN targeting; _ E 52 oncogenic miRNAs 66 tumor-suppressive miRNAs
4 - MYCN. non- ' § 100 100
5 targeting N & low (n=48) kS simim
- = = high (n =48
g e . E E =0
= x ! [
R feeeeeccccaaad 3 3
2 g 5 = 50 = 50 low (n = 48)
5 g 3 ? ' ® : ® ow(n=
g > “a® ! ¢ high (n = 48) ¢
3 . B 3 3
-4 2 S8 :
2 ' HR=12.31; p<0.0001; n=96 HR =0.2252; p =0.0007; n =96
-6 T T T T Y T T Y T T
-75 -50 -25 00 25 50 0 2000 4000 6000 0 2000 4000 6000
log,FC (MNA / nMNA) follow up [days) follow up [days]

oncomiRs

tumor suppressor miRs

Figure 17: miRNA expression can distinguish between MNA and nMNA tumors. (a) Differential miRNA expression analysis
in 17 MNA and 80 nMNA neuroblastoma tumors and subsequent determination of hazardous ratio (HR) of these miRNAs
revealed 52 oncogenic and 66 tumor suppressive miRNAs. MYCN-targeting miRNAs are indicated red. (b, c) Kaplan-Meier
survival analysis of upregulated (b) or downregulated (c) miRNA signatures in primary neuroblastoma tumors. Statistical
significance was determined by log-rank test. (d) The 118 differential expressed miRNAs distinguish MNA and nMNA tumors.
Expression values are scaled for individual miRNAs (rows in heatmap). MYCN-amplified tumors (MNA) as well as clinical
staging of NMNA tumors are indicated above the heatmap.
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4.4.3 Evaluation of directly associated miRNAs with MYCN using miTRAP

Contrasting results regarding the expression of MYCN-targeting miRNAs in MNA tumors as well as the
need to investigate direct association of miRNAs with the MYCN mRNA prompted an evaluation of
bound miRNAs by miTRAP. For pulldown of associated miRNAs, an in vitro transcribed MYCN 3'UTR
fused to MS2 loops was used as bait in MYCN-amplified BE(2)-C neuroblastoma and MYCN-driven
KNS42 glioblastoma cell lines. For conserved miRNA binding, KNS42 cells were included, as they
express MYCN and high levels of let-7 miRNAs. The association of miRNAs was assessed by determining
miRNA abundance through small RNA sequencing of MYCN 3°UTR and MS2 control pulldowns.
Enrichment of miRNAs was calculated based on the fold-change between MYCN 3'UTR and MS2
pulldown samples. Notably, miRNA enrichment was largely independent of miRNA abundance as
indicated by Spearman correlation coefficients of 0.04142 and 0.06627 for BE(2)-C and KNS42,
respectively (Figure 18a). Among the top 10 enriched miRNAs in both cell lines, more than half
belonged to the miR-17-92 cluster, with miR-17 being one of the most highly enriched miRNA (Table
31).

Additionally, other previously published MYCN-targeting miRNAs could be validated using miTRAP,
including miR-29 (Sun et al. 2017) and miR-16 (Chava et al. 2020). Surprisingly, despite their substantial
abundance in both cell lines and their reported role in regulating MYCN expression (Molenaar et al.
2012a, Powers et al. 2016), members of the let-7 family exhibited only modest enrichment with the
MYCN 3°UTR compared to miRNAs of the miR-17-92 cluster (Figure 18b). Similarly, although known to
regulate MYCN expression, miR-34a was not enriched with the MYCN 3°UTR, probably due to its low
abundance. Furthermore, novel miRNAs potentially targeting MYCN mRNA were identified based on
their substantial enrichment with the MYCN 3°UTR, including miR-193-3p and the miR-302 family, both
predicted as MYCN-regulatory miRNAs, as well as miR-6782-5p and miR-1248. Comparing miRNA
enrichment between the two cell lines revealed a remarkable conservation of MYCN-targeting miRNAs
(Figure 18c). Furthermore, analysis of MYCN-enriched miRNAs and their altered expression in MNA
neuroblastoma indicated that miRNAs of the miR-17-92 cluster stood out due to substantially
increased expression in MNA neuroblastoma and enrichment in both analyzed cell lines (Figure 18d).
In summary, these findings provided further evidence that MYCN-regulatory miRNAs are enriched in

MNA neuroblastoma and support the idea of an alternative escape mechanism.
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Figure 18: miTRAP identified selective co-purified miRNAs with in vitro transcribed bait RNA. (a) Correlation analysis of
average miRNA abundances in the input and the fold-change of enrichment of miRNAs between MYCN 3°UTR and MS2 control
pulldown in BE(2)-C (top) and KNS42 (bottom). Spearman correlation coefficient and p-values are indicated. (b) Enrichment
of members of the let-7 family and the miR-17-92 cluster at the MYCN 3°UTR in BE(2)-C (top) and KNS42 (bottom). Statistical
significance was determined by parametric two-sided Student’s t-test (errors defined as SD). (c) Correlation of significantly
enriched miRNAs in BE(2)-C and KNS42. Members of the miR-17-92 cluster and let-7 family are highlighted in dark or light
red, respectively. Spearman correlation coefficient and p-value are indicated. (d) Comparison of average miRNA enrichment
in both cell lines with the fold-change of these miRNAs in MNA versus nMNA neuroblastoma. miRNAs with significant
deregulated expression in MNA tumors are depicted in darker color.

4.4.4 IGF2BP1is a potent regulator of MYCN mRNA expression

To investigate the potential mechanism of uncoupling MYCN-driven expression of the miR-17-92
cluster from the inhibition of MYCN mRNA by these miRNAs in a feedback loop, a dual fluorescent
reporter assay was established. This enabled the rapid assessment of altered protein expression by
flow cytometry (Figure 19a, b). The assay involved GFP (green fluorescence protein) reporters
comprising a control vector (= GFP, 1) and vectors in which GFP was fused to the wildtype (= wt, 2) or
mutant (= mut, 3) MYCN 3°UTR. In the latter, over 90% of predicted/validated miRNA seed sequences,
including those from the miR-17-92 cluster and let-7 family, among others, were mutated (Table 32).
Additionally, two different iRFP reporter systems were employed: one involving the infra-red
fluorescence protein (=iRFP, 1) or iRFP-fusion proteins with wildtype IGF2BP1 (=11 wt, 2), mutant
IGF2BP1 (= 11 mut, 3) or ELAVL4 (= HuD, 4) and another utilizing an iRFP-antisense reporter without a
3’UTR (5), with two miR-17 (6) or let-7a (7) binding sites. ELAVL4 was reported to interfere with a
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miR-17 binding site in the MYCN 3"UTR (Lazarova et al. 1999, Manohar et al. 2002, Samaraweera et al.
2017). However, ELAVL4 mRNA expression is significantly downregulated in MNA and deceased
patients, with a similar trend observed in stage 4 tumors and low expression is associated with poor
overall survival probability (Figure 20). On the other hand, IGF2BP1 is associated with high-risk
neuroblastoma and MYCN expression (Bell et al. 2015, Bell et al. 2020). Moreover, the main and
conserved role of IGF2BP1 in cancer cells is the impairment of miRNA-directed mRNA degradation (Bell
et al. 2013, Busch et al. 2016, Miiller et al. 2018, Glal’ et al. 2021), highlighting IGF2BP1 as a promising
candidate for regulating MYCN expression at the post-transcriptional level. Investigation of GFP-tagged
MYCN 3°UTR demonstrated significant downregulation of the wt 3"UTR reporter compared to the GFP
control (Figure 19c), indicating the pivotal role of the MYCN 3°UTR in controlling MYCN expression.
Notably, inactivation of eight miRNA seed regions resulted in a significant increase in GFP expression
but failed to restore the expression to control levels. This suggests that miRNA-dependent regulation
contributes to the 3’UTR-dependent regulation of MYCN expression. However, other regulatory
elements (AU/GU-rich elements, other miRNAs), translation initiation or secondary structures also

have an effect on mRNA expression, possibly affected by the introduced mutations.
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Figure 19: IGF2BP1 and ELAVLA4 are potent regulators of MYCN expression. (a, b) Scheme of the assay (a) and used GFP and
iRFP reporters (b). Control (1, 5) and iRFP-fusion (1-4) reporter contained only a minimal, vector-encoded 3'UTR. (c)
Normalized mean GFP fluorescence in BE(2)-C cells transiently transfected with GFP reporter (n = 3). (d-f) Normalized mean
GFP (d, f) or iRFP (e) fluorescence after co-transfection of indicated GFP and iRFP reporter in BE(2)-C cells (n = 3). Statistical
significance was determined by parametric two-sided Student’s t-test (errors defined as SD).
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Figure 20: ELAVL4 is downregulated in aggressive neuroblastoma subtypes. (a-c) ELAVL4 mRNA expression separated by
MYCN amplification status (a), survival (b) and INSS stage (c). Statistical significance was determined by Mann-Whitney test
(errors defined as SEM). Non-parametric one-way ANOVA and Kruskal-Wallis test was performed to compare all stages. (d)
Kaplan-Meier survival analysis of ELAVL4 expression (median cut-off). Statistical significance was determined by log-rank test.

When co-expressing iRFP-fused RNA-binding proteins with the GFP control reporter, the mean GFP
fluorescence was largely unaffected (Figure 19d, left panel). In contrast, GFP fluorescence was
markedly increased when co-expressing wildtype IGF2BP1 or ELAVL4 with the GFP-tagged MYCN
3’UTR. Interestingly, only a modest increase was observed with the RNA-binding mutant of IGF2BP1
(Figure 19d, middle panel), indicating that both, IGF2BP1 and ELAVL4, promote MYCN expression, as
previously proposed, and that this regulation largely relies on the MYCN 3°UTR. Analysis of the mutant
GFP-tagged MYCN 3°UTR showed that both IGF2BP1 proteins modestly elevated the GFP fluorescence
(Figure 19d, right panel). More importantly, no difference was observed between wildtype and mutant
IGF2BP1, suggesting secondary, RNA-binding independent regulation. Surprisingly, co-expression of
ELAVL4 still resulted in an increase in GFP fluorescence, indicating that ELAVL4 potentially regulate
MYCN mRNA either by impairing other miRNAs or through largely miRNA-independent mechanisms,
such as stimulation of translation. In conclusion, IGF2BP1 emerges as a potent miRNA-dependent
regulator of MYCN expression, which could contribute to the uncoupling of elevated miRNA and MYCN
expression. Furthermore, the miTRAP analysis revealed a strong effect of miR-17-92 miRNAs and
potential involvement of the let-7 family in the regulation of MYCN mRNA in neuroblastoma. To
investigate the proposed function of the MYCN 3°UTR as a miRNA sponge (Powers et al. 2016), iRFP-
fused miR-17 and let-7a antisense reporters were analyzed. Evaluation of iRFP fluorescence
demonstrated substantial activity of miR-17 and let-7a in BE(2)-C cells (Figure 19e, left panel). Notably,
when co-expressing wt or mut GFP-tagged MYCN 3°UTR, the activity of the antisense reporter
remained largely unaffected (Figure 19e, middle and right panel), strongly arguing against a miRNA
sponge effect of the MYCN 3"UTR. Next, GFP fluorescence was assessed in the presence of the iRFP-
antisense reporter. The activity of the control GFP reporter remained largely unaffected by antisense
reporter (Figure 19f, left panel). Analysis of the wt and mut GFP-tagged MYCN 3°UTR revealed
differences between miR-17 and let-7a antisense reporters. While the GFP reporters were unaffected

by miR-17 antisense reporter, both, the wt and mut GFP-tagged MYCN 3 UTR, showed significantly
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elevated expression upon co-expression of the let-7a antisense reporter, despite all reported let-7
binding sites being mutated (Figure 19f, middle and right panel). This suggests that let-7 dependent
regulation of MYCN expression is largely secondary. An explanation cloud be the upregulation of let-7
target genes, e.g. IGF2BP1 and ELAVL1 among others, due to the transfected antisense reporter, which

would lead to an increased mRNA stability.

4.4.5 IGF2BP1 directly binds MYCN mRNA in a 3’"UTR- and miRNA-dependent manner

To investigate whether IGF2BP1 directly binds to the MYCN mRNA, two different analyses were
conducted. Firstly, the miTRAP experiment was employed to examine co-purified proteins on the MS2-
fused MYCN 3"UTR. Robust co-purification of the RISC protein AGO2, supporting the miRNA-dependent
regulation of MYCN, and IGF2BP1 was observed in both cell lines analyzed, while VCL was not co-

purified. No co-purification of these proteins occurred using the MS2 bait control 3"UTR (Figure 21a).
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Figure 21: IGF2BP1 directly bind the MYCN mRNA. (a) Western blot analysis (n = 1) after miTRAP of indicated proteins
isolated from BE(2)-C and KNS42 lysate co-purified with MS2 control transcript or the MS2-fused MYCN 3°UTR, respectively.
VCL served as negative control for unspecific binding, whereas MS2-BP indicates equal loading of the resin. (b) Western blot
analysis (n = 3) of indicated proteins after AGO2 RIP in control (Ctrl) and IGF2BP1 knockout (11-KO) BE(2)-C cells. (c) RT-gPCR
analysis after AGO2 RIP in IGF2BP1 knockout versus control BE(2)-C cells (n = 3). (d, e) Western blot (d) and RT-qPCR (e)
analysis after IGF2BP1 RIP in indicated parental neuroblastoma cell lines (n = 3-5). (f, g) Western blot (f) and RT-gPCR (g)
analysis after IGF2BP1 RIP in BE(2)-C treated with DMSO or 5 uM BTYNB for 6 h (n = 3). Statistical significance was determined
by parametric two-sided Student’s t-test (errors defined as SD).
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Additionally, to determine if the potential IGF2BP1-dependent regulation of MYCN mRNA is miRNA-
dependent, AGO2-RIP was performed. IGF2BP1 knockout significantly increased the association of
AGO2 with the MYCN mRNA (Figure 21b, c). Secondly, IGF2BP1-RIP was conducted in three different
neuroblastoma cell lines (Figure 21d). These experiments confirmed a pronounced association of
IGF2BP1 with the validated target mRNA E2F1 and the MYCN transcript (Figure 21e). Co-purification
of ELAVL1 confirmed the isolation of intact mRNPs. Significance was observed for MYCN mRNA in the
MNA cell lines BE(2)-C and KELLY as well as for E2F1 in BE(2)-C cells. Other enrichments did not reach
statistical significance, but showed trends as expected, except for E2F1 in NBL-S cells. HIST2 served as
negative control of unspecific binding. To further investigate the potential of IGF2BP1 to bind the
MYCN mRNA, the small molecule inhibitor BTYNB was used, which can disrupt the association of
IGF2BP1 with its target mRNAs. IGF2BP1-RIP under BTYNB treatment in BE(2)-C cells showed significant
less enrichment of E2F1 and MYCN mRNA with IGF2BP1 (Figure 21f, g). Therefore, exposure of BTYNB
effectively disturbed the association of MYCN mRNA with IGF2BP1, supporting previous findings that
IGF2BP1 can directly bind the MYCN mRNA. To further analyze these findings, luciferase reporters
lacking a native 3"UTR (control) and containing the wildtype (wt) or mutated (mut) MYCN 3"'UTR were
utilized. In the latter, several miRNA binding sites were inactivated by mutation (Table 32). The activity
of the wt reporter was consistently reduced, confirming the conserved miRNA-dependent regulation
of the MYCN 3°UTR (Figure 22a). Mutation of several miRNA binding sites led to a significant, although
incomplete, increase in luciferase activity in all cell models (Figure 22a-c). Both, IGF2BP1 knockout and
BTYNB treatment, further decreased the activity of the wt reporter in three different neuroblastoma
cell lines, while the mut reporter remained unaffected (Figure 22a, b, d, e). These findings indicate that
IGF2BP1 regulates the MYCN mRNA in a 3’'UTR- and miRNA-dependent manner and that BTYNB can
selectively disrupt this miRNA-dependent regulation of MYCN by IGF2BP1.
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Figure 22: IGF2BP1 stimulated MYCN expression is miRNA-dependent. (a) Expression of miRNAs in BE(2)-C and mutated
fraction of MYCN-targeting miRNA-binding sites (left). A scheme of the luciferase reporter constructs is shown on the right
site. (b, c) Activity of indicated luciferase reporter in control and IGF2BP1 knockout (b, n =5) or DMSO- and BTYNB-treated
(c, n=3) BE(2)-C. (d-f) Activity of MYCN 3°UTR luciferase reporter in NBL-S and KELLY determined between mutant and
wildtype MYCN 3°UTR (d), IGF2BP1 knockout and control cells (e) or BTYNB- and DMSO-treated (f) cells (n = 3). Statistical
significance was determined by parametric two-sided Student’s t-test (errors defined as SD).
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4.4.6 IGF2BP1 stabilizes the MYCN mRNA, which is targetable by BTYNB

Previous studies have reported the involvement of IGF2BP1 in modulating MYCN expression in
neuroblastoma (Bell et al. 2015), but the underlying mechanisms remain unclear. CLIP studies in hESCs
indicated the association of IGF2BP1 with the MYCN 3°UTR as well as the last exon (Figure 23a), which
was confirmed in this study through pulldown and luciferase assays (Figure 21, Figure 22). Deletion or
depletion of IGF2BP1 consistently reduced MYCN protein and mRNA levels in three neuroblastoma cell
lines (Figure 23b, c). It should be noted that in KELLY cells, the IGF2BP1 knockout was incomplete due
to an alternative start codon producing a smaller variant of IGF2BP1. Nevertheless, IGF2BP1 expression
was significantly decreased and MYCN levels were affected similarly to other knockout cell lines. The
main role of IGF2BP1 in cancer is to impair miRNA-directed downregulation of mostly oncogenic
mRNAs. Consistent with this, IGF2BP1 knockout in BE(2)-C cells significantly decreased MYCN mRNA
half-life (Figure 23d).
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Figure 23: BTYNB disrupts IGF2BP1 stabilization of MYCN mRNA. (a) IGF2BP1 CLIP hits in the MYCN mRNA derived from two
studies in hESCs. (b, c) Western blot and RT-gPCR analysis of MYCN expression upon IGF2BP1 knockout (b) or depletion (c) in
indicated cell lines (n = 3). (d) MYCN mRNA decay monitored by RT-gPCR in control (grey) and IGF2BP1-deleted (blue) BE(2)-
C cells upon indicated time of Actinomycin D (ActD) treatment (n = 3). (e) BTYNB response curve in indicated cell lines (n = 3).
(f, g) Western blot analysis (g) and quantification (f) of MYCN expression in BE(2)-C treated with 3 uM BTYNB (BTY, n = 3) for
3 and 6 days or replacement of BTYNB by DMSO after 3 day treatment. Quantification and significance are blotted in panel f.
(h) Western blot analysis of MYCN expression upon treatment with 5 uM BTYNB in indicated cell lines (n = 3). Statistical
significance was determined by parametric two-sided Student’s t-test (errors defined as SD).
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Recently, different small molecule inhibitors were published for IGF2BP1, which disturb the association
with its target mRNAs. To test the effect of BTYNB, the first identified IGF2BP1 inhibitor (Mahapatra et
al. 2017), ECso values were evaluated in three neuroblastoma cell lines (Figure 23e). The ECso values
ranged from approximately 3 to 6 uM, which is within the expected range observed in other carcinoma-
derived cell lines. Treatment with BTYNB not only reduced cell viability, but also decreased MYCN
protein expression in all three cell lines without causing dramatic changes in IGF2BP1 levels (Figure
23f-h). Prolonged treatment for six days further decreased MYCN expression (Figure 23f, g).
Importantly, upon compound withdrawal and subsequent incubation without treatment, MYCN
protein levels recovered, indicating the reversible impairment of IGF2BP1-stimulated expression of

MYCN by BTYNB (Figure 23f, g).

4.4.7 Regulation of MYCN by IGF2BP1 is rather m®A-independent

The stabilization of certain target mRNAs, such as MYC or E2F1 (Miiller et al. 2020), by IGF2BP1 is
known to be enhanced by m°A-modification mediated by the METTL3/METTL14 methyltransferase
complex. Analysis of RMBase data revealed strong m®A-modification of the MYCN mRNA (Xuan et al.
2018). Aiming to reveal the role of METTL3 and METTL14 in modulating MYCN expression, co-depletion
of these mRNAs was performed in two neuroblastoma cell lines. The co-depletion of METTL3 and
METTL14 resulted in a significant reduction of E2F1 protein and mRNA levels, whereas the abundance
of IGF2BP1 remained unchanged, as previously reported (Miiller et al. 2020). However, MYCN protein
and mRNA expression remained largely unaffected by METTL3/14 depletion, suggesting that IGF2BP1

promotes MYCN expression in an m®A-independent manner (Figure 24b).
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Figure 24: Regulation of MYCN by IGF2BP1 is largely mfA-independent. (a) N®-Methyladenosine (m®A) modification profile
of MYCN mRNA derived from RMBase. (b) Western blot and RT-qPCR analyses of MYCN expression upon co-depletion of the
key mRNA m®éA-methyltransferase complex METTL3/14 (siM3/14) compared to control knockdown (siC; n = 3-4). Statistical
significance was determined by parametric two-sided Student’s t-test (errors defined as SD). n. s., non-significant;
** p<0.01; ***, p <0.001; **** p<0.0001 (c) RNA-seq data of E2F1 expression in BE(2)-C and KELLY cells upon transient
control (siC) and IGF2BP1 (sil1) knockdown (n = 3).
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All these findings indicate that IGF2BP1 and MYCN exhibit a self-promoting feedforward loop in
tumorigenesis. As MYCN-targeting miRNAs are upregulated in high-risk neuroblastoma, tumor cells
require mechanisms to evade miRNA-mediated downregulation of MYCN. RNA-binding proteins serve
as protective shields, safeguarding oncogenic mRNAs from degradation. In cancer, IGF2BP1 plays a
pivotal role by inhibiting miRNA-dependent mRNA degradation. The findings of this study indicate that
IGF2BP1 directly bind to the MYCN mRNA, thereby enhancing its stability and leading to increased
MYCN protein expression. Notably, this regulation is susceptible to targeting by the small molecular
inhibitor BTYNB, which disrupts the binding of IGF2BP1 to its mRNA targets. Unlike some other
reported IGF2BP1 targets, MYCN appears to be regulated in an mPA-independent manner.
Furthermore, MYCN can directly stimulate the expression of IGF2BP1 at the transcriptional level by
binding to E-Box elements in the promoter region. This establishes a transcriptional/post-
transcriptional regulatory loop between IGF2BP1 and MYCN, uncoupling MYCN expression from
miRNA-dependent degradation. Consequently, this regulatory loop has the potential to drive more

aggressive disease phenotypes.
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4.5 Impairment of IGF2BP1 expression reduces neuroblastoma growth in
vitro and in vivo

4.5.1 IGF2BP1 enhances cell proliferation, viability and self-renewal capacity

The emerging role of IGF2BP1 as a key regulator of MYCN expression in neuroblastoma prompted
further investigation of its impact on neuroblastoma growth. Various 2D and 3D cell culture assays
were conducted to assess the effects of IGF2BP1 on neuroblastoma cell behavior. IGF2BP1 knockout
in BE(2)-C significantly reduced 2D growth, as evidenced by a decreased cell proliferation rate and
increased doubling time (dt; Figure 25a). Furthermore, spheroid formation was impaired upon IGF2BP1
deletion in two neuroblastoma cell lines (Figure 25b). Notably, IGF2BP1 deletion resulted in decreased
spheroid viability and a slightly increase in caspase 3/7 activity (Figure 25c). Growth curve analysis of
IGF2BP1 knockout spheroids compared to control cells revealed no striking difference, possibly due to
larger and more diffuse spheroids under depletion condition (Figure 25d). Moreover, both knockout
cell lines, BE(2)-C and NBL-S, exhibited reduced viability and slightly increased apoptosis under
conditions of nutrient deprivation and anchorage independent growth (Figure 25e, f). Remarkably, the
findings obtained with IGF2BP1 depletion were consistent with the effects observed upon treatment
with the IGF2BP1 inhibitor BTYNB. Spheroid treated with BTYNB displayed reduced size, decreased

viability and slower growth compared to control cells treated with DMSO (Figure 25g-i).
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Figure 25: Impairment of IGF2BP1 reduced neuroblastoma growth in vitro. (a) Growth curve analysis of control (grey) and
IGF2BP1 knockout (blue) BE(2)-C under 2D cell culture conditions (n = 3). (b-d) Representative spheroid pictures (b, bars 200
um), analysis of viability and caspase 3/7 activity (c, n = 3) and growth curve analysis (d, n = 6) of control (grey) and IGF2BP1
knockout (blue) spheroids. (e, f) Representative pictures (e, bars 400 um) and analysis of viability and caspase 3/7 activity
after anoikis resistance assay in IGF2BP1 knockout compared to control cells (f, n = 3-4). (g-i) Representative spheroid pictures
(g, bars 200 um), analysis of viability (h, n = 6) and growth curve analysis (i, n = 6) of DMSO- (grey) and BTYNB-treated (blue)
spheroids. Statistical significance was determined by parametric two-sided Student’s t-test (errors defined as SD).
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4.5.2 |IGF2BP1 promotes neuroblastoma xenograft growth

To evaluate the oncogenic capacity of IGF2BP1 in neuroblastoma, xenograft models were employed
using IGF2BP1 knockout BE(2)-C or NBL-S cells injected into immunocompromised athymic nude mice.
Tumor growth was monitored using non-invasive infra-red imaging and measurement of tumor volume
(Figure 26a). IGF2BP1 knockout resulted in impaired tumor cell engraftment and a significant delay in
tumor growth by approximately 5 to 7 days (Figure 26b). Moreover, IGF2BP1-deleted tumors exhibited
reduced tumor mass and MYCN expression (Figure 26¢, d), providing further evidence of IGF2BP1’s

role in neuroblastoma progression in vivo.
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Figure 26: IGF2BP1 knockout impaired neuroblastoma xenograft growth. (a-c) Tumor growth (n = 6) of control (grey) and
IGF2BP1 knockout (blue) subcutaneous xenografts was monitored by non-invasive infra-red imaging (a), tumor volume over
time (b) and final tumor mass (c). (d) RT-qPCR analysis of MYCN mRNA levels in excised xenograft tumors and non-palpable
tumor cell mass (control, n = 6; IGF2BP1 knockout, n = 2-5). Statistical significance was determined by non-parametric two-
sided Mann-Whitney test (errors defined as SEM).

To assess the in vivo activity of the IGF2BP1 inhibitor BTYNB, BE(2)-C cells were pre-treated with BTYNB
prior to xenograft tumor formation. This pre-treatment resulted in similar delayed growth of xenograft
tumors (Figure 27a). Additionally, a patient-derived xenograft (PDX) neuroblastoma model (EPO
company Berlin; PDX 14647) with MYCN amplification and unbalanced 17q gain was utilized to
evaluate the efficacy of BTYNB treatment in high-risk neuroblastoma. PDX tumors were administered
subcutaneously in NOG mice. Mice harboring PDX tumors were treated with intra-peritoneal injections
of 100 mg/kg body weight BTYNB for three cycles. The treatment showed no apparent toxicity based
on the unaltered mouse weight (Figure 27b) and examination of animals revealed no obvious signs of
side effects (e.g. behavior). However, BTYNB treatment did not significantly impact tumor growth

(Figure 27c). Although significance was not reached due to high variation in the control population,
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systemic application of BTYNB tended to slow down tumor growth. This finding suggested weak in vivo

potency of the lead compound BTYNB.
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Figure 27: BTYNB impaired neuroblastoma xenograft growth. (a) Tumor growth (n=6) of DMSO- (grey) and BTYNB-
pretreated (blue) subcutaneous BE(2)-C xenografts was monitored by tumor volume over time. (b, c) Subcutaneous PDX
tumors were treated intra-peritoneal with DMSO (grey) or BTYNB (blue). Daily treatment is indicated by dashed lines below
the x-axis. Total mouse weight (b) and relative tumor growth (c) were monitored (n = 6). (d-f) Subcutaneous BE(2)-C xenograft
tumors were treated intra-tumoral with DMSO (grey) or BTYNB (blue). Daily treatment is indicated by dashed lines below the
x-axis. Representative pictures of the tumors at treatment start (day 0) and end (day 8) were obtained by non-invasive infra-
red imaging (d). Total mouse weight (e) and relative tumor growth (f) were monitored (n =9). Statistical significance was
determined by non-parametric two-sided Mann-Whitney test (errors defined as SEM).

To analyze this further, BTYNB stability was assessed in collaboration with the group of Wolfgang Sippl
(Institute of Pharmacy). BTYNB demonstrated good stability in cell culture conditions, as it remained
stable for at least 72 hours in DMEM media (Table 26). However, in simulated acidic conditions (10%
v/v trifluoroacetic acid), the stability of BTYNB slightly decreased after 48 hours to approximately 85%.
In addition, BTYNB showed high binding to plasma proteins (FBS or HSA), suggesting limited stability
and bioavailability of the lead compound BTYNB in vivo. This is in line with observed results in the PDX
model. To overcome these limitations and to test if BTYNB shows higher efficiency when applied
directly to the tumor, subcutaneous BE(2)-C xenograft tumors were treated with intra-tumoral
injections of 50 mg/kg body weight BTYNB for two cycles. As for intra-peritoneal treatment, no obvious
signs of toxicity were observed (Figure 27e). Remarkably, intra-tumoral treatment substantially

impaired tumor growth compared to control tumors (Figure 274, f).
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Table 26: BTYNB stability.

condition Oh 6h 12h 24h 48h 72h
BTYNB in DMEM 100% 100.4 % 101.2 % 103.1 % 105.3 % 107.7 %
BTYNB in DMEM under acidic
. 100% 98.3% 97.4% 95.1% 85.8% 84.3%
condition

In summary, targeting IGF2BP1 by depletion, knockout or inhibiting its RNA-binding impedes both
neuroblastoma cell growth in vitro and tumor growth in vivo. These findings emphasize the potential
of IGF2BP1 as a therapeutic target for cancer therapy, in particular for the treatment of
neuroblastoma. However, BTYNB remains a lead compound with obviously limited pharmacokinetics.
Thus, further development of more potent and specific IGF2BP1 inhibitors holds promise for the

treatment of neuroblastoma by downregulating MYCN-driven gene expression.
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4.6 IGF2BP1 and MYCN share oncogenic downstream targets

4.6.1 IGF2BP1 and MYCN enhances expression of chromosome 17q genes

The feedforward regulation of IGF2BP1 and MYCN likely impacts many effectors due to the broad
target range on the transcriptional (MYCN) and post-transcriptional level (IGF2BP1; Huang and Weiss
2013, Huang et al. 2018b). This suggests that IGF2BP1 and/or MYCN also synergize with other
oncogenic genes located on chromosome 17q. To investigate the influence of the IGF2BP1/MYCN
feedforward loop on downstream targets, a comprehensive analysis was conducted on selected
oncogenes, tumor-suppressors, common essential genes on chromosome 17q and the 52 previously
identified neuroblastoma essential genes on chromosome 17 (Figure 14). Multiple criteria were used
to establish a scoring system to distinguish potential target genes regulated by IGF2BP1 and MYCN.
These criteria included median gene dependency score in MNA neuroblastoma cell lines, mRNA
expression changes in neuroblastoma subgroups (MNA, unbalanced 17q, stage 4), gene hazard ratio,
correlation with IGF2BP1 and MYCN expression, fold-change in mRNA expression upon IGF2BP1 or
MYCN depletion, MYCN ChlP-seq data and IGF2BP1 3'UTR CLIP data (Figure 28). Analysis of these
criteria revealed a strong association of IGF2BP1/MYCN-driven gene expression with common
essential genes located on chromosome 17, with the top-ranking candidates BIRC5 (survivin) and
TOP2A. Among the neuroblastoma essential genes, NME1, PYCR1 and TK1 emerged as top candidates
in addition to /IGF2BP1 itself.

The top candidates were further validated by depleting IGF2BP1 or MYCN and evaluating protein
abundance. Consistent reduction in TK1 and PYCR1 expression was observed in both neuroblastoma
cell lines upon IGF2BP1 or MYCN depletion (Figure 29a). BIRC5 and TOP2A also showed decreased
expression, except in KELLY cells with MYCN knockdown where the results were not significant. Further
examination of BIRC5S revealed potential E-Box elements and binding of both, MYCN and IGF2BP1, to
the promoter or 3’"UTR, respectively, as indicated by MYCN ChIP and IGF2BP1 CLIP profiles (Figure
29b, c).
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Legend: 1 — median dependency score in MNA neuroblastoma cell lines; 2 — log,FC unbalanced versus balanced 17q tumors; 3 — log,FC MNA versus nMNA tumors;
4 - log,FC stage 4 versus stage 1-3 tumors; 5 — hazard ratio; 6 — Spearman correlation coefficient with MYCN; 7 — Spearman correlation coefficient with IGF2BP1;
8- log,FC upon siMYCN knockdown; 9 — log,FC upon silGF2BP1 knockdown; 10 — MYCN ChIP; 11— IGF2BP1 3'UTR CLIP; 12 — score

Figure 28: Identification of potential chromosome 17 downstream targets. Heatmap representing the identification of
potential IGF2BP1 and MYCN downstream effectors in neuroblastoma progression. Analysis was performed on selected
oncogenes, tumor-suppressors, five common and 52 neuroblastoma essential genes on chromosome 17q. Data over all
annotated genes were scaled within each row to range 0 and 1 (ChIP and CLIP) or -1 and 1 (all other).
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Figure 29: IGF2BP1 and MYCN promote oncogenic genes located on chromosome 17q. (a) Western blot analysis (n = 3) of
indicated proteins upon MYCN (siMN) or IGF2BP1 (sil1) compared to control (siC) knockdown in two neuroblastoma cell lines.
(b) MYCN ChiP-seq profile of the BIRC5 promoter region. E-Boxes, putative MYC/N binding sites, are indicated in dark blue.
The BIRCS5 gene is depicted schematically in orange up to the beginning of the second intron. (c) IGF2BP1 CLIP profile for the
BIRC5 mRNA derived from eight experiments from different cell lines. Statistical significance was determined by parametric
two-sided Student’s t-test (errors defined as SD). n. s., non-significant; **, p < 0.01; ***, p < 0.001; **** p < 0.0001

Analysis of clinical data derived from the analyzed cohort revealed hazard ratios above one for these
top candidate genes, with BIRC5 and TK1 reaching statistical significance (Figure 30a). Furthermore, all
analyzed candidates were significantly enriched in aggressive neuroblastoma subgroups, including
those with MYCN amplification, unbalanced 17q gain and stage 4 tumors (Figure 30b). Consistent with
previous findings, these candidates showed a high correlation with MYCN and especially IGF2BP1

expression (Figure 30c).
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Figure 30: Top 17q IGF2BP1/MYCN target genes are highly expressed in aggressive neuroblastoma. (a) Kaplan-Meier
survival analyses of indicated gene expression (median cut-off). Statistical significance was determined by log-rank test. (b)

The mRNA expression of indicated genes were separated by MYCN amplification status (left), chromosome 17q balance status
(middle) and INSS stage (right). Statistical significance was determined by Mann-Whitney test (errors defined as SEM). Non-
parametric one-way ANOVA and Kruskal-Wallis test was performed to compare all stages. (c) Correlation of mMRNA expression

of indicated genes with MYCN (left) or IGF2BP1 (right) mRNA expression in neuroblastoma tumors. Spearman correlation
coefficients and p-values are indicated.

To further

validate

the

interaction

between

these target

genes

and

IGF2BP1, RNA

immunoprecipitations were performed in three neuroblastoma cell lines. Consistent enrichment of

TOP2A and PYCR1 mRNA with IGF2BP1 was observed, although TOP2A in NBL-S cells did not reach

statistical significance due to high variance (Figure 31a-c). BIRC5, TK1 and NME1 were not enriched in

any cell line in comparison to negative controls HIST2 and IRF1, although these genes exhibit a strong

association according to CLIP data (Figure 28). Possible explanations could be the experimental setup

101



4. Results

(cross-linking versus transient interaction), the sensitivity of the detection (high-throughput
sequencing versus RT-gPCR) or RNA accessibility. MDM2 served as positive control (Mu et al. 2022).
Additionally, luciferase reporter assays were conducted using the 3"UTRs of the potential target genes.
Treatment with BTYNB resulted in reduced activity of the BIRC5 and TOP2A reporters in BE(2)-C and
KELLY cells (Figure 31d, e). A similar trend, albeit weaker, was observed for other potential target genes
TK1, PYCR1 and NME1. The significance of these findings could not be determined due to limited
experimental data. Additionally, IGF2BP1 knockout in both cell lines showed similar results for BIRC5
and TOP2A, except for TOP2A in KELLY cells, which was surprisingly unaffected (Figure 31f, g). Taken
together, these analyses suggest that several chromosome 17q genes are influenced by MYCN and
IGF2BP1, contributing to tumorigenesis. Furthermore, this indicates a strong synergy between gained

regions and enhanced expression of certain genes in neuroblastoma.
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Figure 31: IGF2BP1 regulate 17q essential neuroblastoma genes in a 3’"UTR-dependent manner. (a-c) RT-gPCR analysis after
IGF2BP1 RIP in indicated parental neuroblastoma cell lines (n = 3-5). (d-g) Relative activity of indicated luciferase reporter in
BTYNB-treated (d-e, n = 2-3) or IGF2BP1 knockout (f-g, n = 3) cell lines. Statistical significance was determined by parametric
two-sided Student’s t-test (errors defined as SD).

4.6.2 Modulation of BIRC5 by IGF2BP1 and MYC/N is conserved across cancer types

To investigate the conservation of this regulatory network in other cancer entities, the expression of
IGF2BP1, MYC and BIRC5 were examined in four carcinoma cell lines from pancreas (Panc-1), lung
(H522) and liver (Huh7 and HepG2). Notably, HepG2 cells are derived from a hepatoblastoma patient,
representing a pediatric liver disease, in contrast to Huh7 cells. These cell lines predominantly express

MYC rather than MYCN, thereby extending the IGF2BP1/MYCN network to another member of the
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MYC family. IGF2BP1 knockdown consistently reduced MYC protein levels in all analyzed cell lines
(Figure 32a). Conversely, transient MYC depletion resulted in a moderate reduction in IGF2BP1
expression, with non-significant results in Panc-1 and Huh7 cells. Nevertheless, in all four cell lines,
knockdown of IGF2BP1 or MYC consistently led to reduced expression of BIRC5, corroborating the
previous findings in neuroblastoma cell lines. To evaluate the clinical relevance of this regulatory
network, a three gene signature, comprising IGF2BP1, MYC and BIRC5 was applied to the respective
cancer entities, including pancreatic ductal adenocarcinoma (PAAD), lung adenocarcinoma (LUAD) and
liver hepatocellular carcinoma (LIHC), using the GEPIA2 survival tool (Tang et al. 2019). The analysis
revealed significantly reduced overall survival for high expression of the three genes, except for LIHC
alone (Figure 32b). This highlights the importance of BIRC5, in addition to IGF2BP1 and MYC/N, as a

key oncogenic factor in these cancer entities.
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Figure 32: IGF2BP1- and MYC/N-dependent regulation is conserved across cancer. (a) Western blot analysis (n =3) of
indicated proteins upon MYC (siM) or IGF2BP1 (sil1) compared to control (siC) knockdown in indicated cell lines. Statistical
significance was determined by parametric two-sided Student’s t-test (errors defined as SD). n. s., non-significant; *, p < 0.05;
** p<0.01; *** p<0.001; **** p < 0.0001 (b) Kaplan-Meier survival analysis of the three gene signature using the GEPIA2
website. Statistical significance was determined by log-rank test.

Taken together, these findings suggest that IGF2BP1 and MYC/N act synergistically to upregulate
oncogenic target genes on chromosome 17q, particularly BIRC5. This regulatory network appears to
be conserved in different carcinoma cell lines, highlighting its potential as therapeutic target across

multiple cancer types.
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4.6.3 Cell cycle kinases as potential targets of the IGF2BP1/MYCN-driven network

To assess the involvement of IGF2BP1 and MYCN in the regulation of protein kinases, a comprehensive
analysis was conducted considering hazard ratios, median dependency scores in MNA neuroblastoma
cell lines, correlation with IGF2BP1 or MYCN in tumors, IGF2BP1 CLIP or MYCN ChIP data and the fold-
change of mRNA expression upon transient IGF2BP1 or MYCN depletion, as previously done for
chromosome 17q genes (Figure 33a). The analysis revealed several cell cycle-related protein kinases
as top-ranking candidates, including PLK1, AURKA, CHEK1, WEE1, PKMYT1, BUB1B, AURKB and CDK1.
Additionally, two kinases associated with pyrimidine biosynthesis (CAD) and neuronal processes
(CAMKK2) were also highly correlated. Further investigation focusing on kinases within the cell cycle
showed a strong association with the G2/M phase (Figure 33b). Previously findings highlighted the role
of IGF2BP1 as a regulator of E2F transcription factors, primarily influencing the G1/S transition (Muller
et al. 2020). The observed correlation in this study suggests that IGF2BP1 also has a significant impact
on the G2/M checkpoint by regulating the abundance of protein kinases. This is supported by the
identification of MYBL2 and FOXM1 as top-correlated transcriptions factors besides E2F1 (Table 25),
as some of these kinases are MMB-FOXM1 target genes induced by MYBL2 and/or FOXM1 (PLK1,
AURKA, WEE1, BUB1B, AURKB, CDK1).

a IGF2BP1 MYCN b damage — cc:iiiz/ S
HR ES R Cl FC; FC, IS R, Ch FC; FC, MSIMS L] ‘
—== -_— [ fis] PLK1 l l
—1 — \ =i CAD WEE1/
-] E O AURKA COESG [ pvvTs [ guB1B
] 1 \ CHEK1
- ; \ ey CCNC  CDK3
= ] LMo me i PKYMT1 e
% -l BUB1B e2F | — Qe coK1
= Wl = | B cavke LI CCND  CDK4/CDK6
s . | [ ) BER AURKE SAC
= . EEE N I o ~ 61 |
- r —
— -1 [ 1 : - G2/m
s scale SIS | G2 il E2F  RB
= : poin!
— 1S =HR-ES +R, +Cl - 0.5%FC, — 0.5*FC, CCNA CDK1 e G1/s \ l
- MS =HR-ES + R, + Ch - 0.5%FC; — 0.5%FC, 3
- t E2F
IMS =HR-ES + R, +Cl - 0.5*FC, — 0.5*FC,+ Ry +
Ch-0.5*FC, - 0.5*FC, E2F I l
| ' — |
: ; ! CCNA | CDK2 - CDK2
; | — ]
| s = =d | b=
] =S = o WEE1/
E2F PKMYT1
t
DNA damage —> ‘ c(:iié/

Figure 33: Determination of potential IGF2BP1 and MYCN target kinases. (a) Heatmap representing the identification of
potential IGF2BP1 and MYCN downstream targets. Analysis was performed on all protein kinases. Data of each column were
scaled to range 0 and 1 (ChIP and CLIP) or -1 and 1 (all other). Top ten kinases were depicted in the enlargement on the right.
ES - essentiality score in MNA neuroblastoma; R;/Rwm - correlation coefficient with IGF2BP1/MYCN in neuroblastoma; CI - CLIP
score IGF2BP1; Ch - ChIP score MYCN; FCg/FCx - log, FC BE(2)-C/KELLY (IGF2BP1 or MYCN depletion) (b) Scheme of cell cycle
and contributing kinases. The red encircled kinases are potential IGF2BP1/MYCN targets identified in this study. R point -
restriction point; G1/S - G1/S checkpoint; G2/M - G2/M checkpoint; SAC - spindle assembly checkpoint

To further investigate the regulation of these kinases by IGF2BP1 and MYCN, knockdown analyses were
performed in two neuroblastoma cell lines. Overall, MYCN knockdown exhibited a stronger effect on

kinase abundance, but IGF2BP1 consistently reduced the levels of all analyzed kinases (Figure 34a).
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Only CDK1 and AURKB in KELLY cells showed non-significant results due to high experimental variation,

however, both kinases tended to be downregulated upon IGF2BP1 or MYCN depletion in this cell line.
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Figure 34: IGF2BP1 regulates G2/M checkpoint kinases in a 3’"UTR-dependent manner. (a) Western blot analysis (n = 3) of
indicated proteins upon MYCN (siMN) or IGF2BP1 (sil1) compared to control (siC) knockdown in indicated cell lines. (b, c)
Relative activity of indicated luciferase reporter in IGF2BP1 knockout (b, n = 3) or BTYNB-treated (c, n = 3-4) cell lines. (d) RT-
gPCR analysis after IGF2BP1 RIP in indicated parental neuroblastoma cell lines (n=3-6). Statistical significance was
determined by parametric two-sided Student’s t-test (errors defined as SD). n. s., non-significant; *, p < 0.05; **, p < 0.01;
*¥*% p<0.001; ¥*** p<0.0001

Subsequently, the potential regulation of these kinases by IGF2BP1 was assessed using 3'UTR
luciferase reporter under IGF2BP1 knockout condition and BTYNB treatment. Moderate overall
downregulation of luciferase activity was observed, with consistent reduction of AURKA, PLK1 and
CDK1 in both cell lines (Figure 34b, c). AURKB and PKMYT1 luciferase activity was reduced in BE(2)-C
cells, while PKMYT1 remained unaffected and AURKB exhibited opposing effects under IGF2BP1
knockout and BTYNB treatment in KELLY cells. WEE1 was consistently downregulated in KELLY cells,
but only reduced in BE(2)-C cells upon BTYNB treatment. Furthermore, RNA immunoprecipitation
analysis was conducted to investigate the direct binding of IGF2BP1 to the mRNAs of these kinases. In

BE(2)-C, all analyzed kinases, except PLK1, showed significant enrichment compared to negative
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controls (Figure 34d left panel). However, PLK1 was indeed significantly downgraded. Enrichment in
KELLY cells was overall weaker than in BE(2)-C, but PKMYT1 and WEE1 were still significantly enriched
(Figure 34d middle panel). AURKA, AURKB and CDK1 also exhibited enrichment, although not reaching
significance due to low overall enrichment and high variance. Once again, PLK1 was not enriched. As
also observed during analysis of 17q target genes, immunoprecipitation in NBL-S cells demonstrated
inconsistent results (Figure 34d right panel), with enrichment of AURKB and CDK1, and downgrading
of PLK1, showing overlap with the findings from the other cell lines. AURKA, PKMYT1 and WEE1 did
not exhibited enrichment above the negative controls. Even the positive control MDM2 failed to reach
significance, suggesting caution in interpreting the results from this cell line. Possible explanations
could be differences in cellular context or in the signal-to-noise ratio in these cell lines. BE(2)-C cells
exhibited the highest ratio, therefore being the most reliable cell line, whereas NBL-S had the worst
ratio. In summary, IGF2BP1 exerts a strong influence on the abundance of several protein kinases

involved in cell cycle progression, highlighting its target potential.

4.6.4 IGF2BP1 indirectly influences MYCN protein turnover

During analysis of protein kinases, some of them were considered to be involved in MYCN protein
turnover, namely CDK1, PLK1 and AURKA (Liu et al. 2020; Figure 35a). To investigate the impact of
IGF2BP1 on MYCN protein turnover, an IGF2BP1 depletion experiment was conducted in TET21N cells,
which express exogenous MYCN without its native 3°’UTR to exclude post-transcriptional regulation
through it (Lutz et al. 1996). IGF2BP1 depletion substantially reduced MYCN protein level (Figure 35b),
indicating the presence of additional regulatory mechanisms affecting MYCN protein stability or mRNA
stabilization through the coding sequence. Furthermore, RNA-seq data revealed significant
downregulation of AURKA, CDK1 and PLK1 mRNA upon IGF2BP1 knockdown in two neuroblastoma cell
lines (Figure 35c), consistent with the findings at the protein level (Figure 34a). In contrast, the
expression of GSK3B and FBXW7 remained unchanged or even increased, suggesting that IGF2BP1
predominantly stabilizes rather than destabilizes MYCN protein. To further investigate the role of
IGF2BP1 in MYCN protein degradation, protein decay analysis was performed in TET21N cells. This cell
line expresses exogenous MYCN without its 3"UTR. Therefore, it was used to avoid the 3"UTR-
dependent effects of IGF2BP1 and maybe increase the signal-to-noise ratio. Analysis revealed a halved
protein half-life after IGF2BP1 depletion, while IGF2BP1 abundance remained unaffected during this
time period (Figure 35d, e). Subsequently, the activity of the respective kinases was analyzed by
investigating their phosphorylation status upon IGF2BP1 depletion. Overall, changes in kinase
abundance and activity were similar, providing no evidence to support the notion that IGF2BP1 directly
modulates kinases activity, but rather destabilizes MYCN protein through the reduction of kinase

abundance (Figure 35f).
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Figure 35: IGF2BP1 enhances MYCN protein stability. (a) Scheme of MYCN protein regulation. Stabilizing and destabilizing
proteins are indicated in red or blue, respectively. (b) Western blot analysis of MYCN expression after transient IGF2BP1
knockdown in TET21N cells (n = 5). (c) RNA-seq analysis of indicated mRNAs upon IGF2BP1 knockdown in indicated cell lines.
(d, e) MYCN protein decay (d) was monitored by Western blot analysis (e) in control (grey) and IGF2BP1 knockdown (blue)
TET21N cells upon indicated time of Emetine treatment (n =3). MYCN half-life is indicated. (f) Western blot analysis of
indicated proteins and phosphoproteins upon IGF2BP1 knockdown in BE(2)-C. Relative changes of phosphorylation signals to
total protein level are indicated. Statistical significance was determined by parametric two-sided Student’s t-test (errors
defined as SD). n. s., non-significant; *, p < 0.05; **, p < 0.01; ***, p <0.001; **** p < 0.0001

These findings highlight the broad target spectrum of IGF2BP1 and support the proposed feedforward
loop between IGF2BP1 and MYCN. Additionally, IGF2BP1 and MYCN share downstream targets,
resulting in transcriptional and post-transcriptional dysregulation of oncogenic factors, as
demonstrated here for chromosome 17q genes and cell cycle kinases. The extensive deregulation
observed contributes to tumor progression, underscoring the potential of targeting the

IGF2BP1/MYCN-axis for the development of novel therapeutic strategies.
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4.7 Inhibition of the IGF2BP1/MYCN-driven network

4.7.1 EN4 impairs MYCN transcriptional activity and neuroblastoma cell growth

The direct targeting of MYC/N has been a challenging endeavor thus far (Liu et al. 2020), but a recent
publication identified EN4 as a covalent ligand that binds to MYC (Boike et al. 2021). EN4 reduces
MYC/MAX thermal stability and MYC activity, downregulates MYC targets and impairs tumorigenesis.
However, the interaction between EN4 and MYCN has not been investigated yet. Although C171, the
targeted residue by EN4 in MYC, is not conserved in MYCN (Figure 36a), it possesses seven other
cysteines that could potentially be targeted. To evaluate the accessibility of cysteine residues in MYCN
for regio-selective chemical modification, HEK293T cells transfected with SBP-tagged MYCN were
treated with varying amounts of 2,5-dibromohexamide. The conversion of free cysteines to
dehydroalanines, which blocks the binding of cysteine-directed compounds was analyzed through
affinity purification and LC-MS/MS analysis in collaboration with the group of Andrea Sinz (Institute of
Pharmacy). This revealed conserved modification of C186 in MYCN, while two cysteines (C115, C464)
were not covered by the analysis and the remaining four cysteines exhibited inconsistent or no
modifications. Notably, C186 is also conserved in MYC within MYC box Il (Figure 36a), which has been
reported to play essential roles in the transformation potential of MYC/N (Conacci-Sorrell et al. 2014).

Thus, C186 is identified as targetable residue in MYCN.

Aiming to evaluate the impact of the MYC-directed inhibitor EN4 on MYCN-expressing neuroblastoma
cell lines, the MNA BE(2)-C and nMNA NBL-S cell line, were exposed to the compound. The determined
ECso value for both cell lines was approximately 25 uM and thus roughly twice as high as reported by
previous studies for the MYC-expressing HEK293T cell model (Boike et al. 2021). Treatment with EN4
at ECso concentration reduced neuroblastoma 2D growth and cell viability in both cell lines (Figure
36d, e). Similar results were observed in 3D spheroids (Figure 36f, g), indicating that EN4 has the
potential to target MYCN-expressing cells. Furthermore, the transcriptional activity of MYCN was
assessed using a luciferase reporter system. Integration of six E-Box elements upstream of a Nano-
luciferase resulted in approximately 60-fold increase in activity, indicating that the reporter is suitable
for monitoring MYC/N transcriptional activity. Treatment with EN4 or transient MYCN depletion
significantly reduced luciferase activity in BE(2)-C cells (Figure 36h left). Notably, depletion or knockout
of IGF2BP1 also decreased MYCN transcriptional activity, but to a lesser extent and with variable
effects among knockout clones (Figure 36h right). Therefore, EN4 demonstrates potent inhibitory
effects on neuroblastoma cell growth in vitro. Further studies, like analysis of EN4 binding to MYCN by
mass spectrometry are needed. Also, modification of EN4 could be helpful to increase its specificity

and reactivity for MYCN.
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Figure 36: EN4 inhibits neuroblastoma growth and reduces MYCN transcriptional activity. (a) Pairwise protein homology
analysis of human MYC and MYCN for the indicated region using NCBI:COBALT
(https://www.ncbi.nlm.nih.gov/tools/cobalt/re cobalt.cgi). Conserved and non-conserved amino acids are depicted in red

and blue, respectively. Black amino acids are only present in one protein. C171 and C186 are indicated. (b) Confluence pictures
of BE(2)-C and NBL-S cells treated with DMSO or EN4 at ECsg concentration. (c) Response curve analysis for EN4 in indicated
cell lines. The approximately ECso values are indicated. (d-g) Growth curve analysis (d, f) and viability measurement (e, g) of
two neuroblastoma cell lines treated with DMSO (grey) or EN4 (blue) in 2D (d, e) and 3D (f, g) cell culture assays. (h) Relative
transcriptional activity of a luciferase reporter harbouring six E-Box elements. Transcriptional activity was assessed upon EN4
treatment, MYCN or IGF2BP1 knockdown and IGF2BP1 deletion (from left to right). Statistical significance was determined by
parametric two-sided Student’s t-test (errors defined as SD).

4.7.2 Combined treatment of BRD inhibitors and BTYNB is beneficial

Inhibition of MYCN often occurs indirectly, such as through bromodomain inhibitors (BRDi). To assess

the impact of BRDi on neuroblastoma cell lines, four BRDi that were previously reported to impair
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MYCN abundance and transcriptional activity were selected (Puissant et al. 2013, Henssen et al. 2016).
All four BRDi demonstrated high potency in the analyzed cell lines, as indicated by ECso values below
5 UM (Figure 37a). Among them, Mivebresib was one of the most potent inhibitors. Notably, IGF2BP1
knockout sensitized MNA neuroblastoma cell lines to BRDi treatment (Figure 37b), supporting the
concept of a cooperative network between IGF2BP1 and MYCN. The ECsp values were reduced nearly

7-fold in BE(2)-C and 4.5-fold in KELLY by IGF2BP1 knockout.
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Figure 37: Combined BTYNB and BRD inhibition is beneficial. (a) Response curve analysis for indicated BRD inhibitors in three
neuroblastoma cell lines (n = 4). (b) Mivebresib response curve in control (black) and IGF2BP1 knockout (red) cells (n = 4).
ECso values are indicated. (c) Western blot and RT-gPCR analysis of MYCN and IGF2BP1 expression upon treatment with BRD
inhibitors at indicated ECso concentrations in neuroblastoma cell lines (n = 3). (d) Relief plot depicting the ZIP synergy score
for combined treatment of BTYNB and Mivebresib in neuroblastoma cell lines (n=3). (e) BTYNB (top) and Mivebresib
(bottom) response curve analysis in indicated carcinoma-derived cell lines (n = 3). (f) Relief plot depicting the ZIP synergy
score for combined treatment of BTYNB and Mivebresib in carcinoma-derived cell lines (n = 3). Statistical significance was
determined by parametric two-sided Student’s t-test (errors defined as SD).
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In MNA cell lines, BRDi consistently decreased MYCN and IGF2BP1 protein and mRNA abundance, with
Mivebresib showing the most robust downregulation (Figure 37c). In contrast, MYCN and IGF2BP1
expression remained largely unaffected by BRDi in the nMNA cell line NBL-S. This cell line has a genomic
translocation upstream of MYCN with a region from chromosome 4, implicating FBXO8/HAND2
enhancer hijacking as the cause of elevated MYCN synthesis (Zimmerman et al. 2018). Hence, MYCN
expression in NBL-S cells could be largely BRD-independent. Moreover, drug matrix screens with
BTYNB and Mivebresib confirmed substantial benefit of combined treatment exclusively in MNA cell
lines, as indicated by maximum synergy scores of 19-21 (Figure 37d). In general, a score above ten is
considered as synergy, while additive effects are observed with a score between zero and ten. In
translocated NBL-S cells, additive effects were still visible, with a maximum synergy score of
approximately eight. Additionally, the synergy between BTYNB and Mivebresib was evaluated in other
non-neuroblastoma entities. Additive to synergistic effects were recapitulated in four cell lines, as
indicated by maximum synergy scores of 5-20 (Figure 37e, f). These findings suggest effective targeting
of MYC/N and IGF2BP1 through combined treatment with BRDi and IGF2BP1 inhibitors in MNA
neuroblastoma as well as in other MYC-driven carcinomas as long as the BRD-dependent regulation of

MYC/N is not disturbed.

4.7.3 HDACI1-3 inhibition is sufficient to reduce IGF2BP1 and MYCN

It has been previously reported that HDAC inhibition reduces MYCN expression levels in
neuroblastoma (Witt et al. 2009). In this study, the effects of several commercial and newly developed
HDAC inhibitors (HDACi) on neuroblastoma cell growth and the expression of oncogenic factors were
investigated to evaluate their contribution to the IGF2BP1/MYCN network inhibition. Firstly, four
commercially available HDACi were tested: Panobinostat and Vorinostat, both panHDAC inhibitors,
Entinostat, a potent HDAC1/3 inhibitor, and PCI-34051, a HDACS inhibitor. All inhibitors showed
inhibition of BE(2)-C cell growth, with Panobinostat being the most potent (ECso value around 30 nM)
and PCI-34051 the least potent (ECso value approximately 4 uM; Figure 38a). Protein level analysis
confirmed downregulation of MYCN with all four HDACi tested (Figure 38b, c), with Panobinostat and
Vorinostat showing the most significant reduction and PCI-34051 having the weakest effect.
Additionally, IGF2BP1 and PHOX2B were strongly downregulated except for PCI-34051 treatment,
suggesting a loss of neuronal characteristics. CDKN1A was drastically upregulated upon HDACI
treatment despite a reduction in p53 expression. Overall acetylation levels of histone H3K9 showed
contradictory results, with downregulation observed with Panobinostat and PCI-34051, but

upregulation with Vorinostat and Entinostat.
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Figure 38: HDAC inhibitors are efficient in reducing MYCN levels. (a) Response curve analysis of indicated HDAC inhibitors in
BE(2)-C (n=4). (b, c) Western blot analysis (b) and quantification (c) of indicated proteins upon treatment with HDAC
inhibitors at ECso concentrations (n = 3). Statistical significance was determined by parametric two-sided Student’s t-test
(errors defined as SD).

Further analysis included several self-made HDAC inhibitors synthesized by the group of Wolfgang

Sippl (Institute of Pharmacy). The analyzed inhibitors and respective ECso and Kp values are summarized

in Table 27. ECso values ranged from around 100 nM to over 20 uM (Figure 39a). Like the commercial

inhibitors, HDACi targeting HDAC1/2/3 or all three of them led to significant downregulation of MYCN,

IGF2BP1, PHOX2B and p53 proteins, along with an increase in p21 expression (Figure 39b, c). Histone

H3K9 acetylation levels were overall decreased rather than increased.

Table 27: Tested HDAC inhibitors.

ICsoin vitro [pM]

inhibitor target ECsoin BE(2)-C
HDAC1 HDAC3 HDAC8 HDAC11
Panobinostat panHDAC 31.2 nM

Vorinostat panHDAC 3.52 uM

Entinostat HDAC1/3 1.26 uM

PCI-34051 HDAC8 3.87 uM
SIS17 HDAC11 >20 uM 0.17
FM35 HDAC11 2.03 uMm >10 >10 >10 0.022
FM28 HDACS8/11 416 nM >10 >10 0.03 0.073
PS59 HDAC8 3.04 uM n. d. n. d. 0.144
PSP50 HDAC1/3/8/11 269 nM 0.011 0.037 0.028 0.093
KH16 panHDAC 93 nM 0.013 0.006 0.021 0.8
HI2.1 HDAC1/2/3 598 nM 0.13 0.3 >10 12
NI-16 HDAC3 5.81 uM >1 0.5 >1 >10
HI7.3 HDAC1/2 >10 uM 0.255 >20 >10 4.7
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Figure 39: HDAC1-3 inhibitors are sufficient and necessary to impair MYCN expression. (a) Response curve analysis of
indicated HDAC inhibitors in BE(2)-C (n = 4). (b, c) Western blot analysis (b) and quantification (c) of indicated proteins upon
treatment with HDAC inhibitors at ECso concentrations (n = 3). Statistical significance was determined by parametric two-
sided Student’s t-test (errors defined as SD).

However, specific HDAC8 inhibition with PS59 failed to reduce MYCN, IGF2BP1 and PHOX2B
expression, like the commercial HDAC8 inhibitor PCI-34051 (Figure 39b, c). Interestingly, specific
HDAC11 inhibition with SIS17 and combined HDAC8/11 inhibition with FM28 reduced MYCN levels
without affecting IGF2BP1, PHOX2B, p53 expression or inducing p21. Histone acetylation levels
remained largely unchanged with these treatments. Another HDAC11 inhibitor, FM35, did not show
promising effects on MYCN or other targets, providing contradictory results to SIS17 and FM28. In
conclusion, inhibition of HDAC1-3 is sufficient to reduce MYCN levels, thereby also reducing IGF2BP1
and PHOX2B expression and inducing p21. HDAC11 may have some influence on MYCN, but its
mechanism of action appears to be different, as other genes were not or mildly affected. HDACS8

inhibition alone is not sufficient to reduce MYCN levels.
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4.7.4 Combined inhibition of chromosome 17q target genes and IGF2BP1 is beneficial

The IGF2BP1/MYCN network has been shown to influence various chromosome 17 MNA essential
genes (Figure 29). Given that IGF2BP1 knockout sensitized neuroblastoma cells to BRDi (Figure 37), the
effect of IGF2BP1 deletion on the BIRCS inhibitor YM-155 was investigated. YM-155 has demonstrated
good tolerance in clinical trials and exhibited anti-tumor activity in combination therapy (Tolcher et al.

2008, Satoh et al. 2009, Rauch et al. 2014, Papadopoulos et al. 2016).
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Figure 40: BIRC5 and IGF2BP1 inhibition are beneficial in combination treatment. (a) YM-155 response curve in control
(black) and IGF2BP1 knockout (red) cells (n = 4). ECso values are indicated. (b) Relief plot depicting the ZIP synergy score for
combined treatment of BTYNB and YM-155 in neuroblastoma cell lines (n = 3). (c) Subcutaneous PDX tumors were treated
intra-peritoneal with DMSO (grey), BTYNB (blue), YM-155 (orange) or in combination of BTYNB and YM-155 (red). Daily
treatment is indicated by dashed lines below the x-axis. Relative tumor growth was monitored (n = 6). (d) YM-155 response
curve analysis in indicated carcinoma-derived cell lines (n = 3). ECsp values are indicated. (e) Relief plot depicting the ZIP
synergy score for combined treatment of BTYNB and YM-155 in carcinoma-derived cell lines (n = 3). (f) Doxorubicin response
curve in control (black) and IGF2BP1 knockout (red) cells (n = 4). Statistical significance was determined by parametric two-
sided Student’s t-test (errors defined as SD).
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IGF2BP1 knockout reduced the ECso value for YM-155 approximately 2.8-fold in BE(2)-C and 1.6-fold in
NBL-S (Figure 40a). However, the extremely sensitive response of KELLY cells to YM-155 (ECso value of
4 nM) rendered IGF2BP1 knockout ineffective in this cell line. Drug matrix analyses in BE(2)-C and KELLY
cells supported a moderate benefit of combined BTYNB and YM-155 treatment, indicated by a
maximum synergy score of three or nine, respectively (Figure 40b). Further in vivo experiments were
conducted using the PDX model previously used for BTYNB treatment (Figure 27). The PDX tumors
were treated with 2.5 mg/kg body weight YM-155 alone or in combination with 100 mg/kg body weight
BTYNB. While the results remained non-significant, the moderate reduction of tumor growth by YM-
155 was slightly enhanced by BTYNB in combined treatment (Figure 40c). The limited effect of
additional BTYNB application can be attributed to the poor pharmacokinetics of BTYNB. The effect of
YM-155 on cell viability and the additive benefit of combined treatment with BTYNB and YM-155 was
validated in carcinoma-derived cell lines (Figure 40d, e). In addition, the impact of IGF2BP1 knockout
on the sensitivity to Doxorubicin treatment, a TOP2A inhibitor, was assessed. Both tested IGF2BP1
knockout cell lines showed a higher sensitivity to Doxorubicin compared to control cells, with slight
changes observed in KELLY (1.5-fold) or NBL-S (1.4-fold) cells, respectively (Figure 40f). These findings
are consistent with previous publications in neuroblastoma and colorectal cancer, which have reported
altered drug sensitivity after IGF2BP1 inhibition or knockdown (Bell et al. 2015, Biegel et al. 2021,
Betson et al. 2022). It has been published that IGF2BP1 influences MDR1 mRNA stability by binding to
the CRD and inhibiting endonucleolytic digestion of the mRNA (Sparanese and Lee 2007), thereby

modulating drug efflux via MDR1, which could explain the shift towards higher sensitivity.
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4.8 Establishment of a new neuroblastoma transgenic mouse model

4.8.1 LSL-IGF2BP1 transgenic mice induces neuroblastoma in synergy with MYCN

To investigate the oncogenic potential of IGF2BP1 in a sympatho-adrenal, non-immune compromised
neuroblastoma model, transgenic mice expressing LSL-/IGF2BP1-IRES-iRFP were established in a
C57BL6/NCrl background, essentially as previously described for MYCN and Lin28b (Molenaar et al.
2012a, Althoff et al. 2015; Figure 41a). The model was designed to simulate enhanced expression of
IGF2BP1 in neuroblastoma. Notably, the approximately 9 kb long IGF2BP1 3"UTR was discarded to
enhance expression by preventing miRNA-directed downregulation, primarily by let-7 miRNAs (Busch
et al. 2016). The system utilized a stop cassette to block transcription, which could be excluded upon
co-expression of a CRE recombinase, inducing transcription of the transgene under a synthetic CAG
promoter (CMV early enhancer element, first exon and intron of the chicken B-actin gene, splice
acceptor of the rabbit B-globin gene). Additionally, iRFP is co-expressed to track transgenic cells. To
assess the synergy with MYCN in vivo, the LSL-MYCN mouse model was obtained from Johannes
Schulte (Charité Berlin), expressing a luciferase instead of an iRFP (Figure 41b). Specific transcription
in peripheral nerves and adrenal gland tissue was achieved by using a Dbh-driven CRE for directing
recombination to sympatho-adrenal cell lineages. Validation of heterozygous or homozygous
transgene integration at the Rosa26 locus was performed using gDNA-PCR (Figure 41c). LSL-IGF2BP1

mice were fertile and offspring were born according to Mendelian ratio.
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Figure 41: Scheme of transgenic mouse system. (a, b) Schematic overview of the LSL-transgene expression of IGF2BP1 and
iRFP (a) or MYCN and luciferase (b), respectively, from the Rosa26 locus. Location of primers used for genotyping (A1, A2, A3,
11, 12, M1, M2) are indicated. Splice acceptor site (SA), neomycin resistance (5'del NeoR), the synthetic promoter (CAG),
transcriptional stop cassette made of the human growth hormone polyadenylation signal (hGHpA), transgene open reading
frame (blue), internal ribosomal entry site (IRES), iRFP or luciferase open reading frame (red), polyadenylation signal (pA),
recombination sites of the bacteriophage (loxP), A integrase (attP, attB) and Saccharomyces cerevisiae (F3, FRT). (c)
Representative genotyping PCR validating the transgene knockin (left, primers A2 and A3) and the wildtype Rosa26 locus
(right, primers Al and A3) in heterozygous (+/-), homozygous (+/+) and wildtype (wt) mice.
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No tumor formation was observed in the controls LSL-IGF2BP1, LSL-MYCN or Dbh-iCRE mice.
Heterozygous LSL-IGF2BP1;Dbh-iCRE*- (R26'°722"1/") mice displayed a low tumor burden, with only one
out of eight mice developing tumors within one year (Figure 42a). In contrast, mice with homozygous
LSL-IGF2BP1;Dbh-iCRE*/- (R26'CF28P1/IGF28P1) dayeloped tumors with 100% incidence (7 out of 7 mice) and
ethical culling was required after 169 to 305 days (median survival 234 days), indicating a strong dose-
dependent role of IGF2BP1 in neuroblastoma initiation. Surprisingly, no tumor formation (0 out of 6
mice) was observed in heterozygous LSL-MYCN;Dbh-iCRE*- (R26MY*N) mice, contrary to previously
published data (Althoff et al. 2015). Strikingly, however, when the IGF2BP1 and MYCN transgenes were
co-expressed in double transgenic mice (R26'SF28PMYCN) ‘tymor incidence was 100% (8 out of 8 mice)
and median survival was reduced to 107 days (65 to 159 days), validating a strong synergy between
IGF2BP1 and MYCN in promoting neuroblastoma. Most IGF2BP1-induced tumors (R26'°F8"1 7 out of 8)
were located in the lower abdomen, potentially arising from sympathetic nerves, while only one tumor
originated from the adrenal gland (Figure 42b). Representative, macroscopic images of tumor locations
are depicted in Figure 42c (left and middle). In contrast to other neuroblastoma models, no other
primary tumor sites or macrometastases were observed. Notably, the IGF2BP1/MYCN transgene
expression substantially elevated tumor burden per animal, with 19 tumors observed in 8 mice. Among
these, 75% harbored tumors derived from the adrenal gland, 62.5% contained abdominal tumors and
50% showed tumors along the spine (Figure 42b). An example for a tumor along the spine is depicted
in Figure 42c (right) indicated by the arrows. High iRFP signal and therefore IGF2BP1 expression in
these tumors was confirmed using near-infrared imaging. Mice harboring tumors along the spine
experienced paralysis of the hind legs, probably due to compression of the spinal cord. Histological
examination of the tumors confirmed neuroblastoma characteristic small round blue tumor cell

morphology and elevated nuclear Phox2b protein expression (Figure 42d).
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Figure 42: IGF2BP1 induces neuroblastoma tumor formation. (a) Kaplan-Meier survival analysis of heterozygous (cyan, n = 8)
and homozygous (blue, n = 7) R26/6F28P1 heterozygous R26MYN (black, n = 6) and double transgenic R26/GF2BPI/MYCN (red n = 8)
mice. Numbers in brackets indicate tumor bearing mice. (b) Scheme of tumor locations and burden within mice. (c)
Representative images of tumors in the abdomen (left), in the adrenal gland (middle) or along the spine (right). Fluorescence
intensity of iRFP is shown in the right picture (red = high). T - tumor, K - kidney (d) Representative images of hematoxylin and
eosin staining (HE, top) and Phox2b immunohistochemistry (bottom) indicative for neuroblastoma in R26!GF28P1/IGF2BP1 mjjce
(bars: 40 um).
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To validate the expression of the transgenes and understand the molecular characteristics of the
induced tumors, various analyses were performed. Western blot analysis confirmed upregulation of
IGF2BP1/Igf2bp1l at the protein level in non-tumorous adrenal glands (Al) and further increased in
tumors (TI, Figure 43a). Notably, IGF2BP1 transgene expression resulted in a moderate (Al) to strong
(T1) upregulation of murine Mycn protein expression. In comparison, MYCN transgene expression was
low in R26MYN- adrenal glands (AGM) and accordingly this model failed to induce malignancies.
However, in IGF2BP1/MYCN-transgenic adrenal glands (AIM) and tumors (TIM), MYCN/Mycn protein
abundance was substantially increased, although protein expression was barely associated with
abundance of the respective mRNAs (Figure 43b). This supports previously findings in cell culture,
suggesting that IGF2BP1 not only regulates MYCN mRNA fate, but also modulates MYCN protein

turnover in a probably indirect manner (chapter 4.6.4).
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Figure 43: IGF2BP1-induced tumors express neuroblastoma marker genes. (a) Western blot analysis of IGF2BP1 and MYCN
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and MYCN mRNA in indicated mouse tissues/tumors (n. d. - not determined). (c) Heatmap depicting row-scaled FPKM values
of indicated murine mRNAs in adrenal glands and tumors. (d, e) PCA of mouse adrenal glands and transgenic tumors split by
their location (d) or by one tumor per mouse (e). (f) Ratio of adrenergic (ADRN) to mesenchymal (MES) signature of mouse
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Consistent with IGF2BP1/MYCN-driven expression of chromosome 17q oncogenes, Birc5 protein was
significantly upregulated in tumors (Figure 43a). RNA analysis confirmed upregulation of murine Mycn,
especially in IGF2BP1-induced tumors, while Myc expression was diminished (Figure 43c). Moreover,
murine Igf2bpl was slightly and Birc5 strongly increased in tumors derived from both models.
Furthermore, several neuroblastoma marker genes such as Phox2b, Ncam1 or Dbh were substantially
increased in IGF2BP1- and IGF2BP1/MYCN-induced tumors, while in MYCN-expressing adrenal glands
no or only slight upregulation could be observed. These findings provided strong evidence that
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neuroblastoma was induced in both models, which was further supported by elevated expression of
sympatho-adrenal (e.g. Th), neural (e.g. Gap43), neural stem cell (e.g. Msil) and neural crest cell
markers (e.g. Tfap2b) among others (Althoff et al. 2015, Lignell et al. 2017). Principal component
analysis (PCA) of RNA-seq data from all IGF2BP1- and IGF2BP1/MYCN-induced tumors as well as normal
and MYCN-transgenic adrenal glands revealed clear separation of normal adrenal gland tissue, non-
tumorous adrenal glands and tumors (Figure 43d). However, IGF2BP1- and IGF2BP1/MYCN-induced
tumors clustered together, indicating that gene expression of tumors is largely independent of location
and transgene combination. Re-evaluation, considering only one tumor per animal, confirmed the
overall results (Figure 43e). Investigation of previously published adrenergic (ADRN) versus
mesenchymal-like (MES) gene expression signatures (van Groningen et al. 2017) revealed a
mesenchymal-like pattern in normal and MYCN-transgenic adrenal glands (Figure 43f). In contrast,
both IGF2BP1- and IGF2BP1/MYCN-induced tumors exhibited an adrenergic neuroblastoma signature.
In conclusion, these findings demonstrate a high similarity of gene expression profiles between
IGF2BP1- and IGF2BP1/MYCN-induced tumors. Moreover, this provide the first evidence that IGF2BP1
is a strong oncogene in neuroblastoma, which induces tumor formation on its own and synergizes with

MYCN in promoting tumor development.

Gene set enrichment analysis (Subramanian et al. 2005) based on RNA-seq data was conducted to gain
insights into the molecular pathways and gene expression patterns associated with IGF2BP1- and
IGF2BP1/MYCN-induced tumors. A substantial upregulation of pro-proliferative gene sets, such as E2F
targets and G2/M checkpoint, was observed in tumors compared to normal adrenal glands (Figure 44a
left). Concurrently, tumor-suppressive gene sets, including the p53 and apoptosis pathways, were
downregulated. Consistent with the marked elevation of MYCN/Mycn expression in these tumors, the
canonical MYC/N-driven gene expression (MYC targets V1) was significantly upregulated. In contrast,
MYCN-transgenic adrenal glands exhibited an opposite effect on these hallmark gene sets, indicating
a strong IGF2BP1/MYCN-dependent induction and progression of tumors. Intriguingly, there was a
prominent association of hallmark normalized enrichment scores (NES) between tumors. This,
however, was not observed in comparison to MYCN-transgenic adrenal glands, further supporting the
gene expression similarity between IGF2BP1- and IGF2BP1/MYCN-induced tumors as well as the
pivotal role of IGF2BP1 in promoting neuroblastoma growth in a MYCN-dependent manner (Figure
44b). To gain more insights into the specific gene signatures associated with these tumors, GSEA was
conducted using larger curated gene set collections, the human C2 and mouse M2 (Figure 44c). GSEA
in C2 revealed upregulation of gene signatures characteristic of pediatric cancer and MYC/N-driven
gene expression in both tumor models (Figure 44a middle). Strikingly, IGF2BP1- but not
IGF2BP1/MYCN-induced tumors showed upregulation of gene sets associated with neuroblastoma

copy number gain. One of the strongest upregulated gene sets in C2 was the DREAM target pathway
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(Fischer et al. 2016), which partially overlaps with the hallmark gene set E2F targets. Despite known
cross-talk of MYC/N and E2F-driven gene expression, this supports IGF2BP1-dependent stimulation of
RB-E2F-controlled cell cycle genes, as previously reported (Miller et al. 2020), and suggests an
additional role of IGF2BP1 in activating DREAM-repressed cell cycle genes. Supporting this observation,
several analyzed genes, including BIRC5 and AURKA, both canonical DREAM targets, were upregulated

in transgenic tumors (Figure 44d).
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Figure 44: GSEA confirmed similarity of IGF2BP1- and IGF2BP1/MYCN-induced tumors. (a) Selected hallmark (left), human
C2 (middle) and mouse M2 (right) gene sets in Tl, TIM and AGM mice based on GSEA. (b) Correlation of NES values of hallmark
genes sets between Tl and TIM (left), Tl and AGM (middle) as well as TIM and AGM (right). Non-significant gene sets are
depicted in grey. Spearman correlation coefficient and p-values are indicated. (c) Correlation of NES values of C2 (left) and
M2 (right) gene sets between Tl and TIM. Non-significant gene sets are depicted in grey. Spearman correlation coefficient
and p-values are indicated. (d) RNA-seq analysis of indicated mRNAs presented as log, fold change (log,FC) compared to
wildtype adrenal glands. (e) Logz2FC of miRNAs from the miR-17-92 cluster (red) and let-7 family (blue) between Tl or TIM and
normal adrenal gland tissue. SCNEC/LCNEC - genetic mouse model of high-grade small/large-cell neuroendocrine lung
carcinoma

Another highly deregulated pathway was TCF21-controlled gene expression. Accordingly, the
expression of TCF21, a crucial developmental transcription factor and strong tumor suppressor (Ao et

al. 2020), was essentially abolished in both tumor models (Figure 44d). GSEA in M2 further confirmed
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TCF21-dependency and revealed similarities with high-grade small- (SCNEC) and large-cell (LCNEC)
neuroendocrine lung carcinoma mouse models (Figure 44a right). These were derived by combined
deletion of two key tumor suppressors, e.g. Pten and p53, or the combination of these losses with
disturbing E2F-/DREAM-repression of cell cycle gene by deleting Rb1 or Rbl1/Rbl2 (Lazaro et al. 2019).
In the IGF2BP1- and IGF2BP1/MYCN-induced neuroblastoma tumors, only Rbl2 was decreased,
whereas Trp53, Rb1, Rbll and Pten mRNA expression remained largely unchanged (Figure 44d). The
downregulation of Rbl2, a key target of the MYC/N-driven miR-17-92 cluster (Tseng et al. 2018),
instructed an analysis of miRNA expression in both tumor models. Consistent with the upregulation of
MYCN/Mycn, most members of the pro-tumorigenic miR-17-92 cluster were upregulated in IGF2BP1-
and IGF2BP1/MYCN-induced tumors (Figure 44e). This upregulation strongly supports the strong
impact of IGF2BP1 in disrupting the miRNA-dependent degradation of MYCN and presumably other
mRNAs. In contrast, the rather tumor-suppressive let-7 miRNA family was overall decreased, which
likely involves the modest to strong upregulation of Lin28b in tumors, a powerful suppressor of let-7

miRNA biogenesis (Figure 44d).
4.8.2 IGF2BP1 induces chromosomal aberrations syntenic to human disease

GSEA revealed that genes upregulated in IGF2BP1-induced tumors are also upregulated in human
neuroblastoma by copy number gain. To investigate the genomic landscape associated with these
tumors and normal tissue, sSWGS was performed. In line with the lack of tumor induction in MYCN-only
transgenic animals, no chromosomal aberrations were observed in adrenal glands compared to
wildtype tissue (Figure 45a). In contrast, IGF2BP1/MYCN-induced tumors exhibited modest gains at
murine chromosome 11 (< 20%) and pronounced gains at chromosome 6 (up to 50%), with minimal
deletions observed (Figure 45b). Notably, murine chromosome 11q corresponds to the human
chromosome 17q region and contains the Igf2bpl locus. Similarly, most parts of the murine
chromosome 6 correspond to human chromosomes 7 and 12. Given that chromosome 17q and 7 are
frequently gained in neuroblastoma (Table 22), these aberrations likely support the formation of
neuroblastoma, but remain modest, probably due to the transgenic induction of two oncogenes and
reduced tumor latency. Transgene expression may be enhanced further by amplification at
chromosome 6, harboring the Rosa26 locus, the integration site of the transgene cassettes. IGF2BP1-
induced tumors stood out by substantially expanded chromosomal aberrations (Figure 45c). Only few
deletions were observed on chromosomes 4, 9, 14 and 16. More strikingly, substantial gains were
present at chromosomes 1, 6, 11qg, 12 and 17. Murine chromosome 4q contains parts of human
chromosome 1, where 1p deletions (e.g. harboring the miR-34a locus) are common in neuroblastoma.
Similarly, chromosomes 9, 14 and 16 harbor genes located on human chromosome 3, which is

frequently lost in human disease. Additionally, murine chromosome 9 contains parts of human
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chromosome 11, another region with deletions in neuroblastoma. Furthermore, murine chromosomes
1,6, 12 and 17 correspond to parts of human chromosome 2, with murine chromosome 12 harboring
the Mycn locus. The strongest gains were observed for chromosome 11q, which is analogous to human
chromosome 17q, including Igf2bp1. These findings suggest the acquisition of two strong oncogenic
features, MYCN amplification and 17q gain, of neuroblastoma development through transgenic
overexpression of IGF2BP1. To gain an overall picture of genomic aberration comparable to human
disease, a chromosomal lift-over analysis was performed (Figure 45d). This analysis indicated that
IGF2BP1 induces neuroblastoma reminiscent to human disease, including key chromosomal gains at
2p (MYCN) and 17q (IGF2BP1), as well as deletions at chromosome 1p, 3 and 11q. These observations
highlight the relevance of IGF2BP1 overexpression in driving neuroblastoma tumorigenesis and
support the suitability of the transgenic mouse model as a valuable tool for studying neuroblastoma
development and genomic alterations contributing to the disease as well as suggest the respective

mouse models as an appropriate tool for evaluating IGF2BP1-centered therapeutic approaches.
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Figure 45: IGF2BP1-induced tumors harbor chromosomal aberrations syntenic to human neuroblastoma. (a-c) Frequency
(%) of DNA copy number gains (red) and losses (blue) for murine chromosomes 1 to 19 in MYCN-transgenic adrenal glands
(a), IGF2BP1/MYCN-induced tumors (b) or IGF2BP1-induced tumors (c) compared to wildtype adrenal glands. (d) Lift-over of
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depicted in transparent colors. Murine and human IGF2BP1 and MYCN loci are indicated.
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5. Discussion

IGF2BP1 and neuroblastoma: a nexus of tumorigenesis and therapeutic innovation

IGF2BP1, a prominent oncofetal mRNA-binding protein, is characterized by its pronounced expression
in various cancers and its critical involvement in multiple developmental and cellular processes,
including neural crest cell migration, neurite outgrowth modulation and stem-cell property regulation
within the LIN28/let-7 signaling network (Yaniv and Yisraeli 2002, Yaniv et al. 2003, Perycz et al. 2011,
Bell et al. 2013, Busch et al. 2016). Central to its oncogenic role is IGF2BP1's post-transcriptional
stabilization of mRNAs, a mechanism that safeguards its target transcripts from miRNA-mediated
degradation, a mechanism enhancing the expression of oncogenes like MYCN and pro-oncogenic
factors like E2F1 (Noubissi et al. 2006, Kdbel et al. 2007, Busch et al. 2016, Miller et al. 2018, Mdller
et al. 2020). Notably, IGF2BP1's regulatory influence encompasses diverse cancer types and is highly
conserved in neuroblastoma (Bell et al. 2015). Within the scope of neuroblastoma, an investigation of
RBPs in MYCN-amplified versus non-amplified tumors unveiled the upregulation of IGF2BP1 specifically
in MNA tumors (Bell et al. 2020). This highlighted IGF2BP1 as a strong candidate oncogene since the
IGF2BP1 gene is located at the most frequently gained chromosomal region in neuroblastoma, 17q. In
line with these findings, IGF2BP1 emerged as the prime candidate among essential genes located on
chromosome 17 in this study (Figure 14, Table 23). Analyses of a cohort comprising 100 primary
neuroblastoma tumors corroborated the increased expression of IGF2BP1 in aggressive subgroups
such as MNA, INSS-stage 4 or cases marked by unbalanced 17q gain, as prior suggested (Bell et al.
2015; Figure 15). Furthermore, IGF2BP1's potential as an independent prognostic factor in predicting
poor patient survival was confirmed, highlighting its significance as an oncogenic driver and as a
promising target for therapeutic intervention. Functional analyses confirmed IGF2BP1's regulatory
impact on proliferation and the self-renewal capacity of neuroblastoma cells, corroborating its effects
in other malignancies (Kobel et al. 2007, Miiller et al. 2018). This consistency was evident in the
observed reduction of neuroblastoma cell line growth in both 2D and 3D cell culture models upon
IGF2BP1 knockout or inhibition (Figure 25). Notably, this not only reduced cell viability but also
marginally increased apoptosis. In support of this, IGF2BP1 deletion or inhibition also decreased
growth of subcutaneous neuroblastoma xenografts (Figure 26, Figure 27). Collectively, these findings
emphasize the pivotal role of IGF2BP1 in neuroblastoma tumorigenesis and substantiate its position
as a promising therapeutic target. The convergence of in vitro and in vivo evidence accentuates the
multifaceted potential of targeting IGF2BP1 for restraining neuroblastoma progression and potentially

improving patient outcomes.
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IGF2BP1 as guardian: uncoupling MYCN expression from miRNA regulation

A comprehensive analysis of miRNA expression profiles in primary neuroblastoma samples unveiled
distinct miRNA expression signatures that effectively distinguish between MNA and nMNA tumors
(Figure 17). This study successfully validated previously known miRNAs deregulated in MNA tumors,
including members of the miR-17-92 cluster, let-7 family, miR-542, miR-9, miR-181a/b, miR-628-5p
and miR-137-3p (Table 30; Schulte et al. 2008, Schulte et al. 2010, Mestdagh et al. 2010, Ma et al.
2010, Buechner and Einvik 2012, Fuziwara and Kimura 2015, Powers et al. 2016, Megiorni et al. 2017).
In contrast to the prevailing notion that MYCN-regulatory miRNAs are predominantly downregulated
in MNA neuroblastoma, supporting its high expression (Beckers et al. 2015b), the current investigation
revealed a contrary trend with a majority of previously identified MYCN-targeting miRNAs being
upregulated in MNA tumors. Particularly, the miR-17-92 cluster members emerged as prominent
examples to this phenomenon (Figure 17, Figure 18). Notably, this is consistent with the established
role of MYC transcription factors in stimulating this miRNA cluster via direct binding to E-Box elements
in the promoter region (Schulte et al. 2008, Fuziwara and Kimura 2015). This research outcome
strongly indicates that elevated MYCN expression in MNA neuroblastoma is not only supported by the
downregulation of MYCN-regulatory miRNAs. Rather, it implies a mechanism that limits MYCN

downregulation through these miRNAs.

The miTRAP experiments conducted in neuroblastoma and MYCN-expressing glioblastoma cell lines
further validated the association of miR-17-92 cluster members with the MYCN 3’UTR, identifying
these as prime candidates for targeting (Figure 18, Table 31). Surprisingly, despite their substantial
abundance, let-7 family members exhibited only moderate enrichment with the MYCN 3°UTR in
miTRAP studies. This suggests a more pivotal role of the miR-17-92 cluster and puts the postulated
dominant role of the let-7 family into question. Along these lines, these findings challenge the
previously postulated concept of the MYCN mRNA acting as a miRNA decoy, particularly for
sequestering let-7 miRNAs (Powers et al. 2016). Reporter studies conclusively demonstrate that the
MYCN 3°UTR lacks decoy activity, as evidenced by unaltered behavior of fluorescence reporter in
response to the overexpression of GFP-tagged MYCN 3°UTR (Figure 19). This finding is consistent with
the established influence of MYCN in promoting LIN28B expression (Beckers et al. 2015a), a potent
suppressor of let-7 biogenesis (Viswanathan et al. 2008, Piskounova et al. 2011) and an inducer of
neuroblastoma (Molenaar et al. 2012a). Particularly in MNA neuroblastoma, the co-upregulation of
both MYCN protein and the miR-17-92 cluster highlights the intricate regulation of MYCN expression.
This indicates a pivotal role of multilayered control of MYCN expression by trans-acting factors,

including RBPs, which, like miRNAs, exert their control predominantly via the MYCN 3°UTR.
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In this study, two RBPs were investigated that previously were reported to control MYCN expression
in neuroblastoma, ELAVL4 and IGF2BP1 (Lazarova et al. 1999, Bell et al. 2015, Samaraweera et al.
2017). ELAVLA showed decreased expression in MNA neuroblastoma (Figure 20), potentially due to
losses at chromosome 1p, considering its location at 1p33-p32.3. Conversely, IGF2BP1 exhibited
elevated expression in MNA neuroblastoma, consistent with earlier reports in primary tumors, MYC/N-
driven transcriptional regulation and conserved oncofetal expression pattern (Noubissi et al. 2010, Bell
et al. 2013, Bell et al. 2015). MNA neuroblastoma is considered an aggressive and de-differentiated
disease. In this respect, the downregulation of ELAVL4 is consistent with its proposed role in promoting
neural differentiation (Pascale et al. 2008), whereas the upregulation or de novo synthesis of IGF2BP1
is consistent with its known functions in various advanced, de-differentiated malignancies, as
exemplified in anaplastic thyroid carcinoma (Haase et al. 2021). Moreover, IGF2BP1 shortens the G1
cell cycle phase and all members of the IGF2BP family were proposed to enhance a high self-renewal
potential in stem cell-like lineages potentially, but not exclusively, relying on the enhancement of MYC
(Mdller et al. 2020, Samuels et al. 2020). The analysis of MYCN-3’UTR reporter studies emphasizes the
influence of both ELAVL4 and IGF2BP1 in the modulation of MYCN expression through 3’UTR-
dependent mechanisms (Figure 19). This is consistent with the reported role of ELAVL4 in antagonizing
downregulation of MYCN expression by miR-17 and roles in 3’UTR-dependent enhancement of mRNA
translation in neural and neuroblastoma-derived cells (Lazarova et al. 1999, Samaraweera et al. 2017).
However, stimulation of MYCN-3’UTR reporter expression by ELAVL4 remained essentially unaffected
by inactivating of the potentially overlapping miR-17 targeting sites. This suggests that ELAVL4
potentially regulates MYCN mRNA either by impairing other miRNAs, through a largely miRNA-
independent mechanism or by enhancing mRNA translation in a 3’'UTR-dependent manner. In contrast,
the RNA-dependent regulation of MYCN-3’'UTR reporters by IGF2BP1 is dependent on miRNA-

mediated control, particularly involving miR-17 and other miRNAs.

This study successfully demonstrated the direct binding of IGF2BP1 to the MYCN mRNA through
miTRAP and RIP experiments (Figure 21). Additional mRNA decay and luciferase reporter assays
validated IGF2BP1’s function in stabilizing the MYCN mRNA and safeguarding it from miRNA-induced
degradation (Figure 22, Figure 23). Notably, IGF2BP1 also indirectly influenced the stabilization of
MYCN protein turnover by promoting E2F/DREAM-regulated genes such as AURKA, PLK1 and CDK1
(Figure 35). In conclusion, these findings collectively substantiate the role of IGF2BP1 as a potent
miRNA antagonist that upregulates MYCN mRNA and protein expression in neuroblastoma. This
research advances our understanding of the complex regulatory network governing neuroblastoma
initiation and progression, emphasizing the significance of miRNA-mediated deregulation and selective

modulation of oncogene expression as driving forces in the disease.
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IGF2BP1 and m°A modification: a unique binding preference without a clear motif

Recent investigations have identified IGF2BP1 as a novel m®A reader protein (Huang et al. 2018a).
Intriguingly, certain target mRNAs, such as MYC or E2F1 (Huang et al. 2018a, Miiller et al. 2020), appear
to be regulated in an m°A-dependent manner by IGF2BP1. The postulated m°A reader function of
IGF2BP1 remains a mystery since the protein lacks a classical m®A-binding domain (e.g. YTH domain)
designed for sensing this modification. Nonetheless, IGF2BP1 has demonstrated a distinct preference
for binding to m®A-modified mRNAs, which was independent of secondary structures, at least in the
case of the MYC mRNA (Huang et al. 2018a). This intriguing observation raises the critical inquiry of
how IGF2BP1 engages with m®A modifications. It was suggested that the KH3-4 di-domain is
indispensable for m®A binding (Huang et al. 2018a), which is also the region with the greatest affinity
for RNA binding (Farina et al. 2003). However, no conserved binding motif for IGF2BP1 was discovered
yet, but could potentially include the RRACH motif for m®A modification. Alternatively, it is plausible
that the KH3-4 di-domain within IGF2BP1 function as m®A-reader domain like the original YTH domain.
Neither of these explanations offers a definitive rationale, necessitating further experiments to
elucidate the underlying mechanism. Another mode of action could be the “m®A switch”, which is
proposed for other RBPs (Sun et al. 2019). Thereby, the modification of the RNA induces a
conformational change, exposing binding motifs for specific RBPs. In such a case, IGF2BP1 would not
directly bind the m®A modification, but rather in its proximity and binding would be enhanced in the
presence of the modification as it is exemplified for MYC (Huang et al. 2018a). This mode of binding
would fit to IGF2BP1 as it is reported that IGF2BPs force their target mRNAs in a specific conformation
upon binding (Chao et al. 2010). If this conformational change is also induced by the m®A modification,
binding would be enhanced for IGF2BP1. In addition, the lack of a clear binding motif for years could
indicate a motif-independent binding and may suggest that IGF2BPs bind their target mRNAs via
specific conformations. This is supported by the fact that IGF2BPs are suggested to bind thousands of
RNAs (Conway et al. 2016, Van Nostrand et al. 2016). Notably, the investigation into MYCN expression
dynamics in neuroblastoma has suggested that IGF2BP1 predominantly influence MYCN expression
through pathways independent of the m®A modification (Figure 24). In conclusion, the recent unveiling
of IGF2BP1's engagement as an m°A reader adds a layer of complexity to the understanding of post-
transcriptional gene regulation. While the exact mechanism of IGF2BP1's interaction with m°A-
modified RNA remains enigmatic, its potential role in modulating MYCN expression appears largely
independent of this modification since even upon depletion of the key writers of m®A modifications

(METTL3/14) MYCN expression is mostly unaltered.
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Unleashing the power of IGF2BP1 and MYCN: forging a potent feedforward loop

MYCN is the most studied and most important oncogene in neuroblastoma and its amplification is
detected in a substantial proportion of cases (Maris and Matthay 1999, Park et al. 2010, Huang and
Weiss 2013). Exploration of publicly available MYCN ChlP-seq data across various neuroblastoma cell
lines (Oki et al. 2018) unveiled MYCN binding sites within the IGF2BP1 promoter region, as previously
shown for MYC (Noubissi et al. 2010). This direct regulatory connection between MYCN and IGF2BP1
was further substantiated through nascent transcript synthesis assay and in TH-MYCN transgenic mice
(Figure 16), confirming recent discoveries in breast cancer research (Shi et al. 2022). However, the
depletion of MYCN led to an approximately 50% reduction in both IGF2BP1 protein and RNA
expression. This observation suggests that additional transcriptional regulators influence the synthesis
of IGF2BP1. To date, MYC/N, CTNNB1/TCF4 and EGR2 were shown to promote IGF2BP1 expression
(Noubissi et al. 2006, Ying et al. 2021). Notably, MYCN depletion had minimal effect on CTNNB1
expression, which could be a potential explanation for the remaining IGF2BP1 expression. Intriguingly,

an analysis of public ChIP-seq data via the ChlIP-atlas (https://chip-atlas.org/) encompassing neural cell

types, including neuroblastoma cell lines, spotlights numerous transcription factors binding to the
IGF2BP1 promoter region. Among these, key neuroblastoma core regulatory circuit members,
including GATA3, PHOX2B, HAND2, TBX2 and TFAP2B, emerged, all of which are upregulated in
IGF2BP1-induced transgenic tumors. Further RNA-seq analysis illustrated the upregulation of GATA3
and HAND2 in MYCN-depleted BE(2)-C cells, which potentially rescues — at least partially — IGF2BP1
synthesis upon MYCN depletion. However, additional in depth analyses are required to decipher the

complex transcriptional and likely epigenetic regulation of IGF2BP1 synthesis in cancer.

This study provides insight into the self-promoting feedforward loop between IGF2BP1 and MYCN in
the context of tumorigenesis. The vast majority of MYCN-targeting miRNAs, predominantly the
miR-17-92 cluster, are upregulated in MNA neuroblastoma. To counter the degradation orchestrated
by these miRNAs, RBPs, particularly IGF2BP1, function as protective shields, inhibiting miRNA-directed
downregulation. This protective role leads to increased mRNA stability, likely elevated mRNA
translation and consequently to enhanced MYCN expression. Furthermore, IGF2BP1 itself is under
direct transcriptional regulation by MYCN. This symbiotic relationship between the two proteins
manifests as a transcriptional/post-transcriptional feedforward loop, effectively uncoupling MYCN

expression from miRNA-dependent regulation (Figure 46).

On the edge of transformation: unraveling IGF2BP1's multifaceted influence in pediatric cancers
Moreover, the current study underscores the significance of the IGF2BP1/MYCN network, as both
proteins exhibit overlapping downstream targets. This collaboration results in the enhancement of

MYCN-driven transcription and IGF2BP1-mediated mRNA stabilization of oncogenic factors. Many of
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these, including NME1, PYCR1, TK1, BIRC5 and TOP2A, are located on chromosome 17q, exhibit
upregulation in adverse neuroblastoma subgroups and are associated with poor patient survival (Islam
et al. 2000, Chen et al. 2016, Huang et al. 2018a, Yogev et al. 2019, Adam et al. 2020; Figure 28, Figure
30). While certain genes, like BIRC5 or TOP2A, were not identified as neuroblastoma-specific essential
genes, direct targeting of these could pose challenges due to potential general toxicity. In contrast,
TK1 and NME1 have been reported as IGF2BP1 or MYCN target transcripts, respectively (Godfried et
al. 2002, Huang et al. 2018a, Shen et al. 2022). However, the other 17q gained genes are novel
candidate targets for IGF2BP1- or MYCN-dependent regulation. Of the 177 identified neuroblastoma
essential genes, two that were not examined in this study, PRR11 and CANT1, have been previously
reported as conserved IGF2BP1 target mRNAs in cancer (GlaR et al. 2021). Additionally, this list
encompasses ALYREF, another chromosome 17q gene, suggested to drive oncogenesis by modulation
MYCN protein turnover (Nagy et al. 2021). The here proposed regulatory network predominantly acts
on both the transcriptional and post-transcriptional level of gene expression. The synergy between
MYCN and IGF2BP1 is particularly pivotal in MNA disease, but it holds potential even in non-amplified
and MYC/N-expressing neuroblastoma models, as shown in the case of NBL-S. The effectiveness relies
on the broad spectrum of targets impacted by MYCN and IGF2BP1, which ultimately leads to escalated
oncogene expression. The culmination of the IGF2BP1/MYCN-driven network results in an “oncogene
storm”, likely contributing to genome destabilization. This emphasizes the impact of MYCN/IGF2BP1

synergy in reprogramming gene expression, irrespective of underlying genomic perturbations.

Moreover, IGF2BP1 plays a role in impeding apoptosis induced by DNA-damaging agents such as
YM-155 and Doxorubicin. Overexpression of BIRC5 in glioma cells led to increased DNA repair via non-
homologous end joining and other IGF2BP1 targets, namely PPM1D (Wip-1) and TOP2A, are implicated
in chromosome stability and apoptosis (Conde et al. 2017, Pechackova et al. 2017, Zhang et al. 2020).
Consequently, IGF2BP1 might contribute to genomic instability by hampering apoptosis, potentially
leading to the observed chromosomal gains in IGF2BP1-expressing murine and human tumors.
Notably, IGF2BP1 governs cell death in rhabdomyosarcoma by regulating the translation of clAP1
(BIRC2), a gene functionally related to BIRC5 (Faye et al. 2015). Furthermore, in Drosophila, IGF2BP1
expression is imperative for allowing proliferation driven by transcription factors and preventing
cellular dysfunction in brain cancer-initiating cells (Yang et al. 2017). Thus, it is plausible that IGF2BP1
facilitates MYC/N-driven proliferation in various contexts, including neuroblastoma, embryonal
neuroblasts and other pediatric cancers reliant on MYC/N and characterized by aberrations at

chromosome 17q, like rhabdomyosarcoma and medulloblastoma, as well as carcinoma in general.

Next to inhibition of apoptosis, IGF2BP1 was recently shown to modulate immune escape in

hepatocellular and gastric cancer (Liu et al. 2022, Tang et al. 2023). IGF2BP1 overexpression led to
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stabilization of the PD-L1 mRNA, therefore inhibiting activation of immune cells. Furthermore, MDM?2
was shown to be an IGF2BP1 target transcript (Mu et al. 2022) and can induce protein degradation of
IRF1 in ovarian carcinoma (unpublished data from Dr. Nadine Bley). Decreased IRF1 expression led to
lower presentation of MHC class | molecules at the surface of tumor cells. Together with increased PD-
L1 expression, this provides an effective escape mechanism of the host immune system, which can be

targeted through IGF2BP1.

Navigating DREAM and E2F: IGF2BP1's dual role in cell cycle progression

Another notable finding centers on the robust correlation of IGF2BP1 and the G2/M checkpoint as well
as the DREAM target gene cluster (Figure 33). Notably, the gene expression profile associated with
IGF2BP1 is remarkably similar to that of MYBL2/FOXMJ1, the core transcriptional factors governing the
activation of G2/M DREAM targets (Table 25; Fischer et al. 2016). Furthermore, IGF2BP1-transgenic
mice showed substantial upregulation of the G2/M checkpoint and DREAM target gene sets, along
with increased MYBL2 and FOXM1 expression levels (Figure 44). This pattern was further confirmed
through IGF2BP1 knockdown analysis across different cancer cell line entities, consistently revealing a
pronounced correlation with DREAM targets. The gene set attributed to DREAM targets partially
overlaps with the E2F hallmark gene set, which is strongly influenced by IGF2BP1 due toits role in post-
transcriptional regulation of E2F1/2/3 (Mdller et al. 2020). Intriguingly, the downregulation of key
kinases within the G2/M checkpoint was prominently observed upon IGF2BP1 depletion, implying
potential direct regulation by IGF2BP1. Nevertheless, the in part preliminary results derived by
luciferase reporter and RIP assays revealed only modest association between IGF2BP1 and these
kinases (Figure 34). For instance, while PLK1 appeared substantially decreased by perturbing IGF2BP1,
RIP assays failed to confirm strong association of IGF2BP1 with the PLK1 mRNA. Similar results were
observed with AURKA, a gene implicated in the stability of chromosomes and apoptosis and recently
suggested as a conserved IGF2BP1 target, like PLK1 and CDK1 (GlaR et al. 2021). Despite indications of
influence on AURKA via knockdown and luciferase assays, the RIP analyses across three cell lines
suggested an absence of direct binding between IGF2BP1 and AURKA mRNA. Nevertheless, these
genes possess strong CLIP data for IGF2BP1 binding contradicting the results from the RNA
immunoprecipitation. Possible explanations could be the experimental setup (cross-linking versus
transient interaction), the sensitivity of the detection (high-throughput sequencing versus RT-qPCR) or

RNA accessibility.

These discrepancies could potentially be reconciled if IGF2BP1 directly regulates MYBL2 and/or FOXM1
transcription factors, as these kinases are prominent targets of the MMB-FOXM1 complex. Moreover,
FOXM1 has been previously proposed as a conserved target of IGF2BP1 (GlaR et al. 2021). Therefore,

further investigations are imperative to elucidate the potential regulation of MYBL2 and FOXM1 by
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IGF2BP1. Collectively, these findings indicate that IGF2BP1 might stimulate RB-E2F-controlled cell cycle
genes via E2F1/2/3, further suggesting an additional role in activating DREAM-repressed cell cycle

genes, potentially through MYBL2 and FOXM1. Consequently, IGF2BP1’s involvement would span the

entire cell cycle, not merely limited to G1/S transition as previously reported.

BTYNB D post-transcriptional
Cucurbitacin B —| IGF2BP1 < > (| MYCN I— BRDi
7773 \ ¥ ) transcriptional /8 HDACi

sustaining proliferative signaling

Mdox

activating invasion and metastasis

E2F1/2/3
MYC/N

tumor-promoting inflammation

evading growth suppressors

; PTEN
_3 28

Growth o
suppressors

resisting cell death

deregulating cellular energetics

enabling replicative immortality

LIN28B

PR
A N

avoiding immune destruction

SRC - BIRCS Co6e Tcel ~ cp274
@ MAPK4 IO &S  MDRL o
s @ SRF - w8

4 MHC-*
I

genome instability & mutation

- IRF1 TK1 ot TOP2A
~ NME1 I T eewiao
¢ 0 (@
¥

Figure 46: Feedforward loop between IGF2BP1 and MYCN influences the hallmarks of cancer. Scheme of the self-reinforcing
feedforward loop of IGF2BP1 and MYCN, including shared downstream targets encompassing nearly all hallmarks of cancer
and therapeutic potentials to disrupt this network.

In summary, this study uncovers the complex network between IGF2BP1 and MYCN, shedding light on
their collaboration in the progression of neuroblastoma. The interplay between these proteins extends
to downstream targets, leading to enhanced expression of various oncogenic factors encompassing
nearly all hallmarks of cancer (Figure 46). This synergy has major impact beyond MNA disease and
likely also influences other molecular subtypes of neuroblastoma, for instances when MYCN is
upregulated by translocation as seen in NBL-S cells (Zimmerman et al. 2018). Irrespective of the
amplification status of MYCN, the strong synergy between IGF2BP1 and MYCN unleashes an "oncogene
storm". This likely promotes genomic instability, highlighting the relevance of the IGF2BP1/MYCN
crosstalk in reprogramming gene expression to foster the expression of aggressive diseases.

Additionally, IGF2BP1's role in impeding apoptosis and its broader implications in various cancers
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emphasize its multifaceted impact. However, IGF2BP1’s role in G1/S transition, the shortening of G1
phases and the here revealed role in modulating the G2/M checkpoint and DREAM target genes
highlights its complex role in cell cycle regulation, calling for further investigation into the regulatory

mechanisms at play.

IGF2BP1's tumorigenic prowess: dose dependency and genomic instability

The available literature on IGF2BP1 transgenic mouse models remains limited, particularly in the
context of neuroblastoma. Presently, only three distinct IGF2BP1 transgenic mouse models have been
documented. Firstly, an overexpression model inducing mammary carcinoma in lactating mice was
established within 60 weeks, utilizing the WAP promoter to drive IGF2BP1 expression (Tessier et al.
2004). Secondly, knockout of IGF2BP1 by gene trap yielded significant effects in mice, including
enhanced embryonal lethality, dwarfism of survivors and impaired gut development (Hansen et al.
2004). Additionally, complete IGF2BP1 knockout were reported to be embryonal lethal (International
Mouse Phenotyping Consortium). Thirdly, a murine model involving intestine-specific knockdown of

Min/+ mouse model, which

lgf2bpl resulted in a marked reduction of tumor formation in the Apc
pertains to intestinal tumorigenesis (Hamilton et al. 2013). Likewise, in Drosophila melanogaster, loss-
of-function mutations in dIMP (the orthologue of IGF2BP1/2/3) were found to be lethal during zygotic
stage (Boylan et al. 2008). Moreover, in Drosophila embryos, dIMP expression was identified as a
prerequisite for the induction of neuroblast tumor growth by the transcription factor chinmo

(Narbonne-Reveau et al. 2016).

To date, transgenic models of neuroblastoma primarily entail the overexpression of MYCN, Lin28b or
mutant ALK, utilizing different driver lines (Weiss et al. 1997, Berry et al. 2012, Heukamp et al. 2012,
Molenaar et al. 2012a, Althoff et al. 2015, Ueda et al. 2016). However, in this study, the capacity of
IGF2BP1 to robustly induce neuroblastoma tumor formation was established using a C57BL6/NCrl
background (Figure 41), with a strictly dose-dependent response to IGF2BP1 levels. Higher incidence
and shorter latency were observed specifically in mice homozygous for IGF2BP1 (Figure 42). Notably,
these tumors exhibited severe genomic aberrations reminiscent of human disease (Figure 45),
including gains on chromosome 11q (human chromosome 17q) and 12 (including the Mycn locus).
Additionally, a comparative analysis with existing transgenic neuroblastoma models revealed high
similarity between the LSL-/GF2BP1 and the LSL-ALK™14- model. Both models induced tumor formation
with extended latency and substantial genomic aberrations (Heukamp et al. 2012). In contrast, the LSL-
Lin28b and MYCN models exhibited faster tumor onset with fewer chromosomal rearrangements (De
Wilde et al. 2018). The reliance on genomic events in these mouse models suggests a weaker
oncogenic potential for IGF2BP1 and mutant ALK, necessitating a secondary hit for tumor initiation.

Intriguingly, the co-expression of human MYCN in conjunction with either IGF2BP1 or ALK™7%
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significantly shortened tumor latency and reduced genomic aberrations, indicating the compensatory
role of MYCN overexpression as a secondary hit. Interestingly, regardless of the transgene employed
(various ALK models or IGF2BP1), co-expression of MYCN consistently resulted in a 100% tumor
incidence, underscoring the pivotal role of MYCN in neuroblastoma. This is supported by findings from
homozygous TH-MYCN mice, which demonstrated higher incidence, shorter latency and fewer
genomic aberrations compared to their heterozygous counterparts (Rasmuson et al. 2012). This
suggests that MYCN amplification, generally considered a later event in neuroblastoma development,
necessitates a prerequisite state of genomic instability in normal cells. However, overexpressing
transgenic MYCN at sufficiently high levels, as seen in homozygous TH-MYCN mice, seems to
circumvent this prerequisite. In contrast, LIN28B, a potent oncogene, exhibits distinct behavior, as
evidenced by the LSL-Lin28b model’s limited genomic aberrations, implying that LIN28B may not
require a secondary hit for tumor initiation (Molenaar et al. 2012a). This may be due to the broad
impact of LIN28B on gene expression by downregulation of let-7 miRNA family, which likely affects
hundreds of target genes, including IGF2BP1 (Boyerinas et al. 2008, Viswanathan et al. 2008).
Collectively, these findings indicate that ALK mutation or IGF2BP1 overexpression can trigger genomic
instability, leading to chromosomal aberrations, including MYCN amplification, culminating in tumor
formation. The co-expression of either of these factors with MYCN obviates the need for
destabilization, resulting in accelerated and aggressive tumor formation avoid of genomic aberrations.
In addition, IGF2BP1 was recently shown to modulate ATRX expression (Yu et al. 2021). Thereby,
IGF2BP1 can contribute to alternative telomere lengthening and subsequent immortalization of cells.
In support with that, IGF2BP1 can also influence TERT expression by enhancing MYCN expression,

contributing to stabilization of chromosome ends.

This study did not yield tumors within the LSL-MYCN model, contrary to prior reports (Althoff et al.
2015). This discrepancy is likely attributed to the mouse strain used in the study, although it was
previously proposed that LSL-MYCN models induce tumors regardless of genetic background. Mice in
this study were of a C57BL6/NCrl background, while the LSL-Lin28b and TH-MYCN mouse models were
conducted on the more tumor-susceptible 129x1/SvJ) strain. Furthermore, the published LSL-MYCN
model encompassed a mixed C57BL6 x 129x1/Sv) background. The only other model demonstrating
tumor formation on a pure C57BL6 background was the LSL-ALK™17* model, whereas models such as
TH-ALK™7% or a transgenic knockin of ALK??75Q fajled to induce tumors. Evidently, the C57BL6 strain
demonstrated a lower tumor penetrance in neuroblastoma mouse models, leading to a drop in tumor
incidence from 20-50% to 0-10% in heterozygous TH-MYCN mice (Weiss et al. 2000, Rasmuson et al.

2012). Thus, the choice of the mouse strain obviously influences the capability of tumor formation.
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The more aggressive MYCN and Lin28b mouse models displayed the emergence of multiple tumors
across different regions, including the adrenal glands and various ganglia in the neck, chest and the
abdomen (e.g. ganglion celiacum, superior cervical ganglion). In line with this, IGF2BP1/MYCN-
expressing mice also developed multiple tumors originating from the adrenal glands or peripheral
nerves. Conversely, mice expressing IGF2BP1 alone predominantly developed a single abdominal

tumor, with no additional primary sites or macrometastases detected.

Investigation into chromosomal aberrations across all neuroblastoma mouse models revealed a
prevalence of gains over losses. Losses were predominantly found on chromosome 4q and 9 in
LSL-ALK™174 and LSL-IGF2BP1 tumors, supporting the hypothesis that secondary events are essential
for tumor formation. These regions correspond to human chromosome 1p36 and 11q, respectively,
both frequently lost in neuroblastoma and potentially harboring tumor suppressor genes. Additionally,
numerous murine chromosomes (5, 9, 14 and 16) exhibited deletions across various models,
corresponding to human chromosome 3 or 4 regions, which are commonly lost in neuroblastoma. The
most frequent chromosomal gain observed in all transgenic neuroblastoma models pertained to
murine chromosome 11q, which is syntenic to the human chromosome 17q harboring the
IGF2BP1/1gf2bp1 locus. This chromosomal aberration is also the most frequent in human, highlighting
its significance in neuroblastoma initiation and progression (Bown et al. 1999). Among the mouse
models, the LSL-IGF2BP1 model displayed the most substantial gains, reinforcing the notion of a
secondary hit. Other recurrent chromosomal aberrations included gains on chromosome 3
(omnipresent except for IGF2BP1-induced tumors), 6 (MYCN and IGF2BP1 models) and 12 (particularly
LSL-ALK™ 74 and LSL-IGF2BP1 models), corresponding to human chromosomes 1q, 2p, 7, 12p and 14q.
These aberrations encompass well-known genomic events like 1q gain in MNA disease, whole
chromosome 7 gain in up to 50% of cases or MYCN amplification on chromosome 2p (Figure 12, Table
22). Notably, this amplification likely contributed essentially to enhanced protein and mRNA

expression of Mycn in IGF2BP1-induced tumors (Figure 43).

Assessing the overall expression patterns of LSL-/GF2BP1 and LSL-IGF2BP1/MYCN tumors revealed
striking similarities, as determined through PCA and GSEA (Figure 43, Figure 44). Pro-proliferative gene
sets, such as E2F targets, G2/M checkpoint, MYC targets or Fischer DREAM targets, were markedly
upregulated. Conversely, anti-proliferative gene sets encompassing p53 pathway and apoptosis were
downregulated. This is in line with RNA-seq data obtained from IGF2BP1 knockdown in neuroblastoma
and other carcinoma cell lines, which highlights the inverse modulation of these gene sets, offering
plausible explanation for tumor growth. Additionally, the gene expression patterns observed in
transgenic tumors closely mirrored those of human disease and other transgenic mouse models,

emphasizing the marked upregulation of neuroblastoma marker genes like Phox2b, Ncam1, Syp, Th or
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Dbh (Figure 44). Furthermore, characteristic histological findings were noted, including the small round
blue tumor cell morphology and elevated nuclear Phox2b expression (Figure 42). In summary,
IGF2BP1-induced tumors resemble neuroblastoma disease in terms of expression pattern, origin and

genetics, similarly to other transgenic neuroblastoma models previously reported.

Targeting IGF2BP1: a promising therapeutic avenue for cancer progression

The inhibition of IGF2BP1 function represents a novel potentially powerful approach for targeting
cancer progression. Several characteristics of IGF2BP1 underscore its promising potential as a
therapeutic target: 1) its high expression across a broad range of cancers, 2) its association with
unfavorable clinical outcomes, 3) its role in promoting metastasis and 4) its minimal expression in
normal adult tissue. Consequently, IGF2BP1’s distinct properties position it as an appealing candidate
for pharmacological inhibition, as specific inhibitors are expected to result in minimal off-target effects.
To date, three small molecular inhibitors have been reported to target IGF2BP1: BTYNB, 7773 and
cucurbitacin B (Mahapatra et al. 2017, Wallis et al. 2022, Liu et al. 2022). Of these, CuB and BTYNB
have been evaluated for in vivo activity in H22 hepatocellular carcinoma or ES-2 ovarian cancer cell
lines, respectively (Miiller et al. 2020, Liu et al. 2022). In this study, the effectiveness of IGF2BP1
inhibition was explored in the context of neuroblastoma cell lines and xenograft models. BTYNB
demonstrated ECso values in the anticipated range of approximately 5 uM and treatment of both 2D
and 3D cells resulted in decreased viability and growth, consistent with prior reports (Figure 23, Figure
25, Figure 27). In subcutaneous xenografts, BTYNB-induced inhibition yielded comparable results to
those achieved by an IGF2BP1 knockout cell line, underlining the potential of BTYNB as a therapeutic
agent for cancer progression. Moreover, for the first time, BTYNB was evaluated in vivo by intra-
peritoneal (systemic) and intra-tumoral (local) application in PDX or xenograft models, respectively.
Systemic treatment with BTYNB showed expected trends towards hampered tumor growth but
remained non-significant. This likely indicates unfavorable pharmacokinetics of the lead compound,
potentially involving limited stability and substantial adsorption by plasma proteins. However, local
treatment of subcutaneous xenograft tumors with BTYNB vyielded a significant reduction in tumor
growth, highlighting the great potential of inhibiting IGF2BP1 for cancer therapy (Figure 27). Further
investigations aiming to enhance BTYNB’s pharmacokinetic properties are necessary for more effective
in vivo testing. By comparison, the covalent inhibitor CuB demonstrated anti-proliferative activity in
vivo through intra-peritoneal application, indicating better pharmacokinetics than BTYNB. The

compound 7773 has not been investigated in vivo so far.

It is important to note that monotherapies with IGF2BP1 inhibitors are unlikely to be sufficient for
complete tumor eradication for various reasons. Nonetheless, even partial disruption of IGF2BP1-

mRNA binding has broad impact on the expression of oncogenic factors. IGF2BP1 inhibition affects
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genes that are either currently not, indirectly or directly targetable, such as MYC/N or BIRCS,
respectively. As a common essential gene, it is not surprising that BIRC5 inhibition through YM-155
(Nakahara et al. 2007), explored in multiple clinical trials, has been hampered by issues of toxicity and
low efficacy (Li et al. 2019). The inhibition of IGF2BP1, either alone or in combination with YM-155,
could potentially mitigate these challenges. Indeed, this study revealed additive effects of BTYNB and
YM-155 across various cancer types, reducing the adverse effects of high YM-155 concentrations and
enhancing therapeutic efficacy in combined therapy (Figure 40). Moreover, prior research has
demonstrated the benefits of combined IGF2BP1 and TOP2A inhibition, achieved through BTYNB and
Doxorubicin, respectively (Bell et al. 2015, Biegel et al. 2021). TOP2A inhibitors like Doxorubicin are
already employed in high-risk neuroblastoma therapy and augmentation of their effectiveness through
combined drug regimens could yield improved outcome. In line with this, the inhibition of IGF2BP1 by
BTYNB proved advantageous when combined with other standard-of-care drugs for neuroblastoma
treatment such as Etoposide or Vincristine (Biegel et al. 2021). Furthermore, BTYNB potentiated the
efficacy of CDK inhibitors, as evidenced by studies involving Palbociclib (CDK4/6) and Dinaciclib
(CDK2/9) in ovarian cancer or neuroblastoma, respectively (Miller et al. 2020, Biegel et al. 2021).
Additionally, the knockout of IGF2BP1 sensitized neuroblastoma cell lines to the BRD inhibitor
Mivebresib (Figure 37). The synergistic effects observed upon indirect targeting of MYC/N through BRD
inhibitors and IGF2BP1 through BTYNB provide an additional avenue for combined treatment
strategies. The potential of HDAC inhibitors, especially HDAC1-3, to reduce MYCN expression and
increase p21-dependent apoptosis or direct MYC/N inhibition through EN4 adds another layer to this
combined therapy approach (Figure 36, Figure 38, Figure 39, Table 27). Thus, the simultaneous

inhibition of IGF2BP1 and HDAC or MYC/N could potentially improve patient outcomes.

In conclusion, impairing IGF2BP1 expression or function through knockdown, knockout or inhibition
sensitizes cancer cells to a range of therapeutic agents. These include BRD inhibitors, CDK inhibitors,
HDAC inhibitors and neuroblastoma standard-of-care drugs, resulting in additive to synergistic effects
in combined treatment. This implies a conserved underlying mechanism by which IGF2BP1 modulates
drug sensitivity. Indeed, IGF2BP1 was shown to enhance the stability of MDR1 mRNA by inhibiting
endonucleolytic digestion through binding to the CRD (Sparanese and Lee 2007). As MDR1 is linked to
multidrug resistance phenotype in cultured cells and human cancers, this association provides a
plausible explanation (Ambudkar et al. 2003). Consistent with this, MDR1 mRNA expression was
substantially reduced upon IGF2BP1 depletion in different cancer cell lines, including BE(2)-C and KELLY
neuroblastoma cell lines. Interestingly, MDR1 is located on chromosome 7921, a region commonly
gained in human neuroblastoma and deregulated in multiple neuroblastoma transgenic mouse
models, including the newly established LSL-/IGF2BP1 model. In addition, IGF2BP1 enhances MDM2

expression (Mu et al. 2022), which in turn results in upregulation of MDR1 (Kondo et al. 1996).
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However, contrary to expectations, MDR1 mRNA expression was reduced in MNA and stage 4 human
as well as mouse transgenic neuroblastoma tumors. Moreover, there was no apparent correlation
between IGF2BP1 and MDR1 mRNA expression and low MDR1 expression was associated with poor
overall and event-free survival, in contrast to the hypothesized relationship. It is worth noting that
MDR1 resistance is often acquired in cell lines and animal models and the RNA-seq data from analyzed
tumor cohorts primarily consists of primary, untreated tumors, which might limit their insights.
Another mechanism by which IGF2BP1 could modulate drug resistance is the MRP protein. No direct
association of IGF2BP1 and MRP has been shown so far, but MYCN enhances MRP expression, thereby
decreasing the sensitivity to therapeutics (Norris et al. 1996, Norris et al. 1997). As IGF2BP1 influences
MYCN expression, a mediation of drug resistance is possible. Further investigations are required to

decipher the mechanism by which IGF2BP1 mediates drug sensitivity.

IGF2BP1 inhibition holds the potential to improve the treatment outcomes for neuroblastoma patients
through several mechanisms. For patients classified as low- and intermediate-risk, who generally
respond well to existing treatment regimens, the immediate inclusion of IGF2BP1 inhibitors may not
be imperative. Nevertheless, integrating these inhibitors into current therapeutic strategies could lead
to reduced dosages of chemotherapeutic agents, thereby mitigating potential side effects. The
utilization of IGF2BP1 inhibitors is particularly promising for high-risk patients, as this study has
established a strong reliance on an oncogenic role for IGF2BP1 within this subgroup. Incorporating an
IGF2BP1 inhibitor as part of the initial treatment alongside conventional drugs such as etoposide or
vincristine could lower the required chemotherapeutic concentrations, potentially improving overall
patient tolerance to treatment. This approach may also enhance the responsiveness of more patients
to induction therapy. Another avenue involves integrating IGF2BP1 inhibitors into maintenance
regimens designed to address minimal residual disease. This study reveals that IGF2BP1 knockout or
inhibition leads to delayed tumor engraftment and reduced proliferation of neuroblastoma cells.
Consequently, IGF2BP1 inhibition could effectively impede the growth of unresected tumor masses or
relapse. This treatment strategy could also be explored in combination with ongoing experimental
approaches like isotretinoin, anti-GD2 antibodies or DFMO. However, the effectiveness of these
combinations would require thorough in vitro testing. Moreover, IGF2BP1 inhibitors may prove
valuable in cases of relapsed or refractory disease, helping to overcome the chemoresistance often
observed in these tumors. Beyond the aforementioned combinations, IGF2BP1 inhibitors have
demonstrated synergistic effects with emerging therapeutics such as BRD inhibitors. This synergy may
be expanded to other classes of compounds, including ALK, HDAC, AURKA or DNA methylation
inhibitors. Such combinations could result in the coordinated downregulation of multiple oncogenic
targets, subsequently impeding tumor progression. Additionally, IGF2BP1 inhibition can modify the

recognition of tumor cells by the immune system, potentially harnessing the power of the body’s
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natural defense mechanisms to combat cancer. Although these approaches require rigorous in vitro
and in vivo validation before therapeutic application in humans, the prospects for IGF2BP1 inhibitors
are indeed promising and further research should be conducted in this field. Finally, it is worth noting
that BTYNB is still a lead compound and needs more detailed analyses and improvement in context of

pharmacokinetics, binding and off-targets.
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7.1 Supplementary Tables

Table 28: Human neuroblastoma tumor cohort.

age at dead or last clinical MYCN RNA-seq
ID ) k dea . 17q unbalance sWGS data
diagnosis (d) follow up (d) stage amplification data
1 356 2121 - 1 - + +
2 1197 1456 - 1 - - + +
3 98 776 - 1 - - + +
4 298 590 - 1 - - + +
5 1852 1631 - 1 - - + +
6 95 54 - 1 - - + +
7 42 729 - 1 - - + +
8 254 509 - 1 - - + +
9 0 345 - 1 - - + +
10 32 185 - 1 - - + +
11 179 294 - 1 - - + +
12 300 2509 - 2 - - + +
13 729 704 - 2 - - + +
14 217 2539 - 3 - - + +
15 1022 478 + 3 + + + +
16 447 203 + 4 + + + +
17 279 889 + 4 + + + +
18 1575 262 + 4 + + + +
19 2045 679 - 4 + + + +
20 970 1202 + 4 - + + +
21 1443 969 - 4 - + + +
22 849 424 + 4 - + + +
23 1383 1364 - 4 - + + +
24 1812 834 - 4 - + + +
25 1136 194 - 4 - + + +
26 16 2482 - 4S - - + +
27 95 665 - 4S - - + +
28 0 560 - 4S - - + +
29 6 388 - 4S - - + +
30 65 211 - 4S - - + +
31 589 1648 - 1 - - + +
32 75 1632 - 1 - - + +
33 102 1452 - 1 - - + +
34 12 1844 - 2 - - + +
35 623 610 - 2 - - + +
36 1726 354 - 2 - - + +
37 492 995 - 2 - - + +
38 701 881 - 2 - - - +
39 518 785 - 3 - - + +
40 282 1288 - 3 - - + +
41 271 2067 - 3 - - + +
42 310 103 + 3 - + +
43 1137 5548 - 3 + + + +
44 2551 558 - 3 - - + +
45 1742 2898 - 3 + + + +
46 196 539 4 + - + +
47 1904 207 4 + - + +
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Table 29: Transgenic mice.

7. Appendix

age abdominal adrenal spinal RNA-seq miRNA-
sex genotype CRE tumor sWGS
(d) tumor tumor  tumor (run) seq
f wildtype - 364 no +(1)
f wildtype - 364 no +(1)
f wildtype - 364 no +(1)
f wildtype - 464 no
m wildtype - 465 no
m wildtype - 465 no
f IGF2BP1 fl/wt - 377 no
f IGF2BP1 fl/wt - 377 no
m IGF2BP1 fl/wt - 376 no
f IGF2BP1 fl/wt - 371 no
f IGF2BP1 fl/wt - 436 no
m IGF2BP1 fl/wt - 436 no
f IGF2BP1 fl/wt - 364 no
f IGF2BP1 fl/wt - 364 no
f IGF2BP1 fl/fl - 364 no
f IGF2BP1 fl/fl - 364 no
f IGF2BP1 fl/fl - 364 no
f IGF2BP1 fl/fl - 364 no
m IGF2BP1 fl/fl - 364 no
m IGF2BP1 fl/fl - 364 no
m IGF2BP1 fl/fl - 364 no
m IGF2BP1 fl/wt + 310 yes 1 0 0 +(1) + +
m IGF2BP1 fl/wt + 310 no
f IGF2BP1 fl/wt + 379 no
f IGF2BP1 fl/wt + 369 no
f IGF2BP1 fl/wt + 314 no
m IGF2BP1 fl/wt + 360 no
m IGF2BP1 fl/wt + 360 no
f IGF2BP1 fl/wt + 360 no
m IGF2BP1 fl/fl + 184 yes 1 0 0 +(1) +
m IGF2BP1 fl/fl + 294 yes 1 0 0 +(1) + +
f IGF2BP1 fl/fl + 305 yes 0 1 0 +(1) + +
m IGF2BP1 fl/fl + 207 yes 1 0 0 +(2) + +
m IGF2BP1 fl/fl + 214 yes 1 0 0 +(1) + +
m IGF2BP1 fl/fl + 264 yes 1 0 0 +(1) + +
m IGF2BP1 fl/fl + 169 yes 1 0 0 +(3) + +
f MYCN fl/wt + 365 no +(2) +
f MYCN fl/wt + 365 no +(2) +
f MYCN fl/wt + 365 no +(2) +
m MYCN fl/wt + 365 no
f MYCN fl/wt + 365 no +(2) +
f MYCN fl/wt + 365 no +(2) +
m IGF2BP1 fl/wt; MYCN fl/wt + 106 yes 0 1 0 +(2) + +
m IGF2BP1 fl/wt; MYCN fl/wt + 65 yes 0 1 0 +(2) + +
m IGF2BP1 fl/wt; MYCN fl/wt + 159 yes 1 1 1 +(2) + +
m IGF2BP1 fl/wt; MYCN fl/wt + 127 yes 1 2 3 +(3) + +
f IGF2BP1 fl/wt; MYCN fl/wt + 127 yes 0 0 2 +(3) + +
m IGF2BP1 fl/wt; MYCN fl/wt + 70 yes 1 0 0 +(3) + +
f IGF2BP1 fl/wt; MYCN fl/wt + 82 yes 1 1 0 +(3) + +
m IGF2BP1 fl/wt; MYCN fl/wt + 118 yes 1 1 1 +(3) + +
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Table 30: List of oncogenic and tumor-suppressive miRNAs deregulated in MNA neuroblastoma.

7. Appendix

oncomiRs tumor suppressor miRs

let-7a-3p miR-199a-3p miR-7704 miR-1197 miR-26b-5p miR-487a-5p
let-7c-3p miR-199a-5p miR-7974 miR-128-2-5p miR-30a-3p miR-487b-5p
let-7c-5p miR-199b-3p  miR-92a-1-5p | miR-129-1-3p miR-30a-5p miR-488-5p

miR-10394-3p  miR-199b-5p miR-92a-3p miR-129-5p miR-30c-1-3p miR-496
miR-10401-3p miR-19a-3p miR-92b-3p miR-134-3p miR-323a-3p miR-539-5p
miR-1244 miR-20a-5p miR-93-5p miR-135a-3p miR-323a-5p miR-541-3p
miR-1270 miR-214-3p miR-9-3p miR-137-3p miR-323b-3p miR-542-3p
miR-1282 miR-25-3p miR-9-5p miR-148a-3p miR-324-5p miR-542-5p
miR-1304-3p miR-25-5p miR-149-5p miR-328-3p miR-574-3p
miR-130b-3p miR-296-3p miR-153-3p miR-330-5p miR-598-3p
miR-130b-5p  miR-3144-3p miR-190a-5p miR-3605-3p miR-628-3p
miR-15b-5p miR-3176 miR-196a-3p miR-370-5p miR-628-5p
miR-16-2-3p miR-3182 miR-196a-5p miR-379-5p miR-654-5p
miR-17-5p miR-320a-3p miR-197-3p miR-382-5p miR-668-3p
miR-181a-2-3p  miR-345-5p miR-204-5p miR-3909 miR-6852-5p
miR-181a-3p miR-34¢-5p miR-208b-3p miR-412-5p miR-744-3p
miR-181a-5p miR-378a-3p miR-210-5p miR-432-3p miR-744-5p
miR-181b-2-3p  miR-383-5p miR-215-5p miR-432-5p miR-769-5p
miR-181b-3p miR-4449 miR-217-5p miR-433-3p miR-770-5p
miR-181b-5p miR-4510 miR-22-3p miR-433-5p miR-876-3p
miR-18a-3p miR-551b-3p miR-2355-5p miR-450a-5p miR-889-5p

miR-18a-5p miR-561-5p miR-26a-5p miR-450b-5p miR-95-3p
Table 31: Top 10 enriched miRNA at the MYCN 3 UTR using miTRAP.
BE(2)-C KNS42
hsa-miR-449a hsa-miR-20b-5p hsa-miR-106a-5p hsa-miR-20a-5p
hsa-miR-17-5p hsa-miR-20a-5p hsa-miR-3619-5p hsa-miR-29b-3p

hsa-miR-106a-5p
hsa-miR-193b-3p
hsa-miR-1248

hsa-miR-29b-3p
hsa-miR-16-5p
hsa-miR-106b-5p

hsa-miR-592
hsa-miR-193b-3p
hsa-miR-17-5p

hsa-miR-106b-5p

hsa-miR-20b-5p
hsa-miR-19a-3p

Table 32: Mutated miRNA seed regions within the MYCN 3°UTR.

miRNA site 3°UTR base pairs reporter status
miR-34-5p 22-29 mut
miR-19-3p 31-38 mut
miR-29-3p 332-339 mut
miR-101-3p 493-500 mut
let-7-5p/miR-98-5p 505-511 mut
miR-101-3p 562-568 wt
miR-34-5p 579-585 mut
miR-302-3p 858-864 mut
miR-17-5p/20-5p/93-5p/106-5p 859-865 mut
let-7-5p/miR-98-5p 868-874 mut
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