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ABSTRACT

Neuroblastoma is the most common and aggressive extracranial solid tumor during
childhood. MYCN-amplification is found in approximately 25 % of all neuroblastoma cases,
and is defined as high-risk disease. Development of novel therapeutic approaches focused on
MYCN targeting are essential for increased survival these children. The MYC family of
oncoproteins consists of transcriptional factors involved in many normal cellular processes.
Abnormal expression of MYC is associated with 70 % of human cancers and correlates with
an aggressive undifferentiated phenotype, chemotherapy resistance and poor clinical
prognosis.

Targeting MYCN by small molecular weight molecules remains a challenge. In paper | we
established that one known c-MYC targeting compound, the small chemical molecule 10058-
F4, is also a potent MYCN inhibitor. 10058-F4 treatment increased cell death and neuronal
differentiation in MYCN-amplified neuroblastoma cells and prolonged survival in mice.
Interestingly, we found that MYCN inhibition resulted in changes in expression of metabolic
proteins, in accumulation of intracellular lipid droplets and demonstrated that this is due to
mitochondrial dysfunction. Our data reported in paper | strongly suggests that MYCN
regulated metabolic processes may contribute to the aggressiveness of neuroblastoma.

In paper Il we applied several approaches to further investigate the MYCN-mediated
metabolic alterations in neuroblastoma. The combination of mass spectrometry based
proteomics and transcriptome data analysis highlighted key metabolic enzymes involved in
energetic pathways of cancer cells. The functional metabolic measurements supported the
data analysis and demonstrated that MYCN not only enhanced the glycolytic capacity of
neuroblastoma cells, but also increased mitochondrial respiration. The data presented in
paper Il suggests that MYCN-amplification is associated with a high-energetic metabolic
phenotype. Importantly, we demonstrated that targeting of fatty acid oxidation resulted in
potentiated neuronal differentiation, decreased viability of MYCN-amplified neuroblastoma
as well as decreased tumor burden in vivo in a neuroblastoma xenograft model.

Our previous findings highlighted an important role of fatty acid metabolism in MYCN-
amplified neuroblastoma. In paper 111 we used specific inhibitors and demonstrated that
targeting of de novo fatty acid synthesis in MYCN-amplified neuroblastoma cells resulted in
increased mitochondrial dysfunction and glycolytic flux. In addition, we observed that
MYCN downregulation and neuronal differentiation are consequences of inhibiting de novo
synthesis of fatty acids in neuroblastoma cells.

In paper 1V we demonstrated that the miR-17~92 cluster, which is upregulated by MYCN,
suppresses neuronal differentiation via targeting of the nuclear hormone receptor family in
neuroblastoma. Importantly, we showed that MYCN inhibition leads to increased expression
of the glucocorticoid receptor, which is accompanied by decreased levels of members of the
miR-17~92 clusters and elevated expression of the neural differentiation markers TrkA,
SCG2 and TH. Furthermore, increased GR expression followed after MYCN downregulation
and decreased tumor burden was observed in a pre-clinical NB model following combined
MY C inhibition and activation of glucocorticoid signaling.



Together the data generated in our laboratory and included in the present thesis demonstrates
that targeting of MYCN and MYCN-controlled metabolic processes may provide an
attractive basis for development of novel therapeutic approaches for childhood
neuroblastoma.
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1 INTRODUCTION

1.1 CANCER

Cancer is a very complex disease comprised of more than 200 types of tumors. It is
characterized by uncontrolled cell growth and unlimited metastasis to different types of
tissues and organs, which is a major cause of death from cancer’. The development of the
disease involves the dysfunction of numerous biological systems and processes including the
immune system, metabolism, DNA repair, cell proliferation and cell death. Cancer is a key
health problem and the leading cause of death worldwide?®>.

1.1.1 Oncogenes and tumor suppressors

Signaling
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__,--/
® —
Signaling | ———>
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.’\/
Growth | _~7
/

e

Transcription
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factor

Growth
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Target-genes | | activation
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Figure 1. A schematic overview of proto-oncoproteins in cell-growth regulation. Proto-
oncoproteins promote the cell cycle and are involved in different signal cascades, which regulate
cellular proliferation and differentiation.

Proto-oncogenes are involved in regulation and control of cell growth, differentiation and
apoptosis in normal cells. The proto-oncogenes which display abnormal expression level or
have gain-of-function mutations and are able to promote cancerogenesis are termed
oncogenes. They encode transcription factors, signal transducers and chromatin remodelers”.
The functions of oncogenes and their products are very important for cell transformation,
cancer cell progression and tumor biomass production®® (Figure 1). Cytoplasmic proto-
oncogenes encode growth factors, growth-factor receptors and different protein kinases. For
instance, RAS family encodes G proteins. Nuclear proto-oncogenes encode transcriptional
factors, such as MYC family.

Tumor suppressor genes are another group of genes which are involved in the control of the
cell cycle, DNA repair, apoptosis as well as other cellular processes and have a crucial role in
cancerogenesis. One copy of a tumor suppressor gene is enough to regulate cellular
proliferation, but loss-of-function mutation of both alleles promotes cancer development. The
RB (retinoblastoma susceptibility), PTEN (phosphatase and tensin homolog) and p53 are
examples of tumor suppressor genes important for control of cell proliferation®.
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1.1.2 Hallmarks of cancer

The network of processes involved in cancer initiation, development and progression was
summarized and defined as the Hallmarks of cancer by Hanahan and Weinberg’®. The
highlighted processes are: (1) continuous proliferative signaling (cancer cells enhance their
own growth), (2) deviation of response to growth suppressors (cancer cells resist anti-growth
signaling), (3) resistance to programmed cell death/apoptosis, (4) limitless multiplication
potential, (5) angiogenesis, (6) metastasis, (7) avoiding elimination by the immune system
and (8) altered metabolism (Figure 2).

One of the crucial features of cancer is the ability to maintain constant proliferation. The
process of cell growth is strictly controlled in normal tissues by signals from the
microenvironment, which enhance or suppress cell proliferation. An increase of enhancer
and/or deficiency of suppressors results in an uncontrolled growth rate in cancer cells. During
the last decade many chemical compounds targeting specific genes and/or proteins involved
in facilitating a particular hallmark of cancer have been developed and are in clinical trials or
in clinical use (Figure 2).

EGFR Cyclin-dependent
inhibitors kinase inhibitors

Sustaining Evading
Aerobic glycolysis proliferative growth Immune activating
inhibitors signaling suppressors anti-CTLA4 mAb
Deregulating Avoiding

Resisting Enabling Telomerase
cell > replicative ot
death @ immortality Inhibitors
=87
Genome ‘@,7 Tumor-
instability & _ promoting
mutation inflammation
PARP Inducing Activating Selective anti-
inhibitors angiogenesis invasion & inflammatory drugs
metastasis

1 a

Inhibitors of Inhibitors of
VEGF signaling HGF/c-Met

Figure 2. Therapeutic approaches of targeting of the Hallmarks of Cancer. Drugs and small chemical
compounds, which target specific tumorigenic pathways and which approved for clinical trials are
indicated. (Reprinted from Hanahan and Weinberg, Cell 2011 with a kind permission from Elsevier).

1.1.3 MicroRNASs in cancer

The microRNAs (miRNAs) were discovered in 1993 during studies on Caenorhabditis
elegans. They are defined as small non-protein-coding RNAs that regulate protein expression
by binding to matching sequences in the 3’-untranslated region messenger RNAs (MRNA),
which results in the inhibition of MRNA stability®. Approximately 2,800 human miRNAs are
available in public sources. In 2015, Rigoutsos’ research group from Thomas Jefferson
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University in Philadelphia identified 3,707 novel miRNAs, many of which are human-
specific'®. Around half of the known miRNAs are organized in clusters, including two or
more members. MiRNA clusters have similar expression patterns and impact transcription of
genes as polycistronic transcripts™. The study of the connection between miRNAs and their
predicted targets is a very complex, since a single miRNA may affect nearly 100 mRNAs and
each mRNA in turn may be targeted by several miRNAs".

MiRNAs are involved in a broad spectrum of biological processes, including carcinogenesis,
through control of transcription and expression of mMRNAs. At present, miRNAs targets in
cancer have been associated with tumor proliferation, altered metabolism, metastasis,
dysfunctional immune system, differentiation and angiogenesis'>'*. There are several
mechanisms of deregulation of miRNAs expression in human malignancies™.

Altered expression of miRNAs correlates with genomic abnormalities such as amplification
and translocation'®. Epigenetic factors can also influence the level of miRNAs, and
transcription factors can also induce oncogenic and/or inhibit tumor suppressive miRNAs"
9 Moreover, several miRNA families exhibit tumor suppressor functions; for instance, miR-
15 and miR-16-1 and inhibit expression of anti-apoptotic proteins in different types of
cancer?.

MiRNAs play significant roles not only in cancer biology, but also in oncology. Cancer
associated small non-coding RNAs can be detected in the biological fluids and used as
biomarkers for disease diagnosis, monitoring and prognosis**. Moreover, it has been reported
that the normalization of deregulated expression of miRNAs decreases tumor growth in
vivo.? Re-expression of some miRNAs by treatment with small chemical molecules may be a
possible basis for development of novel anti-cancer therapies.

1.1.4 Nuclear hormone receptors superfamily

The nuclear hormone receptor (NHR) superfamily includes 48 human and 49 mouse genes,
including steroids, retinoids, thyroids and vitamin Ds?**. The members of the superfamily
are activated by numerus different ligands®. They bind to specific DNA sequences and are
able to activate or suppress transcription. The activity of NHRSs requires two steps: interaction
with the corresponding hormone, followed by binding of the receptor dimers to DNA to
regulate transcription. NHRs are involved in the regulation of development and
differentiation of skin, the constant regulation of reproductive tissues and, most importantly,
the members of the NHR family play a role in the regulation of neuronal differentiation®.

1.1.5 Childhood malignancies versus adult cancers

Cancerogenesis is associated with old age and is more common in older individuals than in
young®’. However, cancer is the most common cause of death by disease during childhood
(aged birth-14 years) worldwide. There are more than 150 cases per million in Europe each
year®. In the majority of cases the cause of tumorigenesis is unknown. Quite often the types
of tumors that develop in infants are different from the adult cancers. However, childhood
cancers, as well as adult malignancies, may display deregulation of oncoproteins, such as
MYC and loss of function of tumor suppressor genes, for instance p53 mutations. Pediatric
malignancies are not associated with life style and/or impact of environment as many cancers
in adults, but these factors may influences the children before the birth during pregnancy®.
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Generally, childhood tumors are a result of genetic alterations in cells, which occur very
early, often before birth. But, according to a recent scientific report, 90 % of all human
cancers are the results of errors in DNA replication®. Cancers in infants are characterized by
an aggressive phenotype and are usually diagnosed at more advanced stages compared to
adult disease. Pediatric and adult cancers differ not only in development, genetic background
and diagnosis but also in therapeutic approaches, effects and consequences of therapy™..
Chemotherapy, surgery and radiation therapy are the main therapeutic approached in
pediatric oncology. Chemotherapy used in the treatment of cancers, targets cells with the
highest growth rate and has more severe side effects in children than in adults, since their
bodies are still actively developing. The majorities of side effects of anti-cancer treatments
occur during or just after the therapy and go away in a short time. Unfortunately, anti-cancer
therapy may lead to late side effects, such as delayed growth in children, cognitive problems
as well as the formation of other types of cancer later on in life. Late side effects constitute a
major problem in pediatric oncology®*.

1.2 NEUROBLASTOMA

Neuroblastoma (NB) is a rare embryonic neural tumor, but one of the most common and
deadliest extracranial solid tumors of childhood. It is accounting for approximately 7 % of all
pediatric malignancies and 15 % of childhood cancer deaths®***. In Sweden 15-20 new cases
are diagnosed per year. The majority of NB cases are diagnosed in infants under the age 5
years. Approximately 70% of all cases are patients with high-risk NB, which is usually
characterized by genetic alterations and the metastasis. Only less than a half of these patients
can be cured.

1.2.1 Origin of Neuroblastoma

Focusing on the cells of origin of neuroblastoma is important for understanding malignancy.
The neural crest is present only during embryogenesis (Figure 3) and maturates to different
cell types, such as glia, peripheral and enteric neurons, melanocytes, cells of craniofacial
skeleton, adrenal medulla and Schwann cells®. The adrenal medulla is the inner part of
adrenal gland and ganglion of the sympathetic nervous system. NB originates from primitive
neuroepithelial cells of the neural crest (Figure 3), and can develop anywhere in the
sympathetic nervous system. The majority of the primary tumors occurs in the adrenal
glands, sympathetic ganglia and is commonly found in the abdomen and neck®*’.

High expression of the proto-oncogene MYC during normal sympathoadrenal development is
essential for neural crest migration and growth®*°. In differentiating sympathetic neurons,
MYCN level decreases. In vivo studies demonstrated that overexpressing MYCN in
sympathoadrenal cells initiates neuroblastoma development*. Th-MYCN transgenic mice
spontaneously develop neuroblastoma as a result of high expression of MYCN, controlled by
the rat tyrosine hydroxylase®.

14



Migrating
neural crest cells

S ~Sympathoadrenal
precursor

Migration and
differentiation

Figure 3. A schematic overview of neural crest development and migration. Migration of
sympathoadrenal precursor from the neural crest and their specification depend on transmembrane
signals. (Adapted from Marshall, G. M. et al, Nat. Rev. Cancer 2014).

1.2.2 Differentiation in neuroblastoma

Neuroblastoma tumors are characterized by three types of cells, based on their morphological
and biochemical properties. N-type - neuroblastic cells malignant cells with neuronal
properties; S-type — cells with non-neuronal phenotype; I-type — highly malignant cancer
stem cells, are able to differentiate to S- or N- type*. Histology based on NB tumor cells sub-
type is used in the clinic as an outcome prognosis and it has been shown that undifferentiated
tumors with poor prognosis and tumors with neuron-like differentiated cells demonstrate
favorable prognosis*.

MYCN plays a major role in NB differentiation, it is critical for initiation of neural crest
differentiation, but high MYCN expression associates with an undifferentiated phenotype in
NB. Furthermore, high expression of MYCN correlates with enhanced expression of the
tropomyosin receptor kinase B (TrkB) neurotrophin receptor, which associates with an
aggressive NB phenotype. At the same time, MYCN-amplification suppresses the tyrosine
receptor kinase A (TrkA) nerve growth factor receptor, which is marker for good prognosis in
NB patients®. TrkA expression is critical during development of symphatethetic neurons.

Additionally, MYC enhances the level of the miR-17~92 cluster, which results in suppression
of cellular differentiation via downregulation of the nuclear hormone receptor family**“.
Direct or indirect targeting of MYCN result in upregulation of estrogen receptor a, TrkA,
glucocorticoid receptor and induced neural outgrowth of NB cells in vitro and decreased
tumor burden in vivo.

The capacity of NB cells to differentiate along the sympathoadrenal linage is being used for
the development of the novel therapeutic approaches in NB. All trans-retinoic acid (ATRA),
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a derivative of vitamin A is used in the clinic and induces differentiation and prolongs
survival of high-risk NB*'. Importantly, it was demonstrated that ATRA also inhibits MYCN
in MYCN-amplified NB, which potentiates neuronal differentiation. Furthermore, ATRA
decreases the proliferation rate and tumor size in vivo*,

1.2.3 Neuroblastoma is a heterogeneous disease

Neuroblastoma is a highly heterogenic disease and thus can be found in different forms: from
localized tumors, which can be treated by surgery to metastatic types with high resistance to
therapy and poor prognosis. Also, NB includes a very special group — spontaneous regressing
tumors***®. The international neuroblastoma risk group (INRG) is a pre-treatment
classification system. INRG includes 4 different group of cancer: very low-risk, low risk,
intermediate-risk and high-risk. Very low-risk and low-risk groups include NB cases with
localized primary tumors without MYCN-amplification and 11g chromosome aberration and
can be curable with surgery and/or chemotherapy. Besides, this group includes patients with
spontaneously regressing tumors. Intermediate-risk NB includes cases with tumors that
spread to the lymph nodes, but with negative MYCN status and, cannot be treated by surgery
alone, chemotherapy is essential. High risk NB is characterized by positive genetic markers
of poor-prognosis, such as MYCN-amplification, 17q gain and 11q or 1p36 deletion, and ALK
mutation. MYCN-amplification is found in 30% of high-risk NB and is associated with an
undifferentiated phenotype and poor outcome. Approximately 2 % of NB patients have a
family history of disease. Two thirds of these cases have ALK gene activation, which result in
a high proliferation rate of cancer cells. The therapeutic strategy for high-risk NB is very
intense and includes several types of treatment®,

1.2.4 Neuroblastoma and energy metabolism

Metabolic pathways are dysregulated in the majority of human cancers. The number of
studies focused on the investigation of mechanisms behind metabolic alterations in adult
cancers progressively increase, however in contrary very little information about the
energetic pathways in pediatric malignancies, including NB, is available.

Only few studies dedicated to metabolic processes in NB have been published. In 2012
Kusunoki’s research group from Mie University, Japan demonstrated that elevated expression
of GLUT1 is associated with poor prognosis in patients and that glycolysis inhibitors may be
used as a possible treatment option for NB>2. Unfortunately, the difference between MYCN-
amplified (MNA) and non MYCN-amplified (NMNA) NB was not investigated. Only 5 from
47 tumor samples were MNA and only NMNA NB cells used for in vitro assays. In 2010 B.
Kofler’s research group from the University Hospital Salzburg, Austria studied 14 NB
samples derived from NMNA undifferentiated tumors and observed a low mitochondrial
respiratory capacity, but intact mitochondrial architecture in these tumors™. Several early
reports also demonstrated intact mitochondrial mass and architecture in neuroblastoma
cells™,

A recent study demonstrated high level of glucose uptake in low and intermediate risk groups
of NB using positron emission tomography (PET). PET is an imaging technology for
monitoring cancer progression, based on uptake of labeled glucose by tumor cells. However,
the application of PET in high-risk NB was not successful®. High-risk NB associated with
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MYCN-amplification, which may promote mitochondrial respiration. Increased respiratory
capacity may explain the significant lower glucose uptake by MYCN-amplified NB tumors.

1.2.5 Therapeutic approaches in neuroblastoma

The therapeutic strategy in NB is a very challenging task, which depends on the risk
classification of disease. Patients with tumors that spontaneously regress do not have severe
symptoms and do not require therapy, but they are examined frequently and in the case of
tumor progression treatment is initiated immediately®®. Patients with localized primary
tumors are usually treated by operation alone, and in some cases surgery following
chemotherapy, which is applied to shrink the tumor size. The combination of restrained
chemotherapy doses and surgery is used for intermediate-risk NB patients. The children
diagnosed with high-risk NB go through intense therapy, which includes combination of
several chemotherapeutic drugs, radiation therapy, surgery, treatment with cis-retinoic acid
and autologous stem cell transplantation®®°’. However, despite this, only half of the patients
are cured from high-risk NB. Also, patients suffer from drug toxicity and late side effects,
following the therapy. Therefore, the development of new therapeutic strategy based on
molecular and genetic characteristics is essential.

1.3 THE MYC ONCOPROTEIN FAMILY

The MYC (v-myc avian myelocytomatosis viral oncogene homolog) gene family is composed
of three known and genetically distinct members: c-MYC, L-MYC and MYCN. They encode
nuclear phosphoproteins of similar size (Figure 4). The MYC proteins (c-MYC, MYCN and
MYCL) contain a C-terminal domain consisting of a basic region that can bind to DNA and a
helix-loop-helix (HLH)-leucine zipper (Zip) domain, which enables interaction with another
HLH-Zip protein, MAX. All members of the MYC family and some associated proteins (e.g.
MAX, MXD, MNT) are transcription factors (Figure 4) albeit with weak activity. MYC
regulates expression of approximately 15% of all human genes through binding to the
CACGTG Enhancer Box sequences (E-boxes). Upon MYC-MAX binding, the complex
recruits histone acetyl-transferases (HATS), which increase histone acetylation and thereby
open up the overall chromatin structure. This allows various transcription factors to interact
with their respective target genes®’. MYC is also able to bind to vertebrate CpG islands
(CGls), which also are sites of transcriptional initiation®®. Importantly, recently several
scientific reports demonstrated the ability of MYC to amplify gene expression via
accumulation in the promoter regions of active genes®®. Moreover, in 2010 it was shown
that MYC plays an important role in the RNA polymerase Il mediated promoter-proximal
pausing®".

The associated proteins MAX network transcriptional repressor (MNT) and MAX gene-
associated protein (MGA) are members of MXD protein family (Figure 4) and able to form
heterodimers with MAX. Dimerization of MAX with MNT or MGA results in suppression of
transcription of MYC target genes®.

Importantly, MYC is able to act not only as a transcriptional activator, but also as a
transcriptional suppressor. The MY C-interacting zinc finger protein (M1Z-1) binds to initiator
elements in the core promoter and activates genes transcription via recruiting p300 and NPM.
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Binding of MYC to MIZ-1 results in the re-localization of MI1Z-1 within the nucleus and loss
of both co-factors p300 and NPM®.

c-MYC and MYCN share same biological processes, including the dimerization with MAX
and binding to the same specific sites in DNA, but their pattern of expression differs, which
could be the major reason for the biological differences between these proteins. c-MYC is
usually expressed in all proliferating cells, but MYCN is expressed only during development
processes and its expression is tissue-specific®®®.
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Figure 4. A schematic overview of the structure of MYC proto-oncoprotein family and associated
proteins. The MYC proteins contain several preserved domains. Two conserved regions MYC-box |
and Il are in N-terminal transactivation domain (TAD) and three MYC-boxes in the central domain.
Also, the central domain includes a nuclear localization sequence (NLS). The C-terminal region
includes a basic helix-loop-helix zipper domain (bHLHZip) and sequence specific DNA-binding basic
region (B). The associated proteins also contain a bHLHZip domain, basic region and NLS. mSin3-
interaction domain (SID) and MGA contains T-box DNA binding domain (T-domain).

Taken together, the knowledge about MYC demonstrates its importance for many different
normal cellular processes such as proliferation, apoptosis and differentiation®(Figure 5).
Several functions of MYC are discussed below.

1.3.1 MYCrolein the control of cell cycle

The machinery of cell cycle is synchronized and highly controlled. The cell cycle incudes
three states, which divided on different phases: resting state - Gy phase (quiescent); interphase
state - G3, S (synthesis) and G, phases; division state — mitosis phase. Also, the restriction
point (R-point) in Gi-phase. Cells respond to mitogenic growth signaling in G;-phase until R-
point, after which cells continue to proliferate or stay in Go-phase in non-proliferative stage.
Each phase during the proliferation is strictly controlled in order to avoid DNA damage®®®’.
The progression of cell cycle through the checkpoints depends on cyclins and cyclin-
dependent kinases (CDKSs). The expression of CDKs is stable, while cyclins are synthesized
and degraded on demand. In the initiation of the G;.phase, in response to mitogenic signals,
the levels of cyclins D1, D2 and D3 are increased in order to activate CDK4 and CDK6. The
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cell growth rate increases in G; phase, in order to facilitate DNA synthesis in S phase the
expression of transcription factors is promoted by cyclin-CDK complexes. In addition,
cyclin-CDK complexes reduce the level of S phase inhibitors via ubiquitination followed by
proteasome degradation®. During S phase cyclin-CDK complexes phosphorylate the proteins
involved in replication, which is essential for cell cycle progression. For instance, the cyclin
D-CDK4 complex enables the activation of the E2F transcription factor via phosphorylation
of retinoblastoma susceptibility (RB) protein®®®®. Active E2F initiates transcription of cyclin
A and cyclin E. The cyclin E-CDK2 complex promotes cell progression to S phase and
initiates transition between G, phase and mitosis. In the division state cyclin-CDK complexes
are crucial for promoting of mitogenic signals®. In the end of mitosis the cyclin B-CDK1
complex dephosphorylates the RB protein, which is critical for cells to exit the division
state®. Cyclin dependent kinase inhibitors (CKI) are negative regulators control cell cycle
during each phase and able to stop its progression if DNA damage occur.
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Figure 5. MYC controlled cellular processes. MYC involved in normal cellular processes, as well as
has a great importance in cancerogenesis. (Reprinted from Vita and Henriksson, Seminars in Cancer
Biology 2006, with a kind permission from Elsevier).

MYC is expressed in all states of the cell cycle. Elevated expression of MYC promotes
quiescent cells to enter cell cycle, while downregulation of MYC leads to slow down or stop
of cell cycle. MYC impacts cell cycle progression via several different mechanisms. It
directly regulates transcription and induces expression of cell cycle related genes, including
cyclins, CDKs and E2F genes encoding the E2F transcription factors. Also, via stimulation of
the CDK activating kinase, MYC promotes activity of cyclin-CDK complexes. Furthermore,
MYC is able to inhibit CKIls, such as p27 and p21, by blocking their transcription.
Importantly, MYC upregulates genes encoding the proteins, which are crucial for DNA
replication, such as cell division cycle 6 (CDC6), chromatin licensing and DNA replication
factor 1 (CDT1) as well as cell division cycle 45 (CDC45)™.

The regulation of cell cycle progression is one of the most important MYC functions in
normal as well as in cancers cells. MYC overexpression in malignant cell promotes cell
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growth, leading to doubled size and mass, via regulation of cell division, protein synthesis
and mitochondrial biogenesis.

1.3.2 MYC triggered apoptosis

MYC not only controls the cell cycle and cellular growth, but is also a potent promoter of
programmed cell death - apoptosis. In 1987, Spandidos’ research group from the University
Medical School, Edinburgh, UK demonstrated that expression of MYC and RAS in rat
fibroblasts result in an increased apoptosis compared to cells with RAS expression alone™. In
the early 1990s several research reports showed that abnormal MY C expression enhances the
sensitivity of premalignant cell to apoptosis™*". During proliferation cells require growth
promoting and survival signals. Cell growth promoted by abnormal expression of MYC upon
withdrawal of survival signals leads to activation of apoptosis’®. Importantly, in 1994 MYC
overexpression was shown to activate the tumor suppressor p53. The activation of p53 results
in the promotion of pro-apoptotic proteins, such as BAX, NOXA and PUMA, and p21 ™.
MYC targets include the members of BCL-2 family, which is characterized by both pro- and
anti-apoptotic functions and are localized to the mitochondria. BCL-2 and BCL-X__ inhibit the
pro-apoptotic protein BAX. MYC is able to inhibit expression of BCL-2 and BCL-X, also,
via the promotion of association of BID with mitochondria, MYC interferes with anti-
apoptotic properties of those proteins’. Furthermore, MYC activates cell death pathways in
response to tumor necrosis factor (TNF-o). TNF-o induces both pro- and anti-apoptotic
signals in the cells. Ectopic expression of MYC inhibits anti-apoptotic signaling mediated by
TNF-"°

1.3.3 Impact of MYC on cancer cell differentiation

MYC oncogenes are involved in many cellular processes, including control of differentiation.
The members of the MYC family are known to be downregulated during differentiation
processes. Nonetheless, recent studies established that MYC proteins also support
differentiation in neuronal cells and skin stem cells’.

Over the last three decades it has been reported that abnormal MYC expression inhibits
cellular differentiation in the broad spectrum of transformed and primary cell lines.
Moreover, MYC downregulation is associated with terminal differentiation in cell culture.
There are several reports suggesting that expression of the MYC dimerization partner MAX
is reduced during differentiation, leading to decreased expression and activity of MYC™®™,
MYC inhibits differentiation not only in vitro but also in vivo. Animal studies in mice with
conditional MYC alleles indicate that the ability to suppress differentiation is crucial for
MYC-regulated carcinogenesis. Deactivation of MYC results in tumor regression and
differentiation of cancer cells in transgenic mouse models®®®!. Interesting, in hepatocytes the
transforming activity of MYC depends on the developmental stage of the cells. In a murine
model of hepatocarcinoma, MYC activation in the mature liver cells induces only cell growth
and DNA synthesis, however overexpression in embryonic hepatocytes leads to cancer
initiation®.

The mechanisms by which MYC regulates proliferation are relatively well-know, in contrast
to the mechanisms of MYC-controlled differentiation. One of the most accepted hypotheses
is that MY C alters cell cycle progression to maintain proliferation, which results in decreased
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differentiation. MYC as a transcription factor decreases expression of numerous
differentiation-associated genes (TrkA, SCG2) suggesting that MYC may impair
differentiation independently of cell cycle arrest through alterations in the transcriptome.
Furthermore, it is well known that MYC targets miRNAs clusters including the miR-17~92
cluster, which in turn inhibits cellular differentiation***.  However, more detailed
information about MY C-mediated differentiation and its role in human oncogenesis needs be
studied.

1.3.4 MYC is afactor of pluripotency

MYC is one of four transcription factors with the ability to reprogram human somatic cells
into induced pluripotent stem cells (iPS), which may be used as a unique approach in
transplantation therapy®*®*. In vivo studies showed that iPS cells generated from mouse
fibroblasts by retroviral induction of four genes (OCT3/4, SOX2, MYC and KLF4)
demonstrate great similarity to embryonic stem cells. Unfortunately, 20% of the second
generation of mice derived from an iPS cell line developed tumors, which is associated with
high MYC expression, while at the same time the level of the other three factors remained
low®®. However, several scientific reports demonstrated that MYC is important, but not
essential for cell reprograming, while crucial for iPS cells tumorigenicity®. Nevertheless, the
novel function of MYC may give a clue about its role in control of cancer stem cells.
Furthermore, gene set enriched in cancer stem cells are also associated with aggressive and
undifferentiated phenotype of MYC-driven tumors®”®, On the contrary, a study demonstrated
that the differentiation of bone marrow hematopoietic stem cells requires an increased MYC
expression®. MYC’s role in control of cell stemness and tumor initiation has to be
investigated further.

1.3.5 Cancer metabolism and MYC

MYC proteins are involved in regulating nucleotide biosynthesis, ribosome and
mitochondrial biogenesis and metabolism®. MYC overexpressing tumors are mostly
aggressive and characterized by high proliferation rate, which requires increased energy
production it targets genes involved in different metabolic pathways, which results in
enhanced ATP production and increased levels of substrates essential for cancer cell growth.
In human Burkitt’s lymphoma, glucose consumption, lactate production and glutamine
uptake are induced by c-MYC®'. MYC enhances expression of key glycolytic enzymes, such
as the glucose transporter 1 (GLUT1), hexokinase 2 (HK2) and lactate dehydrogenase A
(LDHA), which lead to increased glucose consumption and lactate production. MYC
promotes the conversion of glucose to pyruvate and elevates expression of pyruvate
dehydrogenase kinase 1 (PDK1) to supply oxidative phosphorylation (OXPHOS) with
pyruvate derived acetyl-CoA™%.

The activation of both c-MYC and MYCN promotes glutamine metabolism via up-regulation
of glutamine transporters™*. Moreover, MYC promotes expression of mitochondrial
glutaminase (GLS), the first enzyme in the glutaminolysis pathway, by suppressing miRNAs
that target GLS. Some MYC overexpressing cell lines are characterized by glutamine-
depending proliferation, its removal initiates apoptosis®.
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MYC enhances OXPHOS and aerobic glycolysis to stimulate cell cycle progression.
Furthermore, increased mitochondrial biogenesis and production of lactate and pyruvate
associated with high MYC expression is essential for the rapid cell cycle entry®. In
conclusion, MYC targets include the genes involved in the main energy metabolism
processes (OXPHQOS, glycolysis and glutaminolysis) to support cell proliferation.

1.3.6 The mechanisms of deregulation of MYC expression in cancer

Low levels of MYC expression is observed during normal proliferation processes®’, at the
same time alterations in MYC expression is found in approximately 70% of human cancers.
Deregulation of the MYC genes is a consequence of several processes: chromosomal
translocations, amplifications, single nucleotide polymorphisms in regulatory elements and
mutations in upstream signaling pathways. Chromosomal translocation mainly occurs in
leukemia and Burkitt’s lymphomas®®“ while amplifications occur in solid tumors. Enhanced
expression of oncogenes results in overexpression of MYC proteins and abnormal activation
of its downstream targets. Proliferation of cancer cells with high MYC level is independent of
growth-factor promotion, which leads to uncontrolled proliferation, one of the hallmarks of
cancer. Furthermore, enhanced MYC expression facilitates abnormalities in chromatin
structure, metabolic processes, ribosomal biogenesis, cell death and angiogenesis’%%101

The crucial role of the MYC oncogene may be explained by its impact as a transcription
factor on a huge set of genes involved in carcinogenesis'®. Targets of MYC or “MYC
signatures” have been identified in a broad range of human malignancies'®*%. Importantly,
these MY C signatures involved in different processes display low overlap, making it difficult
to generalize MYC’s oncogenic properties based on one set of genes'®*”’. MYC functions
not only as a classical transcription factor regulating gene expression though the recruitment
of the transcription apparatus to promoters, but also by stimulating transcription elongation in
cancer cells®1%81%,

Amplification of the MYCN oncogene has been found in approximately 25% of NB cases and
it is used in the clinic as a genetic marker for poor outcome'’. Like c-MYC, MYCN directly
activates genes that limit proliferation and increase apoptosis.

1.3.7 Targeting MYC in cancer

MYC oncogene activation is one of the most common hallmarks of cancer cells. High level of
MY C expression is involved in cancer initiation and progression, and is often associated with
an aggressive tumor phenotype and chemotherapy resistance. These factors make MYC an
attractive therapeutic target. Unfortunately, MYC does not display enzymatic activity, in
addition the structure of the protein lacks any pocket suitable for small molecule inhibitors.
There are however several strategies for MYC targeting. Direct inhibitors interrupt MY C-
MAX dimerization and prevent DNA binding as well as increased MYC protein degradation,
while indirect inhibitors target transcriptional initiation shown to be specific for MYC'!*2
(Figure 6).

The activity of MYC requires its interaction with its protein partner MAX*, interruption of
MYC-MAX dimerization is direct approach to target MY C functions. During the last decades
many small chemical compounds were designed to inhibit MYC-MAX binding**®. Two
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examples of these compounds are 10058-F4 and 10074-G5 that are able disrupt MYC-MAX
complex and induce cancer cell death and differentiation in vitro'*. The small molecule KJ-
Pyr-9 was identified as a MYC inhibitor in the screen of pyridine library. KJ-Pyr-9 prevent
MYC-MAX complex formation in the cells, very importantly, it has a striking effect on
cancer cell growth in vivo'®. Nevertheless, inhibition MYC activity through interruption
MYC-MAX heterodimerization requires further studies to improve specificity and
effectiveness (Figure 6 A).

One of the effective strategies to disrupt MYC-MAX dimerization is the use of a small (90
amino acids) protein, Omomyc. It is a dominant negative molecule derived from the
bHLHZip region of MYC,; it is able to form homodimers with MYC to prevent its DNA
binding and initiating transcriptional activation. At the same time the functions of MYC
which do not require E-box binding remain unaffected™®*!" (Figure 6 A). The studies in
double transgenic animals with overexpressed MYC and conditionally expressed Omomyc
demonstrate the capacity of Omomyc to affect cancer cells selectively. Systemic expression
of Omomyc significantly affects proliferation rate of rapidly dividing cells, while at the same
time cells death did not increase in normal cells**®,

The small molecule JQ1 was identified in a molecular screen. It prevents transcriptional
elongation through the binding to acetyl lysine binding site of BET proteins, which result in
dislocation of BRD4 from chromatin''®. Several studies reported the efficiency of JQ1 in
vitro and in vivo in human malignancies such as triple negative breast cancer, acute myeloid
leukemia, multiple myeloma and neuroblastoma®®*?*. The anti-tumorigenic effect of JQ1 is
strongly associated with MYC downregulation and its targets®®**'?° JQ1 affects MYC
through inhibition of BRD4 one of the members of BET family, involved in regulation of
MYC transcription*?® (Figure 6 B). The new generation bromodomain inhibitor I-BET has
been reported to increase cell death in neuroblastoma cells in vitro and to reduce tumor
burden in vivo in mouse models'?**#’. Members of the BET (bromodomain and extraterminal
domain) protein family bind to acetylated lysines on histones in order to recruit the essential
elements for the transcriptional elongation™*.

A recent report highlighted another approach to target MY C indirectly. The cyclin-dependent
kinases have a crucial role in regulation of transcription initiation and elongation. The CDK7
subunit of TFIIH enhances transcriptional initiation, elongation and pause relies through
phosphorylation of carboxy-terminal domain of RNA polymerase 11'%. Specific inhibition of
CDKT results in significant impact on the transcription of the cell-cycle regulators, including
MYC™ % (Figure 6 B). The novel covalent compound THZ1 was discovered and
characterized as a specific CDK?7 inhibitor™®. Importantly, THZ1 selectively inhibits growth
of MYCN-amplified NB cells and demonstrates high efficacy in NB mouse models***

Recently it was demonstrated that inhibition of Aurora kinase A (Aurora-A) is an effective
approach of indirect MYC targeting. Aurora kinase is very important for mitotic processes
and is expressed in many human cancers. Aurora-A forms a complex with MYC and prevents
its degradation. Downregulation of Aurora kinase A results in MYC degradation and cell
death™®**, One of the potent Aurora-A inhibitors is small molecule alisertib, which
demonstrates anti-tumorigenic activity in different types of human malignancies
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Figure 6. A schematic overview of approaches MYC targeting in cancer. (A) Examples of direct
strategies to interfere with MYC-MAX dimerization. (B) Examples of indirect MYC targeting via
regulation of its transcription.

Importantly, alisertib has been shown to effective in decreasing proliferation of NB cells
134

both in vitro and in vivo™".

Synthetic lethality is a definition used for increase cell death as consequence of the combined
alteration in the expression two or more genes, whereas deregulation of only one gene will
not have the same effect. The analysis of the transcriptome of MY C-overexpressing tumors
identified genes involved in synthetic lethal relationship with MYC, such as the AMPK-
related kinase 5, BUD31, LDHA and the checkpoint kinase 1 (CK-1)**7%. Targeting
synthetic lethal interactions of MYC is a promising approach in anti-cancer therapy.

1.4 CANCER METABOLISM

Cancer metabolism applies to all modifications in cellular metabolic pathways, which is
altered in cancer cells compared to the majority of normal cells. Metabolic changes are one of
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the emerging hallmarks of cancer and involve modifications in glycolysis, OXPHOS and the
ability of cancer cells to reprogram metabolic processes in order to adapt to high energy

demand conditions’.
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Figure 7. Difference in metabolic pathways between normal and cancer cells. Normal cells
predominantly breakdown glucose to pyruvate, which is oxidized to CO, via the Krebs cycle and
mitochondrial respiration, generating 36 ATP molecules per glucose molecule and 2 ATP molecules
via anaerobic glycolysis. Many cancer cells metabolize glucose to lactate, producing 4 ATP molecules
per molecule of glucose.

1.4.1 Aerobic glycolysis versus oxidative phosphorylation

Energy production in normal cells depends on mitochondrial oxidative phosphorylation,
which generates 16 times more adenosine triphosphate (ATP) than glycolysis. Nonetheless,
cancer cells exhibit increased uptake of glucose for aerobic glycolysis. This phenomena is
known as the Warburg effect, and was first described in the 1920s by Otto Warburg*®. The
idea was initially based on a hypothesis that mitochondrial dysfunction is common for
cancer cells. However, during the past decades, numerous scientific reports demonstrated
that in a majority of cancers, mitochondrial respiration is intact™****2. Cancer includes more
than 200 types of diseases, which differ by the cell of origin, localization of the primary
tumors, mutations, age of patients and metastasis. Quite often, the single tumor consists of
cell populations characterized by different metabolic phenotypes, depending on the stage

and the microenvironment*,

Recent studies proposed the idea that the Warburg phenotype is a not the result of
decreased mitochondrial respiration, but rather of enhanced glycolysis and that inhibition of
the glycolytic function may induce OXPHOS. Cancer cells have a spare respiratory
capacity, which may compensate ATP production upon inhibition of aerobic glycolysis.
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Functional connection between OXPHOS and glycolysis has been established in many
types of human cancers. For instance, inhibition of LDHA, a member of aerobic glycolysis
pathway, in cancers cells result in enhanced OXPHOS*. Malignant astrocytoma cells
exhibit a glycolytic phenotype; however upon glucose deprivation a condition that
demonstrates a progressively elevated mitochondrial respiration™**

Recent studies highlighted a novel hypothesis - the reverse Warburg effect. The classic
Warburg effect is the observation that upon hypoxic conditions enhanced glucose uptake
result in increased level of lactate released to cytoplasm. The reverse Warburg effect
facilitates cancer cell proliferation via high aerobic glycolysis where lactate is converted to
pyruvate to support ATP production via OXPHOS in cancer associated macrophages 4.
These results indicate that the connection between mitochondrial OXPHOS and glycolysis
are cooperative rather, than competitive.

1.4.2 Metabolic adaptation is a critical factor for cancer aggressiveness

Metabolic reprogramming is a critical step in cancerogenesis, important not only for cancer
cell proliferation and biomass synthesis, but also for cell adaptation to the low oxygen level
and energy demand condition, which is associated with low levels of nutrients. Indeed, one of
the hallmarks of cancer is metabolic switching to aerobic glycolysis, via overexpressing of
glucose transporters and increased level of glucose fermented to lactate'®’. In addition, there
are more and more evidence about intact and fully functional mitochondria in cancer'*.
Recent studies demonstrate that some cancer cells exhibit metabolic plasticity, where
OXPHOS and aerobic glycolysis may be reversible****°, Also, different types of the same
cancer can be characterized by dissimilar energy metabolism phenotypes****!. Furthermore,
the same cancer cells display different metabolic profile depending on the level of energetic
substrates. For example, short term glucose deprivation, results in elevated mitochondrial
respiratory capacity in breast cancer cells*2 The study of melanoma cells in vivo highlighted
that metabolic alterations in primary tumors and metastasis differ>>. Many solid human
cancers exhibit a high glycolytic rate, but even then, the majority of ATP (around 30
molecules) are produced via OXPHOS™ 1>,

A deeper understanding of the metabolic plasticity of cancer cells is essential for developing
new targeting anti-cancer therapy and it can meet great challenges, since the majority of
novel drug targets were identified during well controlled experiments.

1.4.3 Fatty acid biosynthesis (Lipogenesis)

Fatty acids (FA) include several molecule types, which differ in lengths and level of
saturation of the hydrocarbon chains. The main components of biological membranes are
cholesterol, phospholipids and glycolipids. FAs form the lipophilic tails of phospholipids and
glycolipids. Many type of cancer cells display an enhanced rate of de novo lipid synthesis,
which requires high level of FAs. De novo FA biosynthesis, or lipogenesis, in the mature
mammalian organism delimited to the several organs, such as liver, the lactating breast and
adipose tissue'®. Elevated rate of FA synthesis in cancer cells may be a consequence of
energy demand due to high proliferation rate and/or decreased dietary or serum derived lipids
in the tumor microenvironment. Besides, the activation of FA synthesis can be a result of
genomic alterations in cancer cells.
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Lipogenesis plays a very important role during cancerogenesis. FA synthesis not only
provides the majority of the building blocks for cell growth and serves as a fuel for
mitochondrial energy production, but is also involved in the regulation of signaling pathways
related to cell proliferation and metastasis. Oxidation of FAs produces the double the amount
of energy compered to glucose oxidation. Few scientific reports demonstrate that FA f-
oxidation is essential for the survival of cancer cells upon impaired glycolysis*’*.
Targeting de novo FA synthesis and oxidation may be used for developing of a promising
anti-cancer therapeutic strategy.

1.4.4 Targeting cancer metabolism

Abnormal metabolic pathways depend highly on available nutrition and are attracted in order
to target proteins involved in glucose transport (GLUT1 and GLUT4) and glycolytic enzymes
(HK2, PKM2 and LDHA); in glutaminolysis (GLS); in fatty acid biosynthesis (FASN) and
fatty acid oxidation (CPT1); the complexes of mitochondrial respiration and APT production.
Targeting cancer metabolism is one of the most important and novel approach in the clinic, a
few examples of interfering with energy production pathways in cancer is illustrated in
(Figure 8) and discussed below.

The members of the glucose transporter protein family (GLUT) are responsible for glucose
transport through the plasma membrane and are often found upregulated in many human
malignancies***'®. Targeting two members of the family, GLUT1 and GLUT4, have been
successful in in vitro studies. A total block of GLUTL1 expression by the small molecule
WZB117 reduces glucose uptake, reduces cellular proliferation and increases the sensitivity
of the breast cancer cell to radiotherapy®!. Ritonavir, a protease inhibitor, targets GLUT4 and
decreases viability of glucose dependent multiple myeloma cells'®?. Treatment with 2-DG, an
inhibitor of the key glycolytic enzyme HK2 results in cell cycle arrest and significant
apoptosis in various human cancers*®****. Two more inhibitors of HK2 activity, LND and 3-
BrPA have been shown to have potent potential as anti-cancers agents’®*®’. LDHA is a
member of the glycolytic pathway and catalases pyruvate conversion to lactate to facilitate
cancers cell’s proliferation. Inhibition of LDHA has been proven as a promising strategy for
hereditary leiomyomatosis and renal cell cancer'®®%°,

Glutaminolysis is one of three main fuel sources for mitochondrial respiration and a precursor
for lipid synthesis'’®. Also, many cancer cells exhibit “glutamine addiction” and its
withdrawal results in cell death. GLS is an enzyme essential for glutamine conversion to
glutamate found to be upregulated in cancers cells. The small molecule BPTES is a GLS
inhibitor which reduces proliferation rate in cancer cells, for instance in glioblastoma cell
lines and decreases tumor progression in renal cell cancer and breast carcinomas in vivo'"**"2,
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Figure 8.A schematic overview of metabolic pathways in cancer. The red boxes indicate examples
of chemical compounds, which target key enzymes and interfere with the energetic activity of cancer
cells.

The mitochondrial respiratory chain includes several complexes, which facilitate electron
transport by oxidation-reducing reactions essential for ATP production. Targeting the
complexes of the electron transport chain (ETC) leads to a slowdown in biomass growth of
proliferative cells. Metformin decreases liver glucose production and is associated with
increased insulin sensitivity and weight loss and, importantly it is the most commonly used
anti-diabetic drug worldwide. Recently, metformin was identified as potent inhibitor of
mitochondrial respiration and tumor growth suppressor via inhibition of complex I in the
ETC173’174.

Elevated levels of lipogenesis and overexpression of fatty acid synthase (FASN) are found in
different types of cancers'”>*"®. Lipid de novo synthesis is essential for the production of
building blocks in rapidly proliferating cells and as a source of mitochondrial fuel for ATP
generation*””. Cerulenin is organic compound isolated from Cephalosporium caerulens
which inhibits FASN activity with anti-tumorigenic effect'’®'"®. Treatment with another
FASN inhibitor orlistat, an anti-obesity drug, leads to a promising outcome of reduced
proliferation and decreased angiogenesis in cancer cells® ! Inhibition of Acetyl-CoA
carboxylase (ACC), a key enzyme of fatty acid synthesis pathway, by the small molecule
TOFA results in decreased proliferation of ovarian tumors in vivo'™'. Also, targeting of ACC
by the antifungal polyketide soraphen A results in reduced ability to form spheres and
decreased population of cancer stem cells in breast cancer cell lines'®?. Recently it has been
shown that inhibition of p-oxidation results in selective growth inhibition of MYC-
overexpressing triple-negative breast cancer cells in vivo.

Overall these results highlight that targeting cancer metabolic pathways is a promising anti-
tumorigenic therapeutic strategy.
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2 AIMS

The overall aim of this thesis was to target MYCN and study the biological consequences of
altered MYCN expression in NB using a combination of different methodological
approaches.

The specific aims of the individual papers constituted the present thesis:

I.  To target MYCN-MAX interaction with small chemical molecules previously shown
to inhibit MYC-MAX heterodimerization and to analyze the biological consequenses
of MYCN inhibition in NB cells.

Il.  To investigate the impact of MYCN on energy metabolism in NB using a
combination of proteomics, transcriptomics and functional data analysis, as well as

targeting of a neuroblastoma xenograft model in vivo.

I1l.  To explore how the de novo synthesis of FAs is connected to cell differentiation in
NB cells.

IV. To study the impact of crosstalk between NHRs and the MYC pathway activity
during NB pathogenesis and diffrentiation.
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3 RESULTS AND DISCUSSION
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3.1 PAPER I. MYC INHIBITION INDUCES METABOLIC CHANGES LEADING
TO ACCUMULATION OF LIPID DROPLETS IN TUMOR CELLS

The MYC transcription factors are associated with a broad range of human cancers. MYC is
also an essential factor for initiation and progression of tumorigenesis®. The high-risk NB
group is characterised by MYCN-amplification and very poor prognosis. Also, MYCN is
known to inhibit neuronal differentiation and promote the proliferation rate of cancer cells.
MYCN activity requires its interaction with MAX in the same manner as for c-MYC.
Targeting MYC is a solid basis for developing a novel anti-cancer therapeutic approach.
During the last decades, many small molecular weight chemical compounds have been
identified as direct c-MYC inhibitors, targeting c-MYC-MAX dimerization'®****. In contrast,
the direct inhibition of MYCN is not well studied.
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Figure 9. A graphic summary of paper I. MYCN downregulation in MYCN-amplified neuroblastoma
cells by 10058-F4 and/or MYCNshRNA results in increased cell death, neuronal differentiation and
lipid droplet accumulation; targeting MYCN in vivo prolongs survival.

The aim of paper | was to target the MYCN-MAX complex in MYCN-amplified
neuroblastoma cells using a small c-MYC binding molecule 10058-F4 in vivo and in vitro.
Paper | contains several original discoveries summarized in Figure 9. We found that the c-
MY C inhibitor 10058-F4 is also potent against MYCN. This molecule induced cell death and
reduced cell growth and migration in MNA NB cells. Furthermore, 10058-F4 treatment of
transgenic Th-MYCN mice, which spontaneously develop NB, significantly prolonged
survival. MYCN is also a known suppressor of cellular differentiation. We showed that
10058-F4 treatment is associated with neuronal differentiation, upregulation of the NGF
receptor TrkA and that NGF treatment potentiates the 10058-F4-induced differentiation in
MNA NB cells. Importantly, we found that chemical targeting of the MYCN-MAX complex
or genetically-induced MYCN downregulation using shMYCN resulted in accumulation of
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lipid droplets in MNA NB cells, suggesting that MYCN is an important regulator of
metabolism.

To further analyze the biological consequences of 10058-F4 treatment in MYCN-amplified
NB, we applied a quantitative proteomics approach using a SK-N-BE(2) NB cell line treated
with 10058-F4. In parallel, we downregulated the expression of MYCN using short hairpin
RNA (shRNA) and compared the proteome profiles after MYCN knock-down and after
10058-F4 treatment. By mass spectrometry based proteomics we demonstrated that MYCN
as well as c-MYC are the top two transcription factors among the predicted targets of 10058-
F4. Pathway analysis based on the identified proteins demonstrated that the biological effect
of 10058-F4 treatment highly correlates with the outcome of genetic downregulation of
MYCN using shRNA. According to Ingenuity prediction analysis, OXPHOS and B-oxidation
were the most significantly affected canonical pathways. The detailed pathway analysis of the
generated protein profile highlighted the possible link between MYCN-regulated metabolic
processes, mitochondrial dysfunction and aggressiveness of NB.

Importantly, during our experiment with 10058-F4 and MNA NB cells we made an
unexpected discovery, we found that cells accumulated intracellular lipid droplets. Using
several different approaches of MYCN targeting, such as the small molecule JQ1 as well as
MYCN specific sShRNA, and several stable transduced cell lines we demonstrated that the lipid
accumulation is a direct consequence of MYCN inhibition. The analysis of tumor tissue from
10058-F4 treated animals showed increased lipid accumulation also in vivo. Our data
suggested that only inhibition of abnormal MYC expression results in lipid accumulation,
since targeting of physiological MYC level in primary fibroblasts did not show this effect.

Furthermore, inhibitors against the major metabolic pathways showed that only targeting of
OXPHOS and B-oxidation, but not of glycolysis-associated enzymes or fatty acid synthase,
resulted in accumulation of lipid droplets. The targeting of ETC complexes and B-oxidation
by specific inhibitors resulted in lipid droplet accumulation in NB cells, which supported our
hypothesis that lipid accumulation is the result of decreased lipid oxidation. This idea also has
been indirectly supported by our results demonstrating that inhibition of ACC, an enzyme
involved in de novo FA synthesis, prevented lipid accumulation initiated by 10058-F4.
However this result could be explained by promoted p-oxidation via increased levels of
malonyl-CoA. In contrast, targeting of the fatty acid synthesis pathway via the inhibition of
FASN by cerulenin did not prevent lipid droplet formation. Together our data suggests that
sustained lipid synthesis and decreased proliferation rate are not major sources of intracellular
lipid accumulation.

To estimate the impact of metabolic alterations on patient survival, we analyzed an mMRNA
data set generated from 251 NB patients. Importantly, several genes encoding the metabolic
proteins downregulated by 10058-F4 correlated with increased survival in NB patients.

Our study demonstrates that the c-MYC inhibitor 10058-F4 in addition targets the MYCN-
MAX dimer and induces MYCN downregulation. Cell cycle arrest, increased apoptosis and
differentiation are other outcomes of 10058-F4-induced MYCN inhibition in vitro.
Furthermore, 10058-F4 treatment prolonged the survival of transgenic Th-MYCN mice and
delayed tumor growth in a NB xenograft mouse model.
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Our findings reported in paper | demonstrate that direct targeting of MYCN activity is a
solid basis for developing of novel promising therapeutic approaches. Also for the first time
we show a strong connection between MYCN-amplification and altered mitochondrial
respiration, as well as lipid metabolism.
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3.2 PAPER Il. FATTY ACID-DEPENDENT OXIDATIVE PHOSPHORYLATION IS
THE MAJOR SOURCE OF ENERGY PRODUCTION IN MYCN-AMPLIFIED
NEUROBLASTOMA CELLS
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Figure 10. A graphic abstract of paper Il. MNA NB cells characterised by enhanced aerobic glycolysis
and fatty acid dependent OXPHOS. Inhibition of B-oxidation potentiates neuronal differentiation in
NB in vitro and reduces tumour burden in vivo.

In paper | our findings indicated a strong connection between MYCN and metabolic
alterations in MNA NB cells. To expand on these previous discoveries, we used a stably
transduced MNA NB cell line SK-N-BE(2), (BE(2)shMYCN), where MYCN expression was
downregulated by doxycycline treatment for 24 and 48 hours. Next we applied a mass
spectrometry based high-resolution quantitative proteomics approach, which allowed us to
identify more than six thousand proteins®*#’. We compared the quantified protein profile
generated from MNA NB cells with a gene expression data set of 649patients. The analysis of
protein and gene expression highlighted changes in key enzymes involved in glycolysis (e.g.
hexokinase 2, HK2; aldolase C, ALDOC, LDHA); B-oxidation (e.g. hydroxyacyl CoA
dehydrogenase, HADH) in MYCN-amplified NB. We found significantly higher levels in
MCYN-amplified cell lines, compared to NMNA cells, of components of the Krebs cycle (e.g.
isocitrate dehydrogenase, IDH2, citrate synthase, CS, oxoglutarate dehydrogenase-like,
OGDHL), which are essential for cancer progression and are associated with poor patient
outcome in MYCN-amplified NB.

Gene set enrichment analysis of the protein profile of BE(2)shMYCN cells showed that a
large number of proteins which were overexpressed in MNA NB cells are associated with
mitochondrial respiration (e.g. NDUFS1, SDHB, COX5B, ATP5F2) and mitochondrial
translation processes (e.g. mitochondrial ribosomal protein S28, MRPS28, mitochondrial
ribosomal protein S27, MRPS27, glutaminyl-tRNA synthase (glutamine-hydrolyzing)-like 1,
QRSL1). Importantly, high expression of these proteins and genes correlated with poor
prognosis in NB patients. MYCN has been shown to enhance the metabolic activity of
mitochondria™®. We demonstrated that the proteins involved in the mitochondrial biogenesis
(e. g. mitochondrial fission process 1, MTFP1 and including optic atrophy 1, OPA1), which
correlated with poor prognosis in NB patients, were upregulated in MNA NB cells.
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To functionally access the metabolic alteration indicated by data analysis we applied Agilent
Seahorse XF technology, which provide the information about main energy parameters and
the metabolic phenotype of the cells. Importantly, the metabolic profiling performed using an
extracellular flux analyzer showed that MNA NB cells display both enhanced glycolytic and
respiratory capacity compared to NMNA NB cells. Also, in response to high energy demand
conditions, such as inhibition of mitochondrial ATP production and/or uncoupling of
mitochondrial respiration, MNA cells significantly increased the glycolytic rate and the
mitochondrial capacity. Thus, our functional data demonstrates that MYCN-amplified NB
cells are characterized by a high energetic metabolic phenotype.

In addition, we found that MYCN stimulates exogenous fatty acid oxidation (FAQO) in NB
cells, an important metabolic pathway in many types of cancer cells*®'* Based on this
observation and our data analysis we hypothesized that OXPHOS is the main source of fuel
in high energetic NB cells. There are three main fuels of mitochondrial respiration: glucose,
glutamine and fatty acids. We measured the oxygen consumption rate (OCR) in
BE(2)shMYCN cells in the presence and absence of specific metabolic inhibitors. UK5099,
which blocks glucose oxidation, via inhibition of mitochondrial pyruvate carrier (MPC),
etomoxir, which inhibits f-oxidation of FA via targeting of CPT1, and BPTES which inhibits
CSL1 and suppresses glutaminolysis. The drop in OCR in live cells upon acute etomoxir
treatment suggests that 75 % of mitochondrial respiratory capacity or OXPHOS is fatty acid
dependent in BE(2)shMYCN cells.

We next analyzed the level of the key enzyme of B-oxidation, CPT1 in a neuroblastoma
patient data set and found that high expression of CPT1 does not depend of MYCN expression
level. However, high expression of CPTL1 correlates with reduced survival of NB patients
with high MYCN level specifically. Additionally, the obtained data shows that CPT1
inhibition decreases survival of MNA NB cells, but has non-significant impact on the
viability of NMNA NB cells. Furthermore, etomoxir treatment potentiated neural
differentiation in MNA NB cells and reduced tumor burden in vivo.

During cancerogenesis, cells reprogram their metabolism in order to sustain a high
proliferation rate. However, very little is known about the metabolic phenotype of MNA NB.
Understanding of MYCN regulated metabolic processes in NB could provide essential
information for development of novel therapeutic strategies.

Taken together, our findings (Fig. 10) provide novel information about MY CN-mediated
high-energetic metabolic phenotype in NB, which can be a possible mechanism of cancer cell
survival during NB pathogenesis. We further highlight the crucial role of FAO in
aggressiveness of MNA NB cells. For the first time, we showed that MNA NB cells display
fatty acid dependent OXPHOS and that inhibition of fatty acid p-oxidation specifically
targets MNA NB cells. Most importantly, our in vivo study demonstrated reduced tumor
burden in a MNA NB xenograft mouse model upon etomoxir treatment.

In summary, our data suggest that inhibition of fatty acid oxidation in MYCN-amplified
neuroblastoma may be used for the improvement of therapeutic strategies in one the most
aggressive childhood cancers.
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3.3 PAPER Ill. INDUCTION OF NEURAL DIFFERENTIATION IN NEUROBLASTOMA
UPON INHIBITION OF DE NOVO FATTY ACID SYNTHESIS

In paper I we demonstrated that lipid metabolism could be linked to the induction of
differentiation of NB cells upon MYCN inhibition. The aim of paper 111 was to study how
the de novo synthesis of fatty acids is connected to cell differentiation in NB cells. We found
that this inhibition resulted in several biological effects, such as downregulation of MYCN,
mitochondrial dysfunction and neural differentiation in neuroblastoma cells.
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Figure 11. Graphic abstract of paper Illl. Targeting of de novo synthesis of fatty acids in
neuroblastoma cells initiates neural differentiation, leads to MYCN downregulation, increased
mitochondrial dysfunction and glycolytic capacity of NB cells.

Reduced overall survival of neuroblastoma patients correlated with high expression of the
two main enzymes involved in the fatty acid synthesis pathway, acetyl-CoA carboxylase
(ACC) and fatty acid synthase (FASN). Therefore, we used four different chemical
compound targeting fatty acid synthesis; cerulenin and orlistat inhibiting FASN and TOFA
and soraphen A inhibiting ACC. All four small molecules reduced neuroblastoma cell
viability. In addition, treatment during 7 days resulted in MYCN downregulation and
induction of neurite outgrowth in MNA NB cells. Furthermore, we showed that targeting
fatty acid synthesis initiated neurite outgrowth not only in several MNA NB cell lines, but
also in non-MYCN-amplified NB cells. Inhibition of fatty acid synthesis leads to deprivation
of intracellular fatty acids. To investigate whether the observed differentiation was a
consequence of reduced levels of intracellular fatty acids, we treated SK-N-BE(2) cells with
TOFA or cerulenin in the presence of BSA-coupled palmitate or BSA alone as a control. We
found that exogenously added palmitate or oleate did not prevent compound-induced
differentiation or MYCN inhibition in SK-N-BE(2) cells. Furthermore, our results indicated
that BSA-coupled palmitate or oleate were able to induce neurite outgrowth by itself. Next,
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we demonstrated that 7 days lack of either glucose or glutamine in the cell culture medium
did not result in differentiation in SK-N-BE(2) cells and we thus concluded that not all
nutritional stress conditions induce neural differentiation.

Previously we demonstrated that MYCN inhibition leads to enhanced mitochondrial
dysfunction in MNA NB cells. To investigate the functional consequences we performed
extracellular flux assays to study the effect of targeting of fatty acid synthesis and found that
inhibition of ACC reduced mitochondrial respiration in MNA NB cells. Besides, our results
indicated increased glycolytic capacity in NB cells upon inhibition of de novo synthesis of
FA.

Anti-cancer therapy is associated with severe side effects, with are consequences of the high
toxicity for non-transformed cells. Thus therapeutic approaches based on induction of cellular
differentiation are very promising. After embryonic development, only adipose tissue, liver
and the lactating mammary gland display lipogenesis, this may reduce the negative impact of
FA synthesis on targeting of non-cancer cells. Lipogenesis is a well-established hallmark
associated with many different type of human tumors’. The analysis of a transcriptome data
set demonstrated a correlation between high expression of two key enzymes of de novo FA
synthesis, ACC and FASN, and reduced overall survival in NB patients. In paper 111 we
showed increased neuronal like outgrowth, as well as an elevated expression of
differentiation markers upon inhibition of de novo synthesis of fatty acids in both MNA and
NMNA NB cells. Also, our results indicate that MYCN and c-MYC expressions were
reduced in several NB cell lines in response to inhibition of lipogenesis. It is very well known
that high MYCN expression is associated with a non-differentiated tumour phenotype, and
that MYCN inhibition promotes neurite-outgrowth in NB. In contrast, according to our data
¢c-MYC inhibition in NB is not always followed by neuronal differentiation. The reason for
these differences is not known.

In paper Il we showed that FA is the main source of energy in NB cells. Therefore,
increased neuronal differentiation may be the result of nutritional stress. In paper 111 we
therefore studied the effect of glucose and/or glutamine withdrawal in NB cells and
demonstrated that their deprivation did not initiate morphological changes in NB cells.
Furthermore, the effect of FA synthesis inhibition was neither reversed by exogenously added
palmitate nor by oleate. The findings reported in paper 111 indicate that inhibition of fatty
acid synthesis in NB cells results in neuronal differentiation, but this effect was not the
consequence of fatty acid withdrawal per se.

Previously we reported that MYCN downregulation in NB cells results not only in neuronal
differentiation, but also in enhanced mitochondrial dysfunction. Moreover, the data presented
in paper Il highlighted that FAs are the main the source for mitochondrial energy
production. In paper Il we then demonstrated that neural differentiation of NB cells is
connected not only with MYCN downregulation, but also with mitochondrial biogenesis
(Figure 11). The functional assays supported our idea showing that targeting de novo
synthesis of fatty acids in vitro reduces the mitochondrial respiratory capacity in NB.

Together, our study shows that targeting of the fatty acid synthesis pathway in NB may be the
basis for development of novel therapeutic approaches for NB treatment.
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3.4 PAPER IV. REGULATION OF NUCLEAR HORMONE RECEPTORS BY
MYCN DRIVEN MIRNAS IMPACTS NEURAL DIFFERENTIATION AND
SURVIVAL IN NEUROBLASTOMA PATIENTS
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Figure 12. Graphical abstract of paper IV. MYCN-regulated miR-17~92 cluster suppresses neural
differentiation via targeting of members of nuclear hormone receptors family (NHR). Combination of
MYCN inhibition and glucocorticoid activation promote neural differentiation and reduce tumor
burden. (Reprinted from Ribeiro et al, Cell reports 2016 with a kind permission from Elsevier).

We previously demonstrated that NB differentiation is inhibited by the MYCN-regulated
miR-17~92 cluster through downregulation of estrogen receptor alpha®. Given that the NHR
family has been associated with differentiation in cells of neural origin, we hypothesized that
several other NHRs also could play a role in the development and/or progression of
neuroblastoma. Thus, the aim of Paper IV was to investigate the regulation of NHRs in
MYCN-driven NB. We first applied an in silico prediction analysis to identify miR-17~92
associated binding sites in the 3’-UTRs of all NHR family members. We found that miR-
17~92 target sites are disproportionally enriched in the 3’-UTRs of the NHR superfamily.
Furthermore, our analysis indicated that high expression of several NHRs correlated with low
levels of MYCN and with increased survival in NB patients. Next, using RT-PCR and
TagMan based arrays we evaluated the expression level of NHR family members in a NB cell
line stably expressing miR-17~92 cluster. We found that the genes encoding the
glucocorticoid receptor (GR), peroxisome proliferator-activated receptor beta delta (PPARD),
liver X receptor B (LXRB), and nuclear receptor related 1 (NURR1) were downregulated.
Using luciferase reporter constructs containing the wildtype or mutated 3’-UTRs from the
NHR-encoding genes; we verified that these are the direct targets of miR-17~92. We
furthermore found that the nuclear receptor coactivator 1 (NCOAL) is a direct target of miR-
18a, and thus that further NHRs may be targeted via NCOAL.
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The analysis of one mRNA data set from 649 NB patients highlighted the association of high
expression of NHRs with increased overall survival in NB patients. Besides, we demonstrated
the reverse correlation between the genes encoding the NHRs and MYCN levels.

Since GR was the most downregulated member of the NHR family in MNA NB patients we
focused on this protein. Analysis of cell lines where the MYCN or miR-17~92 expression
could be genetically modulated revealed that GR expression in NB cells is suppressed by
MYCN as well as by miR-17~92. Furthermore, we demonstrated that activation of GR
signaling by its ligand dexamethasone (DEX) enhances neural differentiation and expression
of differentiation markers in NB cells.

We next investigated the significance of MYCN-mediated GR regulation in vivo. Th-MYCN
mice were treated with the small molecule MYC inhibitor 10058-F4 during 6 days. Inhibition
of MYCN led to a two-fold increase in the number of GR positive cells compared to
untreated tumors.

To study the functional role of GR in neuroblastoma, we treated SK-N-BE(2) MNA NB cells
for 6 days with DEX, 10058-F4 and the combination of the MY C inhibitor and DEX (10058-
F4+DEX), where ligand was added after 72 hours of 10058-F4 pretreatment. Incubation with
10058-F4 resulted in decreased MYCN expression and increased GR level in SK-N-BE(2)
cells. We did not detect changes in MYCN expression upon DEX treatment alone, however
the combination treatment potentiated the decrease in MYCN level initiated by 10058-F4.
Also, DEX or combined 10058-F4+DEX treatment suppressed GR expression. Furthermore,
10058-F4 alone or in combination with DEX promoted expression of the differentiation
marker TrkA. Moreover, combination treatment increased the level of the apoptosis marker
cleaved poly (ADP-ribose) polymerase (PARP) and decreased the expression of proliferating
cell nuclear anti-gene (PCNA).

To study the impact of GR on cellular differentiation in NB in another model, we applied our
differentiation scheme to tumor-spheres cells derived from Th-MYCN mice. We obtained
similar results as in SK-N-BE(2) cells. 10058-F4 treatment downregulated MYCN expression
and increased GR levels while incubation of Th-MYCN cells with DEX resulted in MYCN
decrease and combination treatment potentiated this effect. Furthermore, all treatments
involved in our approach resulted in reduced expression of miR-17, miR-18a and miR-19a.
We generated stably expressing GR MNA NB cell lines for further understanding of GR
functions in NB pathogenesis. Activation of GR in these cells resulted in decreased MYCN
levels as well as elevated expression of the TH neural differentiation marker.

Next, we employed our treatment scheme to in vivo experiments using a NB xenograft model
using the highly aggressive SK-N-BE(2) cells. Indeed, MYCN inhibition followed by
activation of GR signaling resulted in a significant reduction in tumor burden.

The data reported in paper 1V highlighted the importance of the NHR family as targets of the
miR-17~92 cluster for neuroblastoma pathogenesis. Our results demonstrate that increased
expression of GR not only promoted neural differentiation, but also decreased MYCN
expression in MNA NB cells. Furthermore, GR signaling resulted in upregulation of
canonical differentiation markers in neuroblastoma.
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Taken together our findings summarized in Figure 12 reveal MYCN-mediated deregulation
of NHRs through the miR-17~92 cluster as a critical factor in NB tumorigenesis. Importantly,
these recent findings can contribute to the development of novel therapies for MYCN-
amplified NB.
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4 CONCLUSION AND OUTLOOK

MYCN-amplification is associated with an aggressive type of childhood NB and with poor
outcome for patients. We are aiming to improve the biological understanding of this disease,
which today is the major cause of death from cancer in children. Our recent results included
in this thesis show that it is feasible and possible to directly target the MYCN-MAX dimer. In
addition, these findings support the idea of developing an anti-cancer therapy based on
targeting of MYCN-regulated metabolic processes essential for cancer cell survival and
proliferation in MYCN-amplified NB cells.

Targeting of MYCN and understanding of the biological outcome of MYCN downregulation
in NB is a very challenging goal in cancer research. We reported in paper | that a small
chemical molecule, 10058-F4, previously identified as a c-MYC inhibitor also successfully
targets MYCN-MAX dimerization, which in turn results in MYCN downregulation,
increased neuronal differentiation in vitro and prolonged survival in vivo. We further
demonstrated that is possible to achieve MYCN inhibition by treatment with a low-molecular
weight compound. Besides, we detected intracellular lipid accumulation as a direct
consequence of MYCN downregulation accompanied by mitochondrial dysfunction in
MYCN-amplified NB cells. Together, our findings demonstrated the importance of MYCN-
mediated metabolic processes in NB.

Paper Il and paper 111 are logical continuations of paper 1. Indeed, our data demonstrates
that the aggressiveness of MYCN-amplified NB may be driven by a high-energetic metabolic
phenotype in this type of cancer. In paper Il we reported that MYCN not only maintains a
high glycolysis rate, but also enhances OXPHOS in MNA NB. Using analysis of
transcriptome data, we demonstrated that high expression of key metabolic enzymes
correlated with MYCN-amplification in NB patients. Furthermore, we showed intact
mitochondria and energy production via OXPHOS is critical for MNA NB survival.
Furthermore, in paper 11 we established that mitochondrial respiration is highly dependent
on fatty acids in MNA NB cells. Importantly, our data suggests that targeting of the main
source of mitochondrial respiration - fatty acid oxidation - results in enhanced neuronal
differentiation in vitro and reduced tumor burden in vivo.

Our data clearly demonstrates that MY CN-mediated metabolic alterations are one of the most
prominent features of MNA NB cells. In paper 1l we focused on the investigating the
possible connection between the metabolic and differentiation processes in these cells. Our
results showed that inhibition of de novo synthesis of fatty acids resulted in mitochondrial
dysfunction and in neuronal outgrowth in NB cells. Moreover, we observed MYCN
inhibition upon reduced lipogenesis.

In paper IV we demonstrated that MYCN suppresses neuronal differentiation in NB via
upregulation of miR-17~92 cluster, which targets NHRs. Specifically, MYCN inhibition
results in increased levels of GR and promoted expression of differentiation markers in NB.
Inhibition of MYCN was followed by increased GR expression and reduced tumor burden in
Vivo.
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In conclusion, taken together our findings using small MYC-inhibiting molecules and
metabolic alterations associated with MYCN in NB may be of importance for the
development of new treatment options for high risk NB patients.

The detailed understanding of metabolic processes and the targeting of metabolic enzymes to
regulate specific bioenergetic functions in cancer cells is critical for successful clinical
outcome. Several scientific reports suggest that cancer aggressiveness may be associated with
metabolic reprograming and/or metabolic adaptation. Our data identified MYCN as a main
regulator of MNA NB metabolism, which enhances energetic parameters in NB. Moreover
we demonstrated an importance of mitochondrial biogenesis in MNA NB. Since normal cells
relay on OXPHOS energy production, direct targeting of mitochondria may be very toxic.
Using selective inhibitors for the main fuel sources in cancer cells as well as MYCN
inhibition which result in decreased metabolic activity and decreased cell proliferation may
therefore be more specific for cancer cells.

Our data suggests that the balance between the key enzymes involved in FA synthesis has a
significant impact on NB cells. Further investigation of the connection between the induced
metabolic alterations and neuronal differentiation in NB is needed.

Recently, it was shown that the miR-17~92 cluster is a global regulator of cancer metabolism.
In our previous publication, we demonstrated that this cluster is involved in regulation of
neuronal differentiation in MNA NB. However, the role of the cluster in NB metabolism
remains unclear and needs further studies.

Increased knowledge about the impact of MYCN on metabolic alterations, the detoxification
system and mitochondrial processes will provide not only information about the significance
of MYCN for tumor development, but also expand the knowledge about cancer cell
resistance and survival. Together this will provide new knowledge that can form the basis for
novel therapeutic approaches not only for MYCN-amplified NB but also for other tumors as
MYC is a global oncogene involved in a majority of human cancer.

44



5 ACKNOWLEDGEMENTS

This work was performed at the Department of Microbiology, Tumor and Cell Biology
(MTC), Karolinska Institutet (KI). Mass spectrometry based proteomics was performed at
Life Science Laboratory (SciLife), Stockholm. The projects included in the present thesis
were supported by grants from the Swedish Cancer Society, the Swedish Childhood Cancer
Foundation, the Swedish Research Council, the King Gustaf V Jubilee Fund and Karolinska
Institutet.

On my way to this day | have met smart and beautiful people from different countries. | am
grateful to everyone who has helped me to learn and to understand, who inspired and gave
me the strength to go on. | am grateful to everyone who contributed to this work in any
possible way. It’s really hard to find the correct words, also very difficult to share my
emotions with everyone, but I’d like to thank some people especially.

My main supervisor, Professor Marie Arsenian Henriksson, for giving me the wonderful
opportunity. For your generous support, your trust and enthusiasm, for criticism and always
believing in me.

My co-supervisor, Professor Janne Lehtio, for sharing your expertise in proteomics and
mass spectrometry and your valuable advice.

I’d like to thank all past and present members of Marie Arsenian Henriksson’s group.

Diogo, do not know where to start. Thank you for everything, scientific and not really
scientific discussions, for professional and private advice, for laughing and listening, for
your curiosity and asking the correct questions and our endless WB sessions (my favorite
lab experience). To work with you was really fun and also, I’m happy to be your friend.
Btw, thank you for the coolest name ever!! You know, | have lost my super-powers at age
10, but now I’m anyway looking forward to the coming future!

Johanna, you always were next in the good and not really good times. Thank you for
always being supportive and trying to find a way out from all the crises©. Thank you for a
lot of fun outside of the lab and for our friendship. Dear, life is not a pony farm indeed, but
it is anyway beautiful©

MariaVi, thank you for always being calm and friendly, even in the moments when | do
not deserved it. You are always very fair and strong, always ready to discuss metabolic
pathways and cute cats©. The way how you finished each of your emails to me during last
several weeks, your words mean a lot, thank you.

UIRRRica!! I do not know how many times I run into you and always got an answer and
solution to any question! I miss you in the lab!

Aine, thank you a lot for the proof-reading of my thesis. Now, when you have corrected
99,9 % of the articles in this book, I suddenly, got confidence that my English is good
enough. Btw, | like you daily sharp comments and joks®©.

Sebastian, my only and best student ever, thank you for the contribution to my work.

45



Lourdes and Carolina, kids you are such funny kids®, good luck with everything.

Aida, Elena, Inga, Oscar, Hanna and Anna, Therese, Nikolay and Marcus thank you
guys for creating a nice atmosphere in the lab.

Margareta Wilhelm, thank you for discussions, your amazing commitment is inspiring.
The nicest lab-mates, members of Margareta Wilhelm’s group:

Marina, thank you for being you! For organizing the best parties and always ready to help
with everything.

Ana, you are a tiny Spanish volcano full of energy and ready to explode in any minute. My
little girl, you bring a lot of joy to my life.

Evelyn, it took a long time to know you and it is very nice to have you around.
Habib, you can do it!!!
JoJo, enjoy the coming years.

During, the last several years at MTC, | have developed a nice relationship not only with my
lab-mates, but also outside of our lab.

Nyosha, thank you for all our talks and laughs and good times®©.

Jacob! Since you left, I miss the cups of coffee with you and the conversations about
everything!

I have always been very welcome in Janne Lehtié’s lab. Hanna and Anna, Rui and
Henrik, thank you guys for sharing your knowledge! Also, thank you for our fun
conversations and discussions.

Ele, thank you for the great support and wonderful time, and beautiful memories.

Alejandro Fernandez Woodbridge! Alex, thank you for very your chilled out point of
view on almost everything®©.

I had some nice time in CMM. Helena, Karin, Sven and Joan thank you for fun lunches
and dinners!

Elena, you are my first friend in Sweden and any words will never be enough for you. 5
Te0s1 mr000, Pognas.

Catia, thank you for your generosity and always being ready to share everything you have.

Cuexa, Keka u Upa, neBouku, Mbl 3HAKOMBI COTHIO JIET U sI OYEHb HAJCIOCh, UTO €Il
THICSIYY JIET BCe OyIeT MO-TIPEKHEMY.

Mos 11002 poaAuHa, g BIA4YHA BaM 3a BCC IO A Maro Ta 3a BCC 1IO 4 €.

46



6 REFERENCES

1

10

11

12

13

14

15

16

Coghlin, C. & Murray, G. I. Current and emerging concepts in tumour metastasis. The
Journal of pathology 222, 1-15, doi:10.1002/path.2727 (2010).

Bray, F., Jemal, A., Grey, N., Ferlay, J. & Forman, D. Global cancer transitions
according to the Human Development Index (2008-2030): a population-based study.
The Lancet. Oncology 13, 790-801, doi:10.1016/s1470-2045(12)70211-5 (2012).

Ferlay, J. et al. Cancer incidence and mortality worldwide: sources, methods and
major patterns in GLOBOCAN 2012. International journal of cancer 136, E359-386,
d0i:10.1002/ijc.29210 (2015).

Croce, C. M. Oncogenes and cancer. New England Journal of Medicine 358, 502-511
(2008).

Astrin, S. M. & Rothberg, P. G. Oncogenes and cancer. Cancer investigation 1, 355-
364 (1983).

Weber, J. & McCLURE, M. Oncogenes and cancer. British medical journal (Clinical
research ed.) 294, 1246 (1987).

Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell 144,
646-674, doi:10.1016/j.cell.2011.02.013 (2011).

Hanahan, D. & Weinberg, R. A. The hallmarks of cancer. Cell 100, 57-70 (2000).

Lee, R. C., Feinbaum, R. L. & Ambros, V. The C. elegans heterochronic gene
<em>lin-4</em> encodes small RNAs with antisense complementarity to <em>lin-
14</em>. Cell 75, 843-854, d0i:10.1016/0092-8674(93)90529-Y.

Londin, E. et al. Analysis of 13 cell types reveals evidence for the expression of
numerous novel primate- and tissue-specific microRNAs. Proceedings of the
National Academy of Sciences of the United States of America 112, E1106-1115,
doi:10.1073/pnas.1420955112 (2015).

Yu, J. et al. Human microRNA clusters: genomic organization and expression profile
in leukemia cell lines. Biochemical and biophysical research communications 349,
59-68, doi:10.1016/j.bbrc.2006.07.207 (2006).

Bartel, D. P. MicroRNAS: genomics, biogenesis, mechanism, and function. Cell 116,
281-297 (2004).

Lu, J. et al. MicroRNA expression profiles classify human cancers. Nature 435, 834-
838 (2005).

Loven, J. et al. MYCN-regulated microRNAs repress estrogen receptor-alpha (ESR1)
expression and neuronal differentiation in human neuroblastoma. Proceedings of the
National Academy of Sciences of the United States of America 107, 1553-1558,
d0i:10.1073/pnas.0913517107 (2010).

Lee, Y. S. & Dutta, A. MicroRNAs in cancer. Annual review of pathology 4, 199-227,
doi:10.1146/annurev.pathol.4.110807.092222 (2009).

Zhang, L. et al. microRNAs exhibit high frequency genomic alterations in human
cancer. Proceedings of the National Academy of Sciences of the United States of
America 103, 9136-9141, doi:10.1073/pnas.0508889103 (2006).

47



17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

48

Fabbri, M. et al. MicroRNA-29 family reverts aberrant methylation in lung cancer by
targeting DNA methyltransferases 3A and 3B. Proceedings of the National Academy
of Sciences of the United States of America 104, 15805-15810,
d0i:10.1073/pnas.0707628104 (2007).

Schulte, J. H. et al. MYCN regulates oncogenic MicroRNAs in neuroblastoma.
International journal of cancer 122, 699-704, doi:10.1002/ijc.23153 (2008).

Chang, T. C. et al. Widespread microRNA repression by Myc contributes to
tumorigenesis. Nature genetics 40, 43-50, doi:10.1038/ng.2007.30 (2008).

Cimmino, A. et al. miR-15 and miR-16 induce apoptosis by targeting BCL2.
Proceedings of the National Academy of Sciences of the United States of America
102, 13944-13949, doi:10.1073/pnas.0506654102 (2005).

Manterola, L. et al. A small noncoding RNA signature found in exosomes of GBM
patient serum as a diagnostic tool. Neuro-oncology 16, 520-527,
doi:10.1093/neuonc/not218 (2014).

Ali, S. et al. Deregulation of miR-146a expression in a mouse model of pancreatic
cancer affecting EGFR signaling. Cancer letters 351, 134-142,
doi:10.1016/j.canlet.2014.05.013 (2014).

Mangelsdorf, D. J. et al. The nuclear receptor superfamily: the second decade. Cell
83, 835-839 (1995).

Bookout, A. L. et al. Anatomical profiling of nuclear receptor expression reveals a
hierarchical transcriptional network. Cell 126, 789-799,
doi:10.1016/j.cell.2006.06.049 (2006).

Chawla, A. et al. PPAR-gamma dependent and independent effects on macrophage-
gene expression in lipid metabolism and inflammation. Nature medicine 7, 48-52,
d0i:10.1038/83336 (2001).

Rada-Iglesias, A. et al. A unique chromatin signature uncovers early developmental
enhancers in humans. Nature 470, 279-283, doi:10.1038/nature09692 (2011).

Anand, P., Sundaram, C., Jhurani, S., Kunnumakkara, A. B. & Aggarwal, B. B.
Curcumin and cancer: an "old-age" disease with an "age-old" solution. Cancer letters
267, 133-164, doi:10.1016/j.canlet.2008.03.025 (2008).

Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2015. CA: a cancer journal
for clinicians 65, 5-29 (2015).

MccCall, E. E., Olshan, A. F. & Daniels, J. L. Maternal hair dye use and risk of
neuroblastoma in offspring. Cancer causes & control : CCC 16, 743-748,
doi:10.1007/s10552-005-1229-y (2005).

Tomasetti, C., Li, L. & VVogelstein, B. Stem cell divisions, somatic mutations, cancer
etiology, and cancer prevention. Science (New York, N.Y.) 355, 1330-1334,
doi:10.1126/science.aaf9011 (2017).

Saletta, F. et al. Molecular profiling of childhood cancer: Biomarkers and novel
therapies. BBA Clinical 1, 59-77, doi:10.1016/j.bbacli.2014.06.003 (2014).

Bentzen, S. M. Preventing or reducing late side effects of radiation therapy:
radiobiology meets molecular pathology. Nature reviews. Cancer 6, 702-713 (2006).



33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

Brodeur, G. M. Neuroblastoma: biological insights into a clinical enigma. Nature
reviews. Cancer 3, 203-216, doi:10.1038/nrc1014 (2003).

Ward, E., DeSantis, C., Robbins, A., Kohler, B. & Jemal, A. Childhood and
adolescent cancer statistics, 2014. CA: A Cancer Journal for Clinicians 64, 83-103,
doi:10.3322/caac.21219 (2014).

Le Douarin, N. & Kalcheim, C. The neural crest. (Cambridge University Press,
1999).

Gilbertson, R. J. Medulloblastoma: signalling a change in treatment. Lancet Oncol 5,
209-218, d0i:10.1016/s1470-2045(04)01424-x (2004).

Luscher, B. Function and regulation of the transcription factors of the Myc/Max/Mad
network. Gene 277, 1-14 (2001).

Zimmerman, K. A. et al. Differential expression of myc family genes during murine
development. Nature 319, 780-783, doi:10.1038/319780a0 (1986).

Kerosuo, L. & Bronner, M. E. cMyc Regulates the Size of the Premigratory Neural
Crest Stem Cell Pool. Cell reports 17, 2648-2659, doi:10.1016/j.celrep.2016.11.025
(2016).

Hansford, L. M. et al. Mechanisms of embryonal tumor initiation: distinct roles for
MycN expression and MYCN amplification. Proceedings of the National Academy of
Sciences of the United States of America 101, 12664-12669,
d0i:10.1073/pnas.0401083101 (2004).

Zhu, S. et al. Activated ALK collaborates with MYCN in neuroblastoma
pathogenesis. Cancer cell 21, 362-373, doi:10.1016/j.ccr.2012.02.010 (2012).

Weiss, W. A., Aldape, K., Mohapatra, G., Feuerstein, B. G. & Bishop, J. M. Targeted
expression of MYCN causes neuroblastoma in transgenic mice. The EMBO Journal
16, 2985-2995, doi:10.1093/emb0j/16.11.2985 (1997).

Ross, R. A. & Spengler, B. A. Human neuroblastoma stem cells. Seminars in cancer
biology 17, 241-247, doi:10.1016/j.semcancer.2006.04.006 (2007).

Shimada, H. et al. Histopathologic prognostic factors in neuroblastic tumors:
definition of subtypes of ganglioneuroblastoma and an age-linked classification of
neuroblastomas. Journal of the National Cancer Institute 73, 405-416 (1984).

Eggert, A., Ikegaki, N., Liu, X. G. & Brodeur, G. M. Prognostic and biological role of
neurotrophin-receptor TrkA and TrkB in neuroblastoma. Klinische Padiatrie 212,
200-205, doi:10.1055/s-2000-9677 (2000).

Ribeiro, D. et al. Regulation of Nuclear Hormone Receptors by MYCN-Driven
miRNAs Impacts Neural Differentiation and Survival in Neuroblastoma Patients. Cell
reports 16, 979-993, doi:10.1016/j.celrep.2016.06.052 (2016).

Reynolds, C. P., Matthay, K. K., Villablanca, J. G. & Maurer, B. J. Retinoid therapy
of high-risk neuroblastoma. Cancer letters 197, 185-192 (2003).

Abemayor, E., Chang, B. & Sidell, N. Effects of retinoic acid on the in vivo growth of
human neuroblastoma cells. Cancer letters 55, 1-5 (1990).

Johnsen, J. 1., Kogner, P., Albihn, A. & Henriksson, M. A. Embryonal neural tumours
and cell death. Apoptosis : an international journal on programmed cell death 14,
424-438, doi:10.1007/s10495-009-0325-y (2009).

49



50

o1

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

50

Losty, P. D. Evidence-based paediatric surgical oncology. Seminars in pediatric
surgery 25, 333-335, doi:10.1053/j.sempedsurg.2016.09.008 (2016).

Cohn, S. L. et al. The International Neuroblastoma Risk Group (INRG) classification
system: an INRG Task Force report. Journal of clinical oncology : official journal of
the American Society of Clinical Oncology 27, 289-297,
doi:10.1200/jc0.2008.16.6785 (2009).

Matsushita, K. et al. Glycolysis inhibitors as a potential therapeutic option to treat
aggressive neuroblastoma expressing GLUT1. Journal of pediatric surgery 47, 1323-
1330, doi:10.1016/j.jpedsurg.2011.12.007 (2012).

Feichtinger, R. G. et al. Low aerobic mitochondrial energy metabolism in poorly- or
undifferentiated neuroblastoma. BMC cancer 10, 149, doi:10.1186/1471-2407-10-149
(2010).

Lyser, K. M. Low- and high-voltage electron microscopy of a human neuroblastoma
in long-term organ culture. Cancer research 34, 594-602 (1974).

Freebody, J., Wegner, E. A. & Rossleigh, M. A. 2-deoxy-2-((18)F)fluoro-D-glucose
positron emission tomography/computed tomography imaging in paediatric oncology.
World journal of radiology 6, 741-755, doi:10.4329/wjr.v6.110.741 (2014).

Ora, I. & Eggert, A. Progress in treatment and risk stratification of neuroblastoma:
impact on future clinical and basic research. Seminars in cancer biology 21, 217-228,
doi:10.1016/j.semcancer.2011.07.002 (2011).

George, R. E. et al. High-Risk Neuroblastoma Treated With Tandem Autologous
Peripheral-Blood Stem Cell-Supported Transplantation: Long-Term Survival Update.
Journal of Clinical Oncology 24, 2891-2896, doi:10.1200/jc0.2006.05.6986 (2006).

Fernandez, P. C. et al. Genomic targets of the human c-Myc protein. Genes &
development 17, 1115-1129 (2003).

Lin, C. Y. et al. Transcriptional amplification in tumor cells with elevated c-Myc.
Cell 151, 56-67 (2012).

Nie, Z. et al. c-Myc is a universal amplifier of expressed genes in lymphocytes and
embryonic stem cells. Cell 151, 68-79 (2012).

Rahl, P. B. et al. c-Myc regulates transcriptional pause release. Cell 141, 432-445,
doi:10.1016/j.cell.2010.03.030 (2010).

Baudino, T. A. & Cleveland, J. L. The Max network gone mad. Molecular and
cellular biology 21, 691-702 (2001).

Wiese, K. E. et al. The Role of MIZ-1 in MYC-Dependent Tumorigenesis. Cold
Spring Harbor Perspectives in Medicine 3, doi:10.1101/cshperspect.a014290 (2013).

Downs KM, M. G., & Bishop JM. . Contrasting patterns of myc and N-myc
expression during gastrulation of the mouse embryo. Genes & development 3, 860-
869 (1989).

Vita, M. & Henriksson, M. The Myc oncoprotein as a therapeutic target for human
cancer. Seminars in cancer biology 16, 318-330,
doi:10.1016/j.semcancer.2006.07.015 (2006).

Bernard, S. & Eilers, M. Control of cell proliferation and growth by Myc proteins.
Results and problems in cell differentiation 42, 329-342 (2006).



67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

Bouchard, C., Staller, P. & Eilers, M. Control of cell proliferation by Myc. Trends in
cell biology 8, 202-206 (1998).

Weinberg, R. A. E2F and cell proliferation: a world turned upside down. Cell 85,
457-459 (1996).

Horowitz, J. M. Regulation of transcription by the retinoblastoma protein. Genes,
chromosomes & cancer 6, 124-131 (1993).

Dominguez-Sola, D. et al. Non-transcriptional control of DNA replication by c-Myc.
Nature 448, 445-451 (2007).

Wyllie, A. H. et al. Rodent fibroblast tumours expressing human myc and ras genes:
growth, metastasis and endogenous oncogene expression. British journal of cancer
56, 251-259 (1987).

Neiman, P. E., Thomas, S. J. & Loring, G. Induction of apoptosis during normal and
neoplastic B-cell development in the bursa of Fabricius. Proceedings of the National
Academy of Sciences 88, 5857-5861, doi:10.1073/pnas.88.13.5857 (1991).

Askew, D. S., Ashmun, R. A., Simmons, B. C. & Cleveland, J. L. Constitutive c-myc
expression in an IL-3-dependent myeloid cell line suppresses cell cycle arrest and
accelerates apoptosis. Oncogene 6, 1915-1922 (1991).

Hermeking, H. & Eick, D. Mediation of c-Myc-induced apoptosis by p53. Science
(New York, N.Y.) 265, 2091-2093 (1994).

Nilsson, J. A. & Cleveland, J. L. Myc pathways provoking cell suicide and cancer.
Oncogene 22, 9007-9021, doi:10.1038/sj.onc.1207261 (2003).

Klefstrom, J. et al. Induction of TNF-sensitive cellular phenotype by c-Myc involves
p53 and impaired NF-kappaB activation. The EMBO Journal 16, 7382-7392,
doi:10.1093/emboj/16.24.7382 (1997).

Langdon, W. Y., Harris, A. W., Cory, S. & Adams, J. M. The c-myc oncogene
perturbs B lymphocyte development in E-mu-myc transgenic mice. Cell 47, 11-18
(1986).

Freytag, S. O., Dang, C. V. & Lee, W. M. Definition of the activities and properties of
c-myc required to inhibit cell differentiation. Cell growth & differentiation : the
molecular biology journal of the American Association for Cancer Research 1, 339-
343 (1990).

Delgado, M. D., Lerga, A., Canelles, M., Gomez-Casares, M. T. & Leon, J.
Differential regulation of Max and role of c-Myc during erythroid and
myelomonocytic differentiation of K562 cells. Oncogene 10, 1659-1665 (1995).

Flores, 1., Murphy, D. J., Swigart, L. B., Knies, U. & Evan, G. I. Defining the
temporal requirements for Myc in the progression and maintenance of skin neoplasia.
Oncogene 23, 5923-5930, doi:10.1038/sj.0nc.1207796 (2004).

Shachaf, C. M. et al. MY C inactivation uncovers pluripotent differentiation and
tumour dormancy in hepatocellular cancer. Nature 431, 1112-1117,
doi:10.1038/nature03043 (2004).

Beer, S. et al. Developmental Context Determines Latency of MY C-Induced
Tumorigenesis. PLoS Biology 2, doi:10.1371/journal.pbio.0020332 (2004).

51



83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

52

Takahashi, K. et al. Induction of pluripotent stem cells from adult human fibroblasts
by defined factors. Cell 131, 861-872, doi:10.1016/j.cell.2007.11.019 (2007).

Lowry, W. E. et al. Generation of human induced pluripotent stem cells from dermal
fibroblasts. Proceedings of the National Academy of Sciences of the United States of
America 105, 2883-2888, doi:10.1073/pnas.0711983105 (2008).

Okita, K., Ichisaka, T. & Yamanaka, S. Generation of germline-competent induced
pluripotent stem cells. Nature 448, 313-317, doi:10.1038/nature05934 (2007).

Nakagawa, M. et al. Generation of induced pluripotent stem cells without Myc from
mouse and human fibroblasts. Nature biotechnology 26, 101-106,
d0i:10.1038/nbt1374 (2008).

Ben-Porath, 1. et al. An embryonic stem cell-like gene expression signature in poorly
differentiated aggressive human tumors. Nature genetics 40, 499-507,
doi:10.1038/ng.127 (2008).

Wong, D. J. et al. Module map of stem cell genes guides creation of epithelial cancer
stem cells. Cell stem cell 2, 333-344, doi:10.1016/j.stem.2008.02.009 (2008).

Wilson, A. et al. c-Myc controls the balance between hematopoietic stem cell self-
renewal and differentiation. Genes & development 18, 2747-2763 (2004).

Miller, D. M., Thomas, S. D., Islam, A., Muench, D. & Sedoris, K. c-Myc and cancer
metabolism. Clin Cancer Res 18, 5546-5553, d0i:10.1158/1078-0432.ccr-12-0977
(2012).

Osthus, R. C. et al. Deregulation of glucose transporter 1 and glycolytic gene
expression by c-Myc. The Journal of biological chemistry 275, 21797-21800,
doi:10.1074/jbc.C000023200 (2000).

Kim, J. W,, Gao, P., Liu, Y. C., Semenza, G. L. & Dang, C. V. Hypoxia-inducible
factor 1 and dysregulated c-Myc cooperatively induce vascular endothelial growth
factor and metabolic switches hexokinase 2 and pyruvate dehydrogenase kinase 1.
Molecular and cellular biology 27, 7381-7393, d0i:10.1128/mch.00440-07 (2007).

Wise, D. R. et al. Myc regulates a transcriptional program that stimulates
mitochondrial glutaminolysis and leads to glutamine addiction. Proceedings of the
National Academy of Sciences of the United States of America 105, 18782-18787,
d0i:10.1073/pnas.0810199105 (2008).

Qing, G. et al. ATF4 regulates MY C-mediated neuroblastoma cell death upon
glutamine deprivation. Cancer cell 22, 631-644, doi:10.1016/j.ccr.2012.09.021
(2012).

Yuneva, M., Zamboni, N., Oefner, P., Sachidanandam, R. & Lazebnik, Y. Deficiency
in glutamine but not glucose induces MY C-dependent apoptosis in human cells. The
Journal of cell biology 178, 93-105, doi:10.1083/jcb.200703099 (2007).

Morrish, F., Neretti, N., Sedivy, J. M. & Hockenbery, D. M. The oncogene c-Myc
coordinates regulation of metabolic networks to enable rapid cell cycle entry. Cell
Cycle 7, 1054-1066 (2008).

Wierstra, I. & Alves, J. The c-myc promoter: still MysterY and challenge. Advances
in cancer research 99, 113-333, doi:10.1016/s0065-230x(07)99004-1 (2008).

Dang, C. V. MYC on the path to cancer. Cell 149, 22-35,
doi:10.1016/j.cell.2012.03.003 (2012).



99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

Eilers, M. & Eisenman, R. N. Myc's broad reach. Genes Dev 22, 2755-2766,
doi:10.1101/gad.1712408 (2008).

Meyer, N. & Penn, L. Z. Reflecting on 25 years with MY C. Nature reviews. Cancer
8, 976-990, doi:10.1038/nrc2231 (2008).

Peterson, C. W. & Ayer, D. E. An extended Myc network contributes to glucose
homeostasis in cancer and diabetes. Frontiers in bioscience (Landmark edition) 16,
2206-2223 (2011).

Blackwood, E. M. & Eisenman, R. N. Max: a helix-loop-helix zipper protein that
forms a sequence-specific DNA-binding complex with Myc. Science (New York,
N.Y.) 251, 1211-1217 (1991).

Dang, C. V. et al. The c-Myc target gene network. Seminars in cancer biology 16,
253-264, doi:10.1016/j.semcancer.2006.07.014 (2006).

Kim, Y. H. et al. Combined microarray analysis of small cell lung cancer reveals
altered apoptotic balance and distinct expression signatures of MYC family gene
amplification. Oncogene 25, 130-138, doi:10.1038/sj.0nc.1208997 (2006).

Schlosser, I. et al. Dissection of transcriptional programmes in response to serum and
c-Myc in a human B-cell line. Oncogene 24, 520-524, doi:10.1038/sj.0onc.1208198
(2005).

Chandriani, S. et al. A core MYC gene expression signature is prominent in basal-like
breast cancer but only partially overlaps the core serum response. PloS one 4, 6693,
doi:10.1371/journal.pone.0006693 (2009).

Ji, H. et al. Cell-type independent MY C target genes reveal a primordial signature
involved in biomass accumulation. PloS one 6, e26057,
doi:10.1371/journal.pone.0026057 (2011).

Eberhardy, S. R. & Farnham, P. J. c-Myc mediates activation of the cad promoter via
a post-RNA polymerase Il recruitment mechanism. The Journal of biological
chemistry 276, 48562-48571, doi:10.1074/jbc.M109014200 (2001).

Bres, V., Yoshida, T., Pickle, L. & Jones, K. A. SKIP interacts with c-Myc and Menin
to promote HIV-1 Tat transactivation. Molecular cell 36, 75-87,
doi:10.1016/j.molcel.2009.08.015 (2009).

Seeger, R. C. et al. Association of multiple copies of the N-myc oncogene with rapid
progression of neuroblastomas. N Engl J Med 313, 1111-1116,
doi:10.1056/nejm198510313131802 (1985).

Chipumuro, E. et al. CDK?7 inhibition suppresses super-enhancer-linked oncogenic
transcription in MYCN-driven cancer. Cell 159, 1126-1139,
doi:10.1016/j.cell.2014.10.024 (2014).

Amati, B. et al. Oncogenic activity of the c-Myc protein requires dimerization with
Max. Cell 72, 233-245 (1993).

Prochownik, E. V. & Vogt, P. K. Therapeutic Targeting of Myc. Genes & cancer 1,
650-659, d0i:10.1177/1947601910377494 (2010).

Muller, 1. et al. Targeting of the MYCN protein with small molecule c-MYC
inhibitors. PloS one 9, 97285, doi:10.1371/journal.pone.0097285 (2014).

53



115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

54

Hart, J. R. et al. Inhibitor of MY C identified in a Krohnke pyridine library.
Proceedings of the National Academy of Sciences of the United States of America
111, 12556-12561, doi:10.1073/pnas.1319488111 (2014).

Savino, M. et al. The action mechanism of the Myc inhibitor termed Omomyc may
give clues on how to target Myc for cancer therapy. PloS one 6, e22284,
doi:10.1371/journal.pone.0022284 (2011).

Soucek, L. et al. Omomyc, a potential Myc dominant negative, enhances Myc-
induced apoptosis. Cancer research 62, 3507-3510 (2002).

Soucek, L., Nasi, S. & Evan, G. I. Omomyc expression in skin prevents Myc-induced
papillomatosis. Cell death and differentiation 11, 1038-1045,
doi:10.1038/sj.cdd.4401443 (2004).

Yang, Z. et al. Recruitment of P-TEFb for stimulation of transcriptional elongation by
the bromodomain protein Brd4. Molecular cell 19, 535-545,
doi:10.1016/j.molcel.2005.06.029 (2005).

Ghurye, R. R., Stewart, H. J. & Chevassut, T. J. Bromodomain inhibition by JQ1
suppresses lipopolysaccharide-stimulated interleukin-6 secretion in multiple myeloma
cells. Cytokine 71, 415-417, doi:10.1016/j.cyt0.2014.11.013 (2015).

Andrieu, G., Tran, A. H., Strissel, K. J. & Denis, G. V. BRD4 Regulates Breast
Cancer Dissemination through Jagged1/Notchl Signaling. Cancer research 76, 6555-
6567, doi:10.1158/0008-5472.can-16-0559 (2016).

Brondfield, S. et al. Direct and indirect targeting of MY C to treat acute myeloid
leukemia. Cancer chemotherapy and pharmacology 76, 35-46, doi:10.1007/s00280-
015-2766-z (2015).

Puissant, A. et al. Targeting MYCN in neuroblastoma by BET bromodomain
inhibition. Cancer discovery 3, 308-323, doi:10.1158/2159-8290.cd-12-0418 (2013).

Delmore, J. E. et al. BET bromodomain inhibition as a therapeutic strategy to target
c-Myc. Cell 146, 904-917, doi:10.1016/j.cell.2011.08.017 (2011).

Mertz, J. A. et al. Targeting MYC dependence in cancer by inhibiting BET
bromodomains. Proceedings of the National Academy of Sciences of the United States
of America 108, 16669-16674, doi:10.1073/pnas.1108190108 (2011).

Loven, J. et al. Selective inhibition of tumor oncogenes by disruption of super-
enhancers. Cell 153, 320-334, doi:10.1016/j.cell.2013.03.036 (2013).

Wyce, A. et al. BET inhibition silences expression of MYCN and BCL2 and induces
cytotoxicity in neuroblastoma tumor models. PloS one 8, 72967,
doi:10.1371/journal.pone.0072967 (2013).

Larochelle, S. et al. Cyclin-dependent kinase control of the initiation-to-elongation
switch of RNA polymerase Il. Nature structural & molecular biology 19, 1108-1115,
d0i:10.1038/nsmb.2399 (2012).

Garriga, J. & Grana, X. Cellular control of gene expression by T-type cyclin/CDK9
complexes. Gene 337, 15-23, doi:10.1016/j.gene.2004.05.007 (2004).

Kwiatkowski, N. et al. Targeting transcription regulation in cancer with a covalent
CDKY7 inhibitor. Nature 511, 616-620, doi:10.1038/nature13393 (2014).



131

132

133

134

135

136

137

138

139

140

141

142

143

144

Dauch, D. et al. A MY C-aurora kinase A protein complex represents an actionable
drug target in p53-altered liver cancer. Nature medicine 22, 744-753,
d0i:10.1038/nm.4107 (2016).

Kretzner, L. et al. Combining histone deacetylase inhibitor vorinostat with aurora
kinase inhibitors enhances lymphoma cell killing with repression of c-Myc, hTERT,
and microRNA levels. Cancer research 71, 3912-3920 (2011).

Yang, H. et al. Aurora-A Kinase Regulates Telomerase Activity through c-Myc in
Human Ovarian and Breast Epithelial Cells. Cancer research 64, 463-467,
doi:10.1158/0008-5472.can-03-2907 (2004).

Carol, H. et al. Efficacy and pharmacokinetic/pharmacodynamic evaluation of the
Aurora kinase A inhibitor MLN8237 against preclinical models of pediatric cancer.
Cancer chemotherapy and pharmacology 68, 1291-1304, doi:10.1007/s00280-011-
1618-8 (2011).

Liu, L. et al. Deregulated MY C expression induces dependence upon AMPK-related
kinase 5. Nature 483, 608-612, doi:10.1038/nature10927 (2012).

Hsu, T. Y. et al. The spliceosome is a therapeutic vulnerability in MY C-driven
cancer. Nature 525, 384-388, doi:10.1038/nature14985 (2015).

Shim, H., Chun, Y. S., Lewis, B. C. & Dang, C. V. A unique glucose-dependent
apoptotic pathway induced by c-Myc. Proceedings of the National Academy of
Sciences of the United States of America 95, 1511-1516 (1998).

Koppenol, W. H., Bounds, P. L. & Dang, C. V. Otto Warburg's contributions to
current concepts of cancer metabolism. Nature reviews. Cancer 11, 325-337,
doi:10.1038/nrc3038 (2011).

Griguer, C. E., Oliva, C. R. & Gillespie, G. Y. Glucose metabolism heterogeneity in
human and mouse malignant glioma cell lines. Journal of neuro-oncology 74, 123-
133, doi:10.1007/s11060-004-6404-6 (2005).

Fantin, V. R., St-Pierre, J. & Leder, P. Attenuation of LDH-A expression uncovers a
link between glycolysis, mitochondrial physiology, and tumor maintenance. Cancer
cell 9, 425-434, doi:10.1016/j.ccr.2006.04.023 (2006).

Lim, H. Y., Ho, Q. S., Low, J., Choolani, M. & Wong, K. P. Respiratory competent
mitochondria in human ovarian and peritoneal cancer. Mitochondrion 11, 437-443,
d0i:10.1016/j.mit0.2010.12.015 (2011).

Scott, D. A. et al. Comparative metabolic flux profiling of melanoma cell lines:
beyond the Warburg effect. The Journal of biological chemistry 286, 42626-42634,
doi:10.1074/jbc.M111.282046 (2011).

Miccheli, A. et al. Metabolic profiling by 13C-NMR spectroscopy: [1,2-
13C2]glucose reveals a heterogeneous metabolism in human leukemia T cells.
Biochimie 88, 437-448, doi:10.1016/j.biochi.2005.10.004 (2006).

Beckner, M. E. et al. Glycolytic glioma cells with active glycogen synthase are
sensitive to PTEN and inhibitors of PI3K and gluconeogenesis. Laboratory
investigation; a journal of technical methods and pathology 85, 1457-1470,
doi:10.1038/labinvest.3700355 (2005).

55



145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

56

Bonuccelli, G. et al. Ketones and lactate “fuel” tumor growth and metastasis:
Evidence that epithelial cancer cells use oxidative mitochondrial metabolism. Cell
Cycle 9, 3506-3514, d0i:10.4161/cc.9.17.12731 (2010).

Sandulache, V. C. et al. Glucose, not glutamine, is the dominant energy source
required for proliferation and survival of head and neck squamous carcinoma cells.
Cancer 117, 2926-2938, doi:10.1002/cncr.25868 (2011).

Gatenby, R. A. & Gillies, R. J. Why do cancers have high aerobic glycolysis? Nature
reviews. Cancer 4, 891-899, doi:10.1038/nrc1478 (2004).

Frezza, C. & Gottlieb, E. Mitochondria in cancer: not just innocent bystanders.
Seminars in cancer biology 19, 4-11, doi:10.1016/j.semcancer.2008.11.008 (2009).

Santidrian, A. F. Mitochondrial complex I activity and NAD(+)/NADH balance
regulate breast cancer progression. 123, 1068-1081, doi:10.1172/jci64264 (2013).

Sarsour, E. H. et al. Manganese superoxide dismutase regulates a metabolic switch
during the mammalian cell cycle. Cancer research 72, 3807-3816, doi:10.1158/0008-
5472.can-11-1063 (2012).

Caro, P. et al. Metabolic signatures uncover distinct targets in molecular subsets of
diffuse large B cell lymphoma. Cancer cell 22, 547-560,
doi:10.1016/j.ccr.2012.08.014 (2012).

Smolkova, K. et al. Mitochondrial bioenergetic adaptations of breast cancer cells to
aglycemia and hypoxia. Journal of bioenergetics and biomembranes 42, 55-67,
doi:10.1007/s10863-009-9267-x (2010).

Piskounova, E. et al. Oxidative stress inhibits distant metastasis by human melanoma
cells. Nature 527, 186-191, doi:10.1038/nature15726

Weinberg, F. et al. Mitochondrial metabolism and ROS generation are essential for
Kras-mediated tumorigenicity. Proceedings of the National Academy of Sciences of
the United States of America 107, 8788-8793, d0i:10.1073/pnas.1003428107 (2010).

Martinez-Reyes, I. et al. TCA Cycle and Mitochondrial Membrane Potential Are
Necessary for Diverse Biological Functions. Molecular cell 61, 199-2009,
doi:10.1016/j.molcel.2015.12.002 (2016).

Menendez, J. A. & Lupu, R. Fatty acid synthase and the lipogenic phenotype in
cancer pathogenesis. Nature reviews. Cancer 7, 763-777, doi:10.1038/nrc2222
(2007).

Carracedo, A., Cantley, L. C. & Pandolfi, P. P. Cancer metabolism: fatty acid
oxidation in the limelight. Nature reviews. Cancer 13, 227-232, doi:10.1038/nrc3483
(2013).

Zaugg, K. et al. Carnitine palmitoyltransferase 1C promotes cell survival and tumor
growth under conditions of metabolic stress. Genes Dev 25, 1041-1051,
doi:10.1101/gad.1987211 (2011).

Macheda, M. L., Rogers, S. & Best, J. D. Molecular and cellular regulation of glucose
transporter (GLUT) proteins in cancer. Journal of cellular physiology 202, 654-662,
d0i:10.1002/jcp.20166 (2005).

Medina, R. A. & Owen, G. I. Glucose transporters: expression, regulation and cancer.
Biological research 35, 9-26 (2002).



161  Zhao, F., Ming, J., Zhou, Y. & Fan, L. Inhibition of Glutl by WZB117 sensitizes
radioresistant breast cancer cells to irradiation. Cancer chemotherapy and
pharmacology 77, 963-972, doi:10.1007/s00280-016-3007-9 (2016).

162  McBrayer, S. K. Multiple myeloma exhibits novel dependence on GLUT4, GLUTS,
and GLUT11: implications for glucose transporter-directed therapy. 119, 4686-4697,
d0i:10.1182/blood-2011-09-377846 (2012).

163  Zhang, X. D. et al. Effect of 2-deoxy-D-glucose on various malignant cell lines in
vitro. Anticancer research 26, 3561-3566 (2006).

164  Dwarakanath, B. & Jain, V. Targeting glucose metabolism with 2-deoxy-D-glucose
for improving cancer therapy. Future oncology (London, England) 5, 581-585,
d0i:10.2217/fon.09.44 (2009).

165  Davidescu, M. et al. The energy blockers bromopyruvate and lonidamine lead GL15
glioblastoma cells to death by different p53-dependent routes. Scientific reports 5,
14343, doi:10.1038/srep14343 (2015).

166  Birsoy, K. et al. MCT1-mediated transport of a toxic molecule is an effective strategy
for targeting glycolytic tumors. Nature genetics 45, 104-108, doi:10.1038/ng.2471
(2013).

167  Nilsson, H. et al. Primary clear cell renal carcinoma cells display minimal
mitochondrial respiratory capacity resulting in pronounced sensitivity to glycolytic
inhibition by 3-Bromopyruvate. Cell death & disease 6, €1585,
doi:10.1038/cddis.2014.545 (2015).

168  Xie, H. et al. LDH-A inhibition, a therapeutic strategy for treatment of hereditary
leiomyomatosis and renal cell cancer. Molecular cancer therapeutics 8, 626-635,
d0i:10.1158/1535-7163.mct-08-1049 (2009).

169 Le, A. etal. Inhibition of lactate dehydrogenase A induces oxidative stress and
inhibits tumor progression. Proceedings of the National Academy of Sciences of the
United States of America 107, 2037-2042, doi:10.1073/pnas.0914433107 (2010).

170  Wellen, K. E. et al. The hexosamine biosynthetic pathway couples growth factor-
induced glutamine uptake to glucose metabolism. Genes Dev 24, 2784-2799,
d0i:10.1101/gad.1985910 (2010).

171  Seltzer, M. J. et al. Inhibition of glutaminase preferentially slows growth of glioma
cells with mutant IDH1. Cancer research 70, 8981-8987, doi:10.1158/0008-
5472.can-10-1666 (2010).

172 Shroff, E. H. et al. MYC oncogene overexpression drives renal cell carcinoma in a
mouse model through glutamine metabolism. Proceedings of the National Academy
of Sciences of the United States of America 112, 6539-6544,
doi:10.1073/pnas.1507228112 (2015).

173 EI-Mir, M. Y. et al. Dimethylbiguanide inhibits cell respiration via an indirect effect
targeted on the respiratory chain complex 1. The Journal of biological chemistry 275,
223-228 (2000).

174 Zakikhani, M., Dowling, R., Fantus, I. G., Sonenberg, N. & Pollak, M. Metformin is
an AMP kinase-dependent growth inhibitor for breast cancer cells. Cancer research
66, 10269-10273, doi:10.1158/0008-5472.can-06-1500 (2006).

57



175

176

177

178

179

180

181

182

183

184

185

186

187

188

58

Rossi, S. et al. Gastrointestinal stromal tumours overexpress fatty acid synthase. The
Journal of pathology 209, 369-375, doi:10.1002/path.1983 (2006).

Wang, W. Q., Zhao, X. Y., Wang, H. Y. & Liang, Y. Increased fatty acid synthase as
a potential therapeutic target in multiple myeloma. Journal of Zhejiang University.
Science. B 9, 441-447, doi:10.1631/jzus.B0740640 (2008).

Flavin, R., Peluso, S., Nguyen, P. L. & Loda, M. Fatty acid synthase as a potential
therapeutic target in cancer. Future oncology (London, England) 6, 551-562,
doi:10.2217/fon.10.11 (2010).

Murata, S. et al. Fatty acid synthase inhibitor cerulenin suppresses liver metastasis of
colon cancer in mice. Cancer science 101, 1861-1865, doi:10.1111/j.1349-
7006.2010.01596.x (2010).

Shiragami, R. et al. Enhanced antitumor activity of cerulenin combined with
oxaliplatin in human colon cancer cells. International journal of oncology 43, 431-
438, doi:10.3892/ij0.2013.1978 (2013).

Menendez, J. A., Vellon, L. & Lupu, R. Antitumoral actions of the anti-obesity drug
orlistat (XenicalTM) in breast cancer cells: blockade of cell cycle progression,
promotion of apoptotic cell death and PEA3-mediated transcriptional repression of
Her2/neu (erbB-2) oncogene. Annals of oncology : official journal of the European
Society for Medical Oncology 16, 1253-1267, doi:10.1093/annonc/mdi239 (2005).

Seguin, F. et al. The fatty acid synthase inhibitor orlistat reduces experimental
metastases and angiogenesis in B16-F10 melanomas. British journal of cancer 107,
977-987, d0i:10.1038/bjc.2012.355 (2012).

Corominas-Faja, B. et al. Chemical inhibition of acetyl-CoA carboxylase suppresses
self-renewal growth of cancer stem cells. Oncotarget 5, 8306-8316,
doi:10.18632/oncotarget.2059 (2014).

Camarda, R. et al. Inhibition of fatty acid oxidation as a therapy for MY C-
overexpressing triple-negative breast cancer. Nature medicine 22, 427-432,
doi:10.1038/nm.4055 (2016).

Berg, T. et al. Small-molecule antagonists of Myc/Max dimerization inhibit Myc-
induced transformation of chicken embryo fibroblasts. Proceedings of the National
Academy of Sciences of the United States of America 99, 3830-3835,
doi:10.1073/pnas.062036999 (2002).

Fletcher, S. & Prochownik, E. V. Small-molecule inhibitors of the Myc oncoprotein.
Biochimica et biophysica acta 1849, 525-543, doi:10.1016/j.bbagrm.2014.03.005
(2015).

Pernemalm, M. et al. Quantitative proteomics profiling of primary lung
adenocarcinoma tumors reveals functional perturbations in tumor metabolism. J
Proteome Res 12, 3934-3943, doi:10.1021/pr4002096 (2013).

Wu, M. et al. Multiparameter metabolic analysis reveals a close link between
attenuated mitochondrial bioenergetic function and enhanced glycolysis dependency
in human tumor cells. Am J Physiol Cell Physiol 292, C125-136,
doi:10.1152/ajpcell.00247.2006 (2007).

Zirath, H. et al. MYC inhibition induces metabolic changes leading to accumulation
of lipid droplets in tumor cells. Proceedings of the National Academy of Sciences of



189

190

the United States of America 110, 10258-10263, doi:10.1073/pnas.1222404110
(2013).

Currie, E., Schulze, A., Zechner, R., Walther, T. C. & Farese, R. V., Jr. Cellular fatty
acid metabolism and cancer. Cell metabolism 18, 153-161,
doi:10.1016/j.cmet.2013.05.017 (2013).

Liu, Y. Fatty acid oxidation is a dominant bioenergetic pathway in prostate cancer.
Prostate cancer and prostatic diseases 9, 230-234, doi:10.1038/sj.pcan.4500879
(2006).

59



	1 Introduction
	1.1 Cancer
	1.1.1 Oncogenes and tumor suppressors
	1.1.2 Hallmarks of cancer
	1.1.3 MicroRNAs in cancer
	1.1.4 Nuclear hormone receptors superfamily
	1.1.5 Childhood malignancies versus adult cancers

	1.2 Neuroblastoma
	1.2.1 Origin of Neuroblastoma
	1.2.2 Differentiation in neuroblastoma
	1.2.3 Neuroblastoma is a heterogeneous disease
	1.2.4 Neuroblastoma and energy metabolism
	1.2.5 Therapeutic approaches in neuroblastoma

	1.3 The MYC oncoprotein family
	1.3.1 MYC role in the control of cell cycle
	1.3.2 MYC triggered apoptosis
	1.3.3 Impact of MYC on cancer cell differentiation
	1.3.4 MYC is a factor of pluripotency
	1.3.5 Cancer metabolism and MYC
	1.3.6 The mechanisms of deregulation of MYC expression in cancer
	1.3.7 Targeting MYC in cancer

	1.4 Cancer metabolism
	1.4.1 Aerobic glycolysis versus oxidative phosphorylation
	1.4.2 Metabolic adaptation is a critical factor for cancer aggressiveness
	1.4.3 Fatty acid biosynthesis (Lipogenesis)
	1.4.4 Targeting cancer metabolism


	2 Aims
	3 Results and discussion
	3.1 Paper I. MYC inhibition induces metabolic changes leading to accumulation of lipid droplets in tumor cells
	3.2 Paper II. Fatty acid-dependent oxidative phosphorylation is the major source of energy production in MYCN-amplified neuroblastoma cells
	3.3 Paper III. Induction of neural differentiation in neuroblastoma upon inhibition of de novo fatty acid synthesis
	3.4 Paper IV. Regulation of Nuclear Hormone Receptors by MYCN Driven miRNAs Impacts Neural Differentiation and Survival in Neuroblastoma Patients

	4 Conclusion and outlook
	5 Acknowledgements
	6 References

