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Abstract

Neuroblastoma is a tumour originating from the sympathetic nervous system, and represents the most
common extracranial solid cancer in childhood. Despite the malignancy is extremely heterogeneous,
about 25% of all cases is characterized by MYCN-gene amplification, aggressive tumour and poor
survival. The network of genes that are deregulated in this group of patients represents a focal point
for targeted-therapy discovery. Along this research line, the first objective of the present project was
to investigate the prognostic significance of a single nucleotide polymorphism (SNP) located in the
promoter of ODCL1, a neuroblastoma prognostic marker involved in polyamine biosynthesis. The SNP
genotype was first associated with survival of a large cohort of patients with aggressive
neuroblastoma. Then, CRISPR-editing revealed that the SNP genotype affects ODC1 expression and
proliferation of neuroblastoma cells. At last, the SNP was found to influence cell sensibility to
DFMO, an ODC1 inhibitor that is currently under trial for treatment of aggressive neuroblastoma.
The second objective was to investigate the role in neuroblastoma development and progression of
RUNX1T1, a poorly studied transcription repressor involved in distinct development events and
cancers. Survival analysis of a cohort of neuroblastoma patients revealed that RUNX1T1 is a potential
oncosuppressor. In apparent contrast, RUNX1T1 knockout by CRISPR-editing demonstrated that the
gene promotes aggressiveness of neuroblastoma cells. Transcriptome analysis of the mutant cells then
evidenced deregulation of a significant number of genes and pathways that are prognostic markers in
neuroblastoma, therefore depicting a multifunctional regulation network that could be exploited for
new therapies. The third and last objective was to test a novel therapeutic approach based on MYCN-
amplification targeting via CRISPR-cleavage. In vitro experiments demonstrated that the system
efficiently and specifically impairs the survival of aggressive neuroblastoma cells, thus providing a
proof of principle for the development of an innovative therapy.
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Introduction



1-Neuroblastoma: a challenging cancer in childhood

Neuroblastoma is a childhood solid tumour mainly originating in the sympathetic nervous
system. First described in 1864, neuroblastoma represents the most common extracranial solid
tumour of childhood, with an incidence of 10.7 cases per million patients aged under 15 years
(data relative to the United States in 2010) [1-3]. It is the primary cause of death from pediatric
cancer for children aged between 1 and 5 years, and it accounts for 7-10% of pediatric cancers
and 13-15% of all pediatric cancer mortality [1, 3]. It is usually diagnosed under 21 years, while
almost 50% of all cases is diagnosed within the first year of life [1-5]. Neuroblastoma is an
extreme heterogeneous tumour, both clinically and genetically. The most frequent onset sites
are the adrenal gland and the paraspinal ganglia of the abdomen, but it can potentially arise in
any site of the sympathetic system, such as the ganglia of the chest (20%), neck (5%) and pelvis
(5%) (Figure 1) [3]. The onset spectrum reflects the cellular origin of neuroblastoma, which is
supposed to derive from the migrating cells of the neural crest during embryogenesis. Also the
clinical behaviour, depending on different factors, can be extremely variable, ranging from
spontaneous regression in some cases, to aggressive metastases affecting lymph nodes, liver,
lungs, bone, bone marrow and even the central nervous system. The least aggressive cases are
successfully treated with either surgery, chemotherapy, irradiation or a combination of them.
Unfortunately, more than 50% of all patients are diagnosed with metastatic disease and the
prognosis is mostly unfavourable [1-3]. In addition to a wide clinical spectrum, the genetic
landscape of neuroblastoma tumours is quite complicated and not yet completely defined.
Despite the effort of scientific research, no genetic lesion accounting for all conditions is
currently known. However, much attention is focused on DNA amplification of the oncogene
MYCN, which is found in about 20% of all cases and is significantly associated to poor
prognosis [1-3]. This gene, a member of the well-known MYC family, encodes for a
transcription factor involved in the control of several cell functions, including cell cycle control,
differentiation, apoptosis and metabolism, and its deregulation is a strong oncogenic driver and
prognosis indicator. Other genetic alterations are commonly associated to neuroblastoma,
though their molecular roles in tumour formation and progression remain mostly undiscovered
[1-3]. Considering the severity of the disease and the extreme heterogeneity of the tumour, it’s
not surprising that the development of new therapies for neuroblastoma still remains a

challenging objective.
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Figure 1. Top panel: typical onset and metastasis invasion sites of neuroblastoma [3].
Bottom panel: scintigraphy of a young patient with metastatic neuroblastoma.

1.1-Neuroblastoma classification and treatment

The wide spectrum of neuroblastoma clinical behaviour represents a challenging limit for
diagnosis, prognosis and selection of the most efficacious treatment strategy. Moreover, it
prevents comparison of clinical trials among different studies. In 1988 an international congress
was held to elaborate a system aimed at facilitating the comparison of clinical trials performed
throughout the world. The result was the International Neuroblastoma Staging System (INSS),
according to which neuroblastoma can be classified into 5 different stages (Figure 2) [4]. Stage
1 and stage 2 neuroblastoma are considered low risk tumours (> 90% survival rate). They are
relatively small, specifically localized, not metastatic and can be completely removed by
surgery; however, stage 2 neuroblastoma could be persistent after surgery, requiring a further

treatment with chemotherapy and/or irradiation. Stage 3 neuroblastoma is an intermediate/high
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risk tumour (30-50% survival rate), with metastases infiltrated in lymph nodes nearby the
original onset site, but not disseminated to distal parts of the body; it requires chemotherapy
and irradiation, even though the tumour could become resistant to the treatment. Stage 4
neuroblastoma is a high-risk tumour (< 30% survival rate) with metastases spread through
different parts of the body, including lymph nodes, liver, skin and, particularly, bone marrow.
In this case, several cycles of chemotherapy and irradiation are required, although the prognosis
remains extremely poor. The fifth stage, 4S, is significantly different from the previous ones; it
can initially show features typical of aggressive tumours, but then it undergoes spontaneous
regression with minimum treatment or even without medical intervention (average survival rate
50-80%). Neuroblastoma is usually diagnosed via standard histology analysis and detection of
unusual urinary catecholamines, while the 5 stages are distinguished according to a series of
features that include age of diagnosis, MYCN amplification status, histology and localization of
eventual metastases [4]. More than 50% of all patients are diagnosed with either stage 3 or stage

4 neuroblastoma [3].

INSS stage Age MYCN status  Histology Risk group  3-year survival rate

| 0-21 years  Any Any Low >90%

2 0-21 years  Non-Amp Any Low 70-90% in this stage
1-21 years  Amp Favorable Low
1-21 years  Amp Unfavorable  High

3 <l year Non-Amp Any Intermediate  30-50% in this stage
1-21 years  Non-Amp Favorable Intermediate
0-21 years Amp Any High
0-21 years  Non-Amp Unfavorable  High

4 <1 year Non-Amp Any Intermediate  <30% in this stage
0-21 years Amp Any High

4S <l year Non-Amp Favorable Low 50-80% in this stage
<1 year Non-Amp Unfavorable  Intermediate
<1 year Amp Any High

Figure 2. INSS, International Neuroblastoma Staging System:

Amp, amplified; Non-Amp, not amplified [3].




Despite 20 years of application, INSS showed a considerable variability, especially due to
the location of the primary tumour. In 2009 an improved system for risk stratification
(International Neuroblastoma Risk Group Staging System, INRGSS) was introduced to
compensate such variability (Figure 3) [5]. INGRSS was elaborated based on the analysis of
8,800 children diagnosed with neuroblastoma between 1990 and 2002, from North America,
Australia, Europe and Japan. The system takes into account a large range of clinical features,
imaging data and genetic lesions. These, among others, include age of diagnosis, histology
categorization, metastasis location, grade of tumour differentiation, MYCN amplification and
chromosomal aberrations. Overall, INGRSS includes 5 stages, which can be subclassified in a
total of 16 specific risk groups. Stages L1, L2 and L1/L2 generally include groups with low-
risk localized tumours, stage M mostly include groups with high risk metastatic tumours, while

MS only include groups with precisely localized metastases [5].

INRG Age Histologic Grade of Tumor 11q Pretreatment
Stage (months) Category Differentiation MYCN  Aberration Ploidy Risk Group
L1/L2 GN maturing; A Very low
GNB intermixed
L1 Any, except NA B Very low
GN maturing or -
GNB intermixed Amp K High
L2 Any, except No D Low
<18 GN maturing or NA -
GNB intermixed Yes G Intermediate
No E Low
Differentiating NA
Yes
>18 GNB nodular; .
H Intermediate
neuroblastoma Poorly differentiated NA
or undifferentiated
Amp N High
M <18 NA Hyperdiploid F Low
<12 NA Diploid I Intermediate
12to <18 NA Diploid J Intermediate
<18 Amp O High
>18 P High
MS No C Very low
NA E
<18 Yes Q High
Amp R High

Figure 3. International Neuroblastoma Risk Groups:

L, locoregional tumour; M, metastatic tumour; GN, ganglioneuroma; GNB,
ganglioneuroblastoma; Amp, amplified; NA, not amplified; very low risk, 5-year event free
survival > 85%; low risk, 5-year event free survival > 75% to < 85%; intermediate risk,
5-year event free survival > 50% to < 75%; high risk, 5-year event free survival < 50% [5].




Clinical treatment of neuroblastoma ranges from classical surgery, chemotherapy and
irradiation, to molecular targeted therapy and biotherapy. The choice of the most efficient
strategy is highly dependent on patient’s risk stratification, but the outcome is still considerably
variable. According to INRGSS, low-, very low- and some intermediate-risk tumours can be
completely resected via surgery and following moderate-dose chemotherapy. The survival rate
of these patients is usually greater than 90%. Irradiation and high-dose chemotherapy might
also be necessary for tumours that do not completely respond to the initial treatment. These
patients, often characterized by MYCN amplification, usually show a much worse survival rate
(>50%) [1, 3, 5]. In all patients, chemotherapy is commonly applied through multiagent
strategies and the FDA-approved drugs for neuroblastoma treatment include Clafen,
Cyclophosphamide, Cytoxan, Dinutuximab, Doxorubicin, Hydrochloride, Neosar, Unituxin,
Vincasar PFS, Vincristine, Sulfate, BuMel and CEM [list provided by NIH, last update in
2014]. Like low-risk groups, patients diagnosed with 4S neuroblastoma and that do not present
with MYCN amplification show a relatively high survival rate, since the tumour might regress
without the necessity of any treatment [1, 3, 5].

Patients diagnosed with high-risk neuroblastoma usually require a much more aggressive
and specific therapy. Also some intermediate-risk and 4S tumours might require this treatment.
These tumours are typically characterized by MYCN amplification and/or metastases, with a
survival rate strictly below 30%. The standard clinical strategy is comprised of 4 steps: initial
induction chemotherapy, local control, consolidation and biological therapy. Initial induction
chemotherapy is based on a multi-agent strategy, and it is followed by local control consisting
of aggressive surgery resection and beam radiation. The consolidation step is then provided by
high-dose chemotherapy and, occasionally, by focal radiotherapy toward the primary site. The
last step, biological therapy, is aimed at eradicating any residual disease and to avoid any
possible relapse, a likely occurrence in high-risk neuroblastoma. It involves the application of
neuroblastoma-specific biological agents, reason for which it is also referred to as targeted
therapy. The most common agent is cis-retinoic acid, a noncytotoxic differentiation inducer
whose mechanism of action is based on the undifferentiated/proliferative status of
neuroblastoma cells [1, 3]. A further strategy was recently identified in immunotherapy, which
in neuroblastoma employs a chimeric monoclonal antibody targeting the GD2 ganglioside.
Until the last few years, immunotherapy for neuroblastoma treatment was considered extremely
difficult, since neuroblastoma cells are poorly immunogenic due to a narrow epitope landscape.
In addition, neuroblastoma cells evade the immune system by releasing molecules that either

inhibit or kill T cells and NK cells. However, GD2 belongs to a unique family of T cell-
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independent carbohydrate antigens, and it is specifically expressed as during development as in
neuroblastoma cells. This provided an opportunity to develop an immunotherapy that,
nowadays, is a standard of care showing very promising results [1-3].

Despite the goals reached by scientific research so far and the aggressive treatment strategy,
high-risk neuroblastoma remains extremely challenging to cure, with a survival rate lower than
30%. Much effort from scientific research is currently focused on understanding the complex
molecular and genetic landscape of neuroblastoma, with the objective to discover specific

biomarkers to be exploited in a highly specific therapy.

1.2-Embryonal origin of neuroblastoma

It is widely accepted that neuroblastoma originates from deregulation of the neural crest
development during embryogenesis. The most direct evidences supporting this hypothesis are
the low age of patients and the spectrum of the onset sites, which reflects the lineages of cells
deriving from the neural crest. The majority of neuroblastoma indeed arises from the adrenal
medulla and the paraspinal sympathetic ganglia, two structures that, as part of the sympathetic
nervous system, typically originate from the neural crest during neural development [1-3].

The neural crest consists of a transient, migratory population of multipotent cells that
emerges from the dorsal side of the neural tube during the early vertebrate development. It
migrates along the entire body to give rise to a wide range of cell types, including sensory,
autonomic, and enteric ganglia of the peripheral nervous system, the adrenal medulla,
melanocytes and a range of skeletal, connective, adipose, and endocrine cells (Figure 4).
Formation and migration of the neural crest cells take place in the context of primary and
secondary neurulation. During primary neurulation (E7-7.5 in mouse, embryo stage 8 in
humans), the ectoderm region corresponding to the neural plate folds in order to generate the
neural tube. Neural crest cells develop during this stage from the dorsal side of the neural tube,
beneath the overlying epidermis. They are located in the head, in the trunk region and in the
sacral region. As the embryo proceeds through secondary neurulation, neural crest cells migrate
from the dorsal side of the neural tube to distant sites of the body. These cells separate from the

neighbouring neuroepithelial cells by delamination, which involves a process called epithelial-



to-mesenchymal transition (EMT). During EMT, cells turn from epithelial to mesenchymal
phenotype through a series of molecular events such as changes in cytoskeleton organization
and loss of cell adhesion, with a consequent enhancement of migratory abilities. Neural crest
cell migration is then orchestrated by multiple environmental signals that direct them to the
final settlement sites for differentiation. The dorsal aorta, the first blood vessel to form in
embryo, has an essential role in releasing the signals that guide the migrating cells. Most of the
neural crest cells derive from the trunk region, and they can either migrate to a ventrolateral
position, in order to differentiate into the dorsal root ganglia of the sensory system, or further
ventrally to differentiate into the sympathetic ganglia of the autonomic system and chromaffin
cells of the adrenal glands. Additionally, neural crest can also give rise to enteric nervous
system cells and Schwann cells, with the last type representing the most widely distributed cells
in the body deriving from this embryonal structure [3, 6, 7].

The signalling pathways leading to formation, migration and differentiation of neural crest
cells are multiple and not yet completely elucidated (Figure 4). Induction of the neural crest
occurs in the neural plate border and it is thought to be mediated by the WNT, BMP and FGF
pathways [7]. These signals specifically activate a series of neural plate border specifiers, which
include ZIC1, MSX1, MSX2, DLX3, DLX5, PAX3, PAX7, SNAIL1, TPAP2A, NOTCH, PRDM1A
and AP-2 [1, 7]. Among these, PAX3 and ZIC1 induce the expression of neural crest specifiers,
such as SNAIL2 and FOXD3. Following induction, neural crest cells undergo delamination
through EMT, which is mediated by both BMP and canonical WNT pathways, involving factors
such as BMP2, BMP4, BMP7, WNT1, TGFf, MSX1 and c-MYB. The result is the expression of
SNAIL2, FOXD3, SOX9 and SOX10, which directly mediate the transition to the mesenchymal
status by modulating the expression of integrins, cadherins and ROHB. After separating from
the surrounding tissue, the neural crest cells start to migrate throughout the embryo following
a series of both internal and environmental signals. SOX9 and SOX10, already expressed during
EMT, have an early and major role in migration [7]. The dorsal aorta directs the migrating cells
via the BMP signalling pathway [3, 6]. At last, MYCN transiently promotes cell migration and
proliferation in the ventrolateral migrating cells committed to become sympathetic ganglia.
This gene, indeed, represents a fundamental regulator of neural crest migration as well as the
driving oncogene in a significant number of neuroblastoma cases, in which MYCN
overexpression dictates tumour aggressiveness and metastasization [8]. Following migration,
SOX10 regulates a series of downstream effectors involved in the final differentiation process.
These include: MASH1, which promotes the differentiation of the sympathetic lineage via
activation of PHOX2B; neurotrophin receptors such as NTRK1 (TrkA) and NTRK2 (TrkB),
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which both mediate the differentiation of the sympathoadrenal lineage; NEUROG1, essential
for sensory neuron specification; PAX3 and c-RET, which regulate the development of the
enteric nervous system via activation of the RET pathway; Schwann cell-specific genes,
including protein zero (P0), myelin basic protein (MBP), proteolipid protein, connexin-32 and
connexin-47; MITF, which controls the differentiation of melanocytes [3, 7]. The process that
leads to chromaffin cells differentiation is still poorly understood, but factors such as IGFII,
FGF and EGF are known to be involved [3]. It is not surprising that important differentiation
regulators such as PHOX2B, NTRK1 NTRK?2 are typically mutated in neuroblastoma, especially

in those tumours showing low level of differentiation [1-3].
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Figure 4. Genes involved in development and differentiation of neural crest cells
deriving from the trunk region [3].




1.3-The genetic landscape of neuroblastoma tumours

Neuroblastoma is an extremely heterogeneous disease and no single genetic lesion is known
to account for all cases, supporting the concept that neuroblastoma is a spectrum of diseases
rather than a single pathological condition. However, some genetic lesions and oncogenic
drivers are demonstrated to have diagnostic and prognostic significance in specific stratification
groups [1-3]. In contrast, known tumour suppressor genes such as p16INK4a, pRb, p53 and
pl4ARF are rarely deleted or mutated in neuroblastoma (except for caspase 8) [3]. Based on
origin of the genetic lesion, neuroblastoma can be classified as either sporadic or familial,
depending on whether the mutation occurred in the patient or was inherited. Most of
neuroblastoma cases are sporadic, while the familial forms are fewer than 2% [1-3].

Amplification of the oncogene MYCN is the most important genetic lesion in sporadic
neuroblastoma. It is found in more than 20% of all cases and it is strongly correlated to poor
prognosis. MYCN belongs to the MYC family and, similarly to c-MYC, encodes for a
transcription factor that regulates the expression of many genes involved in cell proliferation,
survival, apoptosis and differentiation. Consequently, MYCN amplification and overexpression
Is associated to increased cell proliferation and decreased differentiation, two typical conditions
of aggressive neuroblastoma [1-3]. The gene is considered amplified when either there are more
than 10 copies in a diploid genome or the signal from chromosome 2 is 4-fold increased [2, 3].
In some cases, MYCN amplification consists of more than 500 copies, but the average is
comprised between 50 and 100 copies. The amplified sequence typically contains a region of
chromosome 2 ranging from 100 Kb to 1Mb, including MYCN gene and a variable amount of
the surrounding DNA. The amplified sequence is usually found in chromosomes different from
chromosome 2, or, more frequently, as double minutes [3, 9].

Another gene typically mutated in a subset of sporadic neuroblastoma is ATRX, encoding for
an epigenetic regulator of the SWI/SNF family. Mutations are found in 44% of stage 4
neuroblastoma with age greater than 12 years, but only 9% of those with age less than 12 years.
No mutations are found in patients aged less than 1 year [1, 2]. Interestingly, ATRX mutation
alone is not enough for tumorigenesis, and no mutation occurring in this gene can be found in
MYCN-amplified tumours [2].

Extensive evidence suggests that also the neurotrophin receptors TRKA, TRKB, TRKC and
p75NGR might have a role in neuroblastoma development. These receptors, which bind
neurotrophins (NGF, BDNF and NT-3) with different affinities, are involved in the
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sympathoadrenal lineage differentiation. High expression of TRKA, as instance, is typically
associated to regressing neuroblastoma, a correlation likely due to promotion of differentiation
at the expense of cell proliferation [3].

MYCN amplification is not the only chromosome rearrangement typically found in
neuroblastoma. For example, gain of 17q is a frequent abnormality, since it is found in about
half of all neuroblastoma tumours. It is estimated that more than 200 genes are contained in the
translocated region, including some possible oncogenes. Another lesion is the loss of
heterozygosity of the small arm of chromosome 1 (1p36). It is found in 25-30% of
neuroblastomas and typically correlates with MYCN amplification. The genetic traits included
in this region that might be relevant for neuroblastoma development and progression are not
identified, even though loss of genes such as p73, CHD5, mir-34a and KIF1Bf has been implied
in tumour progression. Also loss of 11q and 14q are typically found in neuroblastoma, with an
incidence of about 44% and 16-27% respectively. Loss of 11q is even used as a risk
stratification parameter. Notably, these two rearrangements inversely correlate with MYCN
amplification [3].

In recent years, much attention was focused on deregulation of non-coding RNASs in
pathologies, including neuroblastoma. For example, the microRNA regulator LIN28 is proved
to be involved in neuroblastoma development by inhibiting the tumour suppression function of
Let7a microRNA [1, 2]. In addition, also deregulation of miR-9, miR-17-92a and the miR-25-
106b cluster are directly implicated in tumorigenesis, metastasis and regulation of
differentiation in neuroblastoma [1].

For what concerns familial neuroblastoma, activating mutations of ALK gene (anaplastic
lymphoma kinase) have been found in almost all cases, but it was also found in 6-10% of
spontaneous tumours. This gene encodes for a receptor tyrosine kinase activating multiple
pathways, such as MAPK/ERK, Shc and RAP1, and it is demonstrated to be involved in
survival of migratory neural crest cells and sympathetic neuron development [1-3]. ALK is also
known to be a transcriptional target of MYCN [1].

At last, PHOX2B is another gene typically mutated in a subset of familial neuroblastoma, as
well as in 4% of sporadic cases. It is a fundamental driver of sympathetic lineage specification,
and its loss-of-function mutations are associated with reduced cell differentiation [1-3].
PHOX2B inactivation could also activate ALK expression, thus contributing to severity of the

tumour [1, 2].
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2-Oncogenic drivers and targeted therapy:
an extended view on MYCN, ODC1 and RUNX1T1

Targeted therapy is defined as a therapy that uses drugs and biotechnology tools to interfere
with cancer-specific molecular pathways involved in development, progression and spread of
the tumour (definition by the National Institute of Health). Targeted therapy mainly differs from
conventional chemotherapy by the specificity of the treatment, since cytotoxicity of
chemotherapy is relatively independent from cell type and it has stronger side-effects. Targeted
therapies typically rely on drugs blocking cancer-specific pathways, but some strategies also
adopt hormones triggering anti-tumour mechanisms. In addition, immunotherapy has emerged
as a promising therapy in the past few years, while new technologies of RNA-interference and
genome editing are now evaluated as future opportunities for cancer gene therapy. In
neuroblastoma only two targeted FDA-approved drugs are employed in clinical practice: 13-
cis retinoic acid, which induces differentiation of neuroblastoma cells thereby blocking
proliferation, and dinutuximab, a monoclonal antibody used in immunotherapy to target GD2
ganglioside. However, neuroblastoma remains a much challenging disease, and opportunities
to develop new drugs may be found by studying the typical genetic signatures of the tumour.
For example, MYCN, the most relevant driver of high-risk neuroblastoma, is an important focus
of cancer research. Also, ODC1, which encodes for an enzyme of polyamine biosynthesis, is
known to be an oncodriver in different types of cancer, and it was recently identified as an
independent prognostic marker and potential therapy target in neuroblastoma. Then, a multitude
of genes that are already demonstrated to be involved in development and progression of some
types of cancer are now evaluated as possible players in neuroblastoma. RUNX1T1, which is
studied in this project, is for instance one of these.

2.1-MYCN: leading oncodriver and possible therapeutic target

MYCN and the Myc/Max/Mad network. Amplification of the oncogene MYCN is
considered the most determinant genetic lesion for neuroblastoma prognosis. Gene

amplification and high expression strongly correlate with metastatic tumour and poor survival.
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MYCN encodes for a transcription factor typically expressed in poorly differentiated cells and
regulating a wide set of genes involved in pluripotency, self-renewal, proliferation, cell-cycle
control, apoptosis, angiogenesis, metastasis and immune surveillance [10]. As a result of that,
cells with high MYCN expression are usually undifferentiated, highly proliferating and
metastatic. Similarly, neural crest cells with ectopic overexpression of MYCN are transformed
into neuroblastoma cells [10, 11], as well as transgenic mice with neural crest-localized
overexpression of MYCN develop neuroblastoma with high penetrance [117].

MYCN belongs to the MY C family of transcription factors. As such, the protein structure has
a C-term basic region/helix-loop-helix/leucine zipper (bHLHZip) domain and an N-term
transactivation domain (TAD). The first, responsible of both DNA binding and protein-protein
interaction, is common to all members of the MYC family and to most of the associated
proteins. Interaction with other proteins is essential for MYCN function, since DNA binding is
possible only as dimer. The most important dimerization partner of MYCN is MAX, which also
contains a bHLHZip but not any effector domain. The consensus sequence recognized and
bound by the MYCN/MAX dimer is CACGTG, also known as Enhancer box (E-box). MYCN
transactivation domain is essential for exerting chromatin remodelling and transcription
activation functions. Indeed, it interacts with a large histone acetyl transferase (HAT) complex,
which includes proteins such as TRRAP, GCN5, PCAF, Tip60 and NuA4 [14, 15]. The C-term
portion of MYCN is also supposed to interact with a member of the SWI/SNF complex,
INI1/hSNF5 [14]. However, although transcription activation is the best characterized function,
MYCN can also repress transcription of a wide set of genes. The mechanism is supposed to be
mediated by the basal transcription factor 1 (SP1) and the initiator factor MIZ-1 [16]. In the
context of MYCN functions, it is also worth mentioning that the steady state intracellular levels
of MYCN also depend on intrinsic stability of the protein and on those factors that can affect
it. For instance, MYCN is first stabilized through phosphorylation of Serine-62 by kinases of
the RAS signalling pathway, such as CDK1 or MAPK. When also Threonine-58 gets
phosphorylated by GSK-3p, a PI3K-driven kinase, S62 is dephosphorylated by PP2A. Then
FBW?7 binds MYCN and brings it to degradation through ubiquitination. Furthermore, other
proteins are supposed to be involved in MCYN stability. One of these is the aurora kinase A
(AURKA), which stabilizes the transcription factor by affecting the phosphorylation status [10,
14].

MYCN and MAX are two members of a larger network known as Myc/Max/Mad network
(Figure 5). In this system, a series of dimerization partners interact in order to regulate the

expression of different groups of genes in a modular pattern. All the members of the MYC
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family, which include MYCN, cMYC and MYCL in humans, can interact with MAX and
subsequently bind DNA in order to regulate gene expression. At the same time, MAX can
interact with a series of transcription repressors such as MAD1, MAD3, MAD4, MXI1, MNT
and MGA. Most of these factors contain both a bHLHZip domain and a mSin3-interaction
domain (SID). This last domain is responsible of interaction with HDAC partners, like mSin3.
In a parallel subset of the network, the protein MLX can interact with the same transcription
repressor partners of MAX, or, in alternative, with a different series of transcription activation
factors, which includes MondoA and WBSCR14. MAX and MLX therefore represent two focal
members of the interaction system. Overall, the Myc/Max/Mad network is complicated and still
poorly understood, but its functions are known to be at the base of some physiological processes

and pathological conditions [14].

_ Citondh>
amscRiD

Figure 5. Myc/Max/Mad interaction network [14].

MYCN regulation of cell functions. MYCN expression is tissue/time-specific, with the
highest expression characterizing the early developmental stages of the forebrain, hindbrain and
kidney in new born mice. In the adult, it’s almost completely absent, except for a weak
expression in the thymus and the spleen. The gene is essential for neural system development,
in which it regulates several aspects of the cell lineages undergoing differentiation [10]. Such
wide effect comes through the transcription regulation of a large range of genes (Figure 6).
Integration of both ChIPseq data, transcriptome-wide data and dataset-crossed analysis revealed
a series of 874 direct MYCN targets, including 339 activated and 535 repressed genes [13].

The best characterized activity of MCYN is the promotion of cell proliferation and cell cycle

progression through the regulation of several genes. As instance, MYCN activates CDK4 and
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SKP2, and represses TP53INP1, therefore allowing CDK2 to escape p21 inhibition and to
regulate the G1-S transition. It also activates the expression of CHK1, an important regulator
of S-phase and G2/M checkpoints. 1D2, a transcription factor which inactivates retinoblastoma
(Rb), is another MYCN-upregulated gene leading to cell cycle progression and proliferation, as
well as MCM7 and NLRR1, which are involved in DNA replication and S-phase entry [10, 12].
On the other hand, MYCN represses the expression of anti-proliferative proteins, including
DKK1, an inhibitor of the Wnt pathway, and CDKLS5, which arrests the cells between GO and
G1 phases. Self-renewal and pluripotency are also massively studied aspects which MYCN is
involved in. KLF2, KLF4, LIN28B, SSEA-1 and BMI1 are some pluripotency genes up-
regulated by MYCN. MYCN-mediated upregulation of Notch pathway regulators, such as DLL3
and Notch1, is described as a mechanism maintaining neural stem cell pluripotency [10]. PAX3,
another upregulated gene, is involved in neural crest cell differentiation [12]. In addition, MYCN
downregulates a wide set of differentiation markers, including BMP4 and GATAG in endoderm
and mesoderm, STAT1, EGR1 and ELK3 in lymphocytes, TRKA in neural cells [10]. The
oncogene is also supposed to affect the retinoic acid-mediated differentiation through
upregulation of CRABP Il [12]. Consistent with activation of cell-cycle progression and
proliferation, MYCN cooperates with suppressors of p53 signalling and apoptosis, including
miRNA-350-5p, CUL7, BMI1, H-Twist, NDRG1 and MDM2 [10, 12]. However, the mechanism
through which MYCN affects apoptosis is double-faced. Indeed, it potentially activates both
p53 and MDM2, the last being an E3-ubiquitin ligase that promotes p53 degradation. As a result,
MYCN can either promote or repress apoptosis depending on an extremely sensitive equilibrium
between p53 and MDM2 expression [10]. In addition to cell cycle progression and
differentiation, metabolism is largely influenced by MYCN. The transcription factor is known
to drive glutaminolysis and to directly regulate metabolic enzymes such as LDHA and HK2, in
addition to regulate signalling pathways that are involved in metabolism, such as hypoxia or
Akt/PI3K pathway. Also, the metabolism of polyamines, compounds involved in several cell
functions, is strongly influenced by MYCN, which directly regulates the expression of the rate
limiting enzyme of polyamine biosynthesis, ODC1. Notably, polyamine metabolism is sensitive
to glutamine, whose concentration in the cell is influenced by MYCN itself [10, 12, 13, 160].
MYCN is also an important regulator of cell motility, especially during neural crest cell
migration and metastasis invasion in neuroblastoma [8, 10]. Integrins al and B1 are directly
downregulated by MYCN, promoting cell detachment from the extracellular matrix. Similarly,
MYCN can promote epithelial-to-mesenchymal transition by indirectly downregulating E-

cadherin expression. Also, MYCN promotes cell migration by activating the expression of
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important regulators of both integrin pathway and matrix metalloproteinases (MMPSs) activity,
such as focal adhesion kinase (FAK) and BCL2 respectively [10]. At last, MYCN finds a role
even in angiogenesis and immune surveillance. For example, it can either activate angiogenesis
promoters (e.g. angiogenin and VEGF) via the PISBK/mTOR pathway or repress angiogenesis
inhibitors (e.g. LIF, Activin A and IL-6), while the antigen MCP-1/CCL2, which is required for
natural killer T cells chemoattraction, is typically downregulated by the oncogene [10, 12].

FAK
Integrins
miR-9

ggd

Figure 6. MYCN regulation network [10].

MYCN and neuroblastoma treatment. The association of MYCN amplification with the
most aggressive stage of neuroblastoma can be clearly explained through the deep role of
MYCN in maintaining the cells in an undifferentiated state and in promoting cell proliferation
and motility. The importance of MYCN as neuroblastoma oncodriver led to the study of
therapies targeting either MYCN itself or its transcriptional targets (Figure 7). Strategies directly
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targeting MYCN protein expression, for example antisense-mediated gene knockdown, are
proven to be a potential therapeutic option. However, the development of inhibitors of MYCN
protein is challenging, since the protein structure has no obvious surfaces for small molecule
binding. An alternative strategy might be the usage of chromatin-reader inhibitors which
prevent MYCN to bind the target DNA. JQ1, as instance, is an inhibitor of BRD2-4, a
bromodomain protein required for MYCN binding, and it is demonstrated to be a therapeutic
option for neuroblastoma treatment [10]. Similarly, HDAC inhibitors, such as Cambinol or
BL1521, can prevent MYCN to exert its repressor function. The mechanism regulating the
stability of MYCN protein has also been exploited to define new therapeutic strategies. Indeed,
MYCN stability is promoted by PI3K/mTOR-mediated phosphorylation, and inhibitors of the
pathway, such as BEZ235, are demonstrated to be a feasible strategy to target MYCN-amplified
tumours. Also, some inhibitors of Aurora kinase are now undergoing clinical trial. Targeting
downstream mechanisms, rather than MYCN itself, represents an alternative option. For
example, MYCN-amplified cells are sensitive to Nutlin-3 and MI163, antagonist drugs of MDM2
that can activate apoptosis [10, 12]. Cell cycle-related kinases, which include CDK2, 4, 6 and
7, are typically deregulated in MYCN-driven tumours and represent druggable targets for
therapy [10, 161, 162]. Also, strategies targeting cell cycle regulators of Wnt pathway, such as
SKP2, are currently tested [12].
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Cell cycle arrest Differentiation Survival Proliferation

Figure 7. Therapeutic strategies targeting MYCN and its regulation network:
(A) blocking MYCN-dependent transcription with BET-bromodomain inhibitors;
(B) inhibiting HDACS; (C) targeting proteins involved in MYCN protein stability;
(D) suppressing MDMZ2; (E) inducing differentiation [10].

2.2-ODC1 and the prognostic significance of a single nucleotide

polymorphism

ODCL1 and polyamine biosynthesis. Ornithine decarboxylase 1 (ODC1) is the rate limiting
enzyme of polyamine biosynthetic pathway. ODC1 dimers catalyse the conversion of ornithine,
the precursors of all polyamines, into putrescine, which is then converted into spermidine and
spermine by spermidine synthase and spermine synthase respectively (Figure 8) [17].
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Polyamines are ubiquitous small basic molecules found in almost all organisms, including
bacteria, plants and animals, but putrescine, spermidine and spermine are the only polyamines
produced by Mammals. Polyamines are demonstrated to be essential for physiological functions
and viability in multiple organism, and to have a critical role in Mammalian development. As
instance, ODC knockout in mice results to be lethal at early embryonal stage, while spermidine
synthase knockout is lethal in yeast. However, because of the extensive interactive nature of
polyamines, information about their molecular functions inside cells is far from being
conclusive. Indeed, the strong positive charge at physiological pH makes polyamines capable
of interacting with several macromolecules, including proteins, nucleic acids and phospholipid
membranes. As a consequence of that, the free-polyamine content is a very small part of the
total. Many studies demonstrated that changes of polyamine concentration have effects on
expression of several genes, including c-MYC and c-JUN, while other studies evidenced also a
role in translation modulation of specific mRNAs. It is inevitable to infer that polyamines can
potentially affect a wide range of signalling pathways and cell functions, such as proliferation
and differentiation. Indeed, high polyamine level strongly correlates with high cell proliferation
and poor differentiation. At the same time, polyamines can also interact with ion channels, thus
extending their involvement also to metabolism [18].

Given the importance of polyamines for a variety of cellular functions, their concentration
inside the cell requires fine control. ODC1 is obviously the first and most important regulation
point. ODC1 promoter contains three E-boxes, one -488 bp upstream of the TSS and the other
two included in the first intron, respectively +287 and +321 bp downstream of the TSS (USCS
assembly GRCh37/hg19, NM_2539). The MYC/MAX complex is the main transcription
activator of this gene, a mechanism that is typically observed in highly proliferative cells [18,
19]. On the contrary, the E-boxes are bound by the MNT/MAX complex and the gene is
consequently repressed in quiescent cells [18]. ODC1 is also regulated at protein stability level
by two proteins, namely antizyme (AZ) and antizyme inhibitor (AZIn). The first protein, the
expression of which is increased in response to high polyamine level, binds ODC1 protein and
mediates its inactivation and degradation via the 26S proteasome. The second protein binds AZ
and prevents it from destabilizing ODC1 [17, 18]. In addition to ODC1, the other enzymes of
the polyamine biosynthetic pathway are also finely regulated, as much as the enzymes involved
in the catabolic way. Furthermore, polyamine levels are controlled by uptake and efflux
mechanisms, which involve non-specific membrane transporters. However, all the transporters

involved in this process are not completely described [18].
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Figure 8. Polyamine metabolism in Mammals [21]. Ornithine decarboxylase (ODC),
S-adenosylmethionine (SAM), S-adenosylmethionine decarboxylase (AMD),
decarboxylated SAM (dcSAM), spermidine synthase (SRM), spermine synthase (SMS),
spermidine/spermine N1-acetyltransferase (SSAT), diamine exporter (DAX),
flavin-dependent polyamine oxidase (PAO), spermine oxidase (SMO).

ODCL1 involvement in cancer. Much attention has been focused on polyamines since the
”70, when they were associated with cancer for the first time [20, 21]. During the years, several
types of cancer were associated with polyamine metabolism, including colorectal, skin,
cervical, bladder, oesophageal, breast and prostate cancer (Figure 9). As for the physiological
polyamine functions, high polyamine synthesis and levels strongly correlates with sustained
cell growth and proliferation, as much as with aggressive cancer. Many factors can be
responsible for increased polyamine synthesis and consequent poor prognosis, the most import
among all being high ODC1 expression and stability [18, 21, 22]. Indeed, ODC1 is
demonstrated to be an independent prognostic marker in many tumours, including colorectal
cancer, lung cancer, breast cancer, prostate cancer, lymphoma and epidermal tumours [21, 22,
23, 24, 25, 26, 27, 28]. Only recent works demonstrated that high ODC1 expression and
polyamine levels are indicative of poor prognosis in neuroblastoma too. A study in 2008 first
demonstrated that high ODCL1 expression is strongly associated with high proliferation rate in
neuroblastoma cell lines and poor survival in neuroblastoma patients (Figure 9) [29]. High
ODC1 expression also correlates with high MYCN expression, which characterizes aggressive
neuroblastoma. This is not surprising, since MYCN directly regulates the E-boxes located in

ODC1 promoter. Nonetheless, high ODC1 expression is prognostic of poor survival also in

20




MYCN-non amplified tumours, thus confirming this gene as an independent prognostic marker
[29, 30].

The importance of polyamine synthesis and ODC1 expression in different types of cancer
brought the scientific community to develop new targeted therapies. A first evidence that the
polyamine synthesis pathway can be a therapy target came in the early *70, when methylglyoxal
(bis) guanylhydrazone (MGBG), a drug used for leukemia treatment, was found to inhibit S-
adenosylmethionine decarboxylase (AMD), an enzyme involved in polyamine biosynthesis
(Figure 8). Following this first discovery, different drugs targeting polyamine-related enzymes
were developed, including inhibitors of AMD and flavin-dependent polyamine oxidase (PAO)
(Figure 8). However, difluoromethylornithine (DFMO), an irreversible inhibitor of ODC1, is
so far the most widely studied drug for cancer treatment (Figure 9). DFMO immediately showed
a strong capability to inhibit polyamine synthesis and cell proliferation in vitro, in addition to
low toxicity and favourable pharmacokinetic properties in animal models. Unfortunately,
clinical trials demonstrated a general ineffectiveness of DFMO in tumour suppression, which
is not surprising since the drug blocks cell proliferation but it is not cytotoxic [17, 21, 22]. This
brought the DFMO to be applied as a chemopreventive agent in those patients that are found to
be at risk, and, nowadays, DFMO is in clinical trial for treatment of different types of cancer
[21-28]. More precisely, DFMO is currently in phase 3 clinical trial for treatment of colon,
bladder and skin cancer, while it is in phase 2 trial for prostate, cervical, gastric and oesophageal
cancer [ClinicalTrials.gov]. Only in 2008, when ODC1 expression was first correlated with
neuroblastoma prognosis, DFMO was evaluated for neuroblastoma treatment. As for other
cancer types, DFMO demonstrated to inhibit proliferation of neuroblastoma cell lines in vitro,
but did not appear to have substantial effects in mouse model. However, DFMO was found to
enhance chemotherapy efficiency and to increase relapse-free survival of the treated mice [29].
Recently, a phase 2 trial was successfully completed, demonstrating that DFMO increases
survival in high-risk neuroblastoma if applied as single agent during the maintenance therapy
[163]. These findings hastened research to more deeply explore the involvement of polyamines
and ODC1 in neuroblastoma. Along this line, recent studies demonstrated that multiple
enzymes of polyamine metabolism are predictive of outcome, and further confirmed the leading
role of ODCL1 in neuroblastoma aggressiveness and its importance as a therapeutic target [31,
32].
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Examples of cancer treatment via DFMO administration

Cancer Preclinical evidence Supportive evidence Target Definitive or pivotal
for activity from pilot/Phase I/ randomized trials
Phase Il trials*
Colorectal Strong Strong Polyps DFMO and sulindac';
accrual 75% complete
Colorectal Strong Strong Polyps DFMO and celecoxib'l;
accrual ongoing
Skin Strong Strong Actinic keratosis DFMO;
accrual complete
Cervical Moderate Moderate Cervical intraepithelial neoplasia DFMO; accrual ongoing
Bladder Moderate Moderate New squamous-cell carcinoma  DFMO; accrual complete
Oesophageal Moderate None Barrett's oesophagus -
Breast Weak None Surrogate markers of breast -

cancer
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ODC1 involvement in neuroblastoma outcome
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Figure 9. Top panel: examples of cancers treated by DFMO and relative efficiency in
preclinical and clinical trial [21]. Bottom panel: experimental results demonstrating
correlation between MYCN and ODCL1 expression (left) and prognostic significance of ODC1
expression in a cohort of neuroblastoma patients [29].

ODC1 promoter and +316 A/G SNP. Given the deep involvement in polyamine
metabolism and disease outcome, regulation of ODC1 gene expression is a focal aspect of
cancer development. In 1989 two different ODCL1 alleles were discovered, distinguished by a
single nucleotide polymorphism (SNP) A/G located +316 bp in ODCL1 locus (+316 A/G SNP,
GRCh37/hg19, NM_2539) (Figure 10) [33]. The SNP, which is found in the population with
an incidence of ~56% GG,~37% AG and~7% AA, was later demonstrated to influence ODC1
transcription, with the A allele associated to reduced expression in a reporter assay experiment
performed in mouse NIH 3T3 cell. The same study also demonstrated that when the reporter
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assay is performed in a rat cell line with inducible c-MYC expression (YY8ME4), the A allele
is significantly more activated by c-MYC induction than the G allele [34]. This result was not
surprising, because +316 A/G SNP is located in the first intron of ODC1 gene, exactly 5 bp
upstream of the third E-box and 24 bp downstream of the second E-box (Figure 10), and binding
of the c-MYC/MAX complex to E-boxes is notoriously affected by the flanking sequences.
This condition is also observed for the MAX/MAX complex and can be potentially valid for
any of the E-box interactors [35, 36]. Indeed, a second study in 2003 demonstrated that
induction of MAD1 expression in human colon cancer cells (HT29) reduces the expression of
an A-allele reporter gene much more greatly than a reporter with the G allele [37]. The same
study and a further one also found that the AA genotype is associated with decreased recurrence
of colon adenoma in patients that take aspirin for chemoprevention [37, 38]. In apparent contrast
to this last evidence, another study correlated poor survival of colorectal cancer patients with
the presence of at least one A allele (meaning either AG or AA genotype). However, the same
study demonstrated that both c-MYC and MAD1 preferentially bind the A allele in colon cancer
cells (HT29 and HCT116), which is consistent with the previous results [39]. Colorectal
adenoma recurrence was also positively associated with the A allele after DFMO treatment
[40]. At last, a study in 2015 demonstrated that the GG genotype is prognostic of survival in
breast cancer patients. It also demonstrated that c-MYC and MADL preferentially bind the A
allele in human breast cancer cells (MCF-7, MDA-435) [41]. Overall, these studies show not
an obvious role of +316 A/G SNP in cancer prognosis, with even contradictory results. Indeed,
while the A SNP is associated with worse prognosis and/or recurrence in colorectal and breast
cancer, it is also associated with decreased recurrence in colorectal cancer patients that take
aspirin as chemoprevention, and, interestingly, a recent study demonstrated that aspirin impairs
c-MYC expression in colon cancer cells [115]. This finding confirms the strong dependence of
the SNP function on the expression pattern of transcription factors. Besides, almost all the
studies consistently demonstrate a major binding capacity and transcription regulation activity
of c-MYC and MAD1 towards the A allele. Given the opposite functions of these two factors,
the first being an activator and the second a repressor, the effect of the allele genotype on ODC1

expression, and consequent disease outcome, likely depends on the genetic background.
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31 ODC1 TSS
TATAAGTAGGGAGCGGCGTGCCGTGGGGCTITIGTCAGTCCCTCCTGTAGCCGCCGCCGCCGCCGCCCGCCGCCCC

TCTGCCAGCAGCTCCGGCGCCACCTCGGGCCGGCGTCTCCGGCGGGCGGGAGCCAGGCGCTGACGGGCGCGGCG

GG GGCGGCCGAGCGCTCCTGCGGCTGCGACTCAGGCTCCGGCGTCTGCGCTTCCCCATGGGGCTGGCLTGCGGL

GCCTGGGCGCTCTGAGGTGAGGGACTCCCCGGCCGCGGAGGAAGGGAGGGAGCGAGGGCGGGAGCCGGGGCG

E-box2 +316 A/GSNP D3 335

GGCTGC GGGCCCCGGGCCCCGGGLACGTGIGCGGCGCGCCTCGCCGGCCTGCAG AGALACGTGGTCGCCGAG

G
U

Figure 10. Representation of +316 A/G SNP and the two E-boxes
included in the promoter region of ODC1 locus [34].

2.3-The multiple faces of RUNX1T1 in cancer and development

RUNXI1T1 protein structure and transcription repression activity. RUNX1T1, also
known as MTG8 or ETO, encodes for a transcription repressor with a barely defined molecular
function, although the gene is known to be involved in several disease conditions and
development processes. Located in position 8921.3, the gene locus is long about 140 Kbp and
it accounts for a total of 15 demonstrated transcript variants and 6 predicted protein isoforms
(NCBI assembly GRCh38.p12). The transcript variants can originate from either alternative
transcription start sites or alternative splicing. Only two protein isoforms are experimentally
demonstrated out of the 6 predicted, with one about 70 KDa and the other about 30 KDa in size.
The last 9 exons at the 3” end are common to all the transcript variants, as well as the C-terminal
part of the protein [42, 44]. RUNX1T1 belongs to the ETO family, which consists of three
members in humans: RUNX1T1, MTGR1 and MTG16. The three members, which have highly
conserved homologues in mouse, chicken and Drosophila, share a common protein structure
consisting in four evolutionary conserved domains named nervy-homology regions (NHR1-4),

where nervy is the Drosophila orthologue (Figure 11). NHRL1, at the N-terminal end, contains
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some homology to human TBP-associated factor 130, but its specific function is still not clear
[42, 43]. NHR2 is a small domain containing a hydrophobic heptad repeat, which is found to
be essential for homodimerization or heterodimerization with the co-repressor mSin3A or other
ETO members [42, 43, 46-48]. NHR3, characterized by an alpha-helix structure, does not have
any remarkable function, except for a partial role in protein-protein interaction [42, 43, 47]. The
C-terminal domain, NHR4, contains two zinc-finger motifs, and, even though there is no
experimental evidence of DNA-binding properties, it is fundamental for RUNX1T1 repression
activity. Actually, NHR4 mediates the interaction with transcription-repression factors such as
N-CoR, SMRT and histone deacetylases (HDACL1, 3, 4,5, 7) [42, 43, 46-48]. Consistently with
a nuclear-specific role, RUNX1T1 protein preferentially localizes in nuclear speckles known
as ETO nuclear bodies (ENB) (Figure 11), where it is also found to co-localize with Atrophin-
1[42, 45, 53]. According to the most recent model, NHR2 and NHR4 together define the core
repressor domain of RUNX1T1, which assembles with mSin3A, N-CoR, SMRT and HDACs
to mediate the formation of a high-molecular-weight corepressor complex (300-600 KDa). The
protein complex is supposed to direct chromatin remodelling and transcription repression
(Figure 11) [42, 43, 46-48]. Although in vitro studies demonstrated the formation of such
complex and its transcription-repression activity, neither the physiological existence of the
complex nor the specific functions have been completely elucidated [42, 43, 47, 48]. In
addition, according to the corepressor model, RUNX1T1 needs to interact with DNA-binding
proteins in order to exert the repression function. Despite DNA-binding factors such as PLZF,
Gfil and Bcl6 are demonstrated to recruit RUNX1T1 and its repression function to specific
target genes, the complete targetome of this factor is not already defined. Indeed, omic
knowledge based on RNAseq and ChlPseq data is still missing, and chromatin
immunoprecipitation directed toward this protein is made hard-to-achieve by the lack of direct
DNA binding [42, 43, 47-51].
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RUNX1T1 protein

domains and interactors
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HDAC-3

NHR1 has homology to hTAF 110. NHR2 is a homodimerization domain. NHR4 is MYND class of zinc fingers.

Co-repressor complex RUNX1T1 immuno-localization
in 293T cell
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T
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NHR4"NHR4

RUNX1T1
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Figure 11. Top: graphical representation of RUNX1T1 protein domains and interactors [42].
Bottom-left: a model of the co-repressor complex [46]. Bottom-right: RUNX1T1 immuno-

localization in 293T cells [51]; ETO nuclear bodies are visible in immunostaining.

RUNX1T1 involvement in development and cancer. Little is known about RUNX1T1 role

in cell functions or physiological processes. The gene caught the attention of researchers for the

first time when it was found to be directly involved in the development of acute myeloid

leukemia. Approximately 12-15% of all acute myeloid leukemia cases are characterized by the

translocation t(8;21), which involves the formation of a fusion gene between RUNX1T1 and
AML-1, also known as ALM1-ETO. The resulting fusion protein, termed as AML-1/ETO,
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contains the DNA binding domain of AML-1 and the C-term portion of RUNX1T1, which is
supposed to function as a transcription corepressor. As a consequence, AML-1/RUNX1T1
deregulates a series of genes that, in co-occurrence with additional mutations, induce the
development of acute myeloid leukemia [42, 52]. Specifically, AML-1/ETO is demonstrated to
interfere with Notch signalling, a mechanism that is suggested to be fundamental for acute
myeloid leukemia insurgence [54]. In the following few years, the expression status of
RUNXL1T1 was associated to different pathological conditions (Figure 12). For instance, copy
gains of RUNX1T1 gene are correlated with insurgence of malignant mesothelioma [55]. An
analysis of bladder cancer samples demonstrated that upregulation of RUNX1T1 might be
associated with tumour progression [56]. In contrast to the idea of RUNX1T1 as tumour
promoter, the gene is demonstrated to be a potential ovarian cancer suppressor in separate
studies [57, 58]. Also, an increase in RUNXLT1 expression is correlated with decrease of
glioblastoma aggressiveness [59], and, consistently, low RUNX1T1 expression is found to be
predictive of pancreatic metastases [60].

Parallel studies demonstrated that RUNX1T1 also has a direct role in development (Figure
12). Adipogenesis is probably the most studied developmental process in which RUNX1T1 is
involved. Several studies evidenced that RUNX1T1, usually upregulated in undifferentiated
adipocytes, is able to repress pro-adipogenesis genes [61-64]. The mechanism that is suggested
to explain such role in adipogenesis involves the direct inhibition of C/EBPS activity and a
consequent downregulation of C/EBPa, a fundamental adipogenesis promoter [61]. RUNX1T1
is also associated to development of different nervous tissues, as well as to development
disorders of the nervous system. Specifically, overexpression of RUNX1T1 is detected in
differentiating radial glial cells of the hippocampus and in activated microglia during
development, in addition to tissues of patients affected by autism spectrum disorders [65-68].
However, adipose and nervous tissues are not the only ones where RUNX1T1 has a functional
role, since different studies demonstrated that the gene promotes development of the gut and
the pancreas, as well as angiogenesis [69-71]. Furthermore, RUNX1T1 is among a series of 8
genes that, when co-transfected, induce dedifferentiation of prolymphocytes into multipotent

haematopoietic stem cells [72].
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Figure 12. Top panel: schematic representation of RUNX1T1 involvement in different case
studies of tumour progression and tissue development. Bottom panel: RUNX1T1 expression in
human tissues and organs by GTEX; note the significant expression in cerebellum (yellow).
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To summarize the previous paragraphs, RUNXL1T1 is a leading player in physiological tissue
development, and an important contributor to specific human diseases, including cancer. For
example, RUNX1T1 translocation promotes acute myeloid leukemia, and gene upregulation is
predictive of malignant mesothelioma and bladder cancer. On the other hand, the same gene
acts as tumour suppressor in ovarian cancer, glioblastoma and pancreatic metastases. In the
development context, RUNX1T1 is upregulated in undifferentiated adipocytes, but it also
promotes differentiation of glial cells and other lineages. Overall, the role of RUNX1T1 in
insurgence of specific diseases and development processes seems to be context-dependent.
Further complexity derives from the fact that the mechanism behind RUNX1T1-mediated
transcription regulation is not perfectly clear, while RUNX1T1 regulon is almost completely
unknown. So far, no study has ever been associated with RUNX1T1 in neuroblastoma or to
neural crest development. However, given the robust and wide involvement of this gene in a
large variety of disease and development conditions, it is reasonable to hypothesize arole in an
embryo-originated tumour such as neuroblastoma. In addition, RUNX1T1 expression is already
associated with development of neural lineages, and, notably, both RUNX1T1 and MYCN are
among the 8 genes that, when co-transfected, can dedifferentiate prolymphocytes into
multipotent haematopoietic stem cells. This last evidence suggests a possible interaction
between the regulation networks of the two factors.
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3-The CRISPR technology:

from genome editing to genetic surgery

Only a few discoveries shacked the scientific world in the last decades as much as CRISPR
did. Originally discovered in 1987 in Prokaryotes, the CRISPR system is now routinely used as
genome editing tool in a wide range of biological systems. The main contribution of this editing
technology is relative to reverse Genetics, making the study of genetic traits much more
accessible and reliable than before. Nonetheless, CRISPR technology is also employed for a

variety of other functions due to extreme flexibility and efficiency [80-82].

Origin and mechanism of CRISPR technology. The CRISPR system originates from
Prokaryotes, in which it functions as an immune-like system (Figure 13). It basically consists
of genomic repeats (Clustered Regularly Interspaced Short Palindromic Repeats, or CRISPR)
interspaced by short sequences that derive from exogenous DNA (or RNA). This, which
originally could be either viral or plasmidic, is recognized by a complex nuclease apparatus and
converted into small fragments (about 20 bp long) during a first contact. The fragments are then
inserted into specific genomic arrays, spanning between already existing repeats. During a
second encounter, the single fragments are transcribed along with the adjacent repeat in order
to generate a so-called guide RNA (gRNA). At last, designated nucleases, known as Cas,
interact with the repeat-sequence scaffold, incorporate the gRNA, and eventually cleave the
exogenous nucleic acid after annealing via the gRNA itself. Interestingly, this system has
developed a strategy to avoid self-targeting of the exogenous sequences included into the
CRISPR arrays. It is based on short sequences called PAM (protospacer adjacent motif) that
are necessary for the Cas protein to recognize the target, but that are not included in the
fragments inserted into the CRISPR arrays. Overall, 2 classes, 6 types and 19 sub-types of
CRISPR systems are known across Bacteria and Archaea. The 2 classes mainly differ in the
Cas nucleases and their targets: class | systems (including type I, Il and 1) employ multiple
Cas proteins to target both double-stranded DNA (dsDNA), single-stranded DNA (ssDNA) and
RNA; class 2 systems (including type Il, V and VI) employ a single Cas protein and mainly
target dsDNA [80-82, 126].

About 25 years after the discovery, the CRISPR system was adapted for precise editing of
genomic DNA in living organisms, mainly Eukaryotes. The editing strategy is based on two

different phases and respective mechanisms. First, the nuclease activity of a Cas protein is
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directed, via a properly designed gRNA, toward a target DNA sequence in order to generate a
DNA break. Second, the endogenous DNA-repair system of the organism is exploited, and
occasionally re-directed, to repair and edit the target sequence [80-82]. The first system to be
adapted in this way, and the most currently used, is CRISPR-Cas9 from Streptococcus pyogenes
(SpCas9), belonging to type Il (Figure 13). SpCas9 is a 1367 aa protein composed of two large
domains with nuclease activity, RuvC and HNH. The enzyme interacts with a gRNA long about
40 nt, with the 19-21 nucleotides at the 5’-end being complementary to the target sequence, and
the others generating a secondary structure functioning as scaffold for the interaction with Cas9
[80-82, 126]. The assembled ribonucleoprotein was observed to investigate the genome via
continuous collisions (61 collisions/second) in search of the target sequence [127, 128]. Once
Cas9 finds a PAM, it pauses, allowing the gRNA to interrogate the surrounding region. If the
target sequence is recognized, Cas9 generates an R-loop structure, where the gRNA is annealed
to the strand known as target (the complementary being the non-target). The PAM 5°-NGG-3’,
located downstream of the non-target sequence, is fundamental for Cas9 interaction with the
target DNA. Importantly, the 8 PAM-closest nucleotides, which constitute the seed region, are
demonstrated to be essential for recognizing the target sequence, since eventual mismatches
would prevent the annealing to be completed. Once the R-loop is formed, Cas9 induces a
double-strand break (DBS) exactly 3 bp upstream of the PAM, with the RuvC and the HNH
domain cleaving the non-target and the target strand respectively [80-82, 126]. After cleavage,
the PAM-distal end is immediately released, while Cas9 remains bound to the PAM-proximal
end for up to 5.5 hours [124, 128]. Complete release of the cleaved site is then followed by
activation of the endogenous DNA-repair systems. CRISPR-Cas9 is not the only system to be
used for genome editing. As instance, a type V Cas nuclease, Cpfl, was also adapted from
Lachnospiraceae bacterium (LbCpfl) and Acidaminococcus species (AsCpf1l) for this purpose
(Figure 13). Cpfl has some differences compared to Cas9. It assembles with a scaffold sequence
19 nt long and located at the 5’-end of the gRNA, while the sequence complementary to the
target is 23-25 nt long and located at the 3’-end; in this case, the seed region includes the 19
nucleotides located at the 5’-end of the target sequence. The PAM sequence is 5’-(T)TTN-3"
and it is located upstream of the non-target strand. The cut induced by Cpfl is a 5 nt-staggered
DNA break, with the nicks on the non-target and on the target strand located 18 and 23 nt
downstream of the PAM respectively (5’-overhanging ends). Generally, Cpfl is found to be
slightly less efficient than Cas9 [129].
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Figure 13. Top panel: example of the original CRISPR system working for immune-like
defence in Prokaryotes [127]. Bottom panels: representation of the genome editing systems
based on Cas9 (left) [82] and Cpf1l (right) [129].
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The second phase of genome editing, following induction of a targeted DNA break via a Cas
nuclease, involves the intervention of the endogenous DNA-repair systems. In Eukaryotes, the
two main systems are non-homologous end joining (NHEJ) and homology-directed repair
(HDR). Their respective mechanisms are significantly different, as much as the function they
are exploited for (Figure 14) [80-82, 127, 129]. NHEJ machinery is activated following a DNA
break with the purpose of re-joining the broken ends. The DSB is first recognized and bound
by a factor (Ku) that subsequently recruits a nuclease (Artemis), a DNA-polymerase (Pol) and
a DNA-ligase (DNA-ligase 1V) in a non-determined order. Then, nuclease and/or polymerase
activity produces random deletions, insertions or insertion/deletions (indel) of a few base pairs,
until the ligase repairs the break [131]. The result is the possible introduction of random
mutations into a Cas-gRNA target site. This possible variant of CRISPR editing is now the most
efficient and precise method for production of knockout mutations in living organisms [80-82,
127, 129]. NHEJ-mediated editing can also be employed to delete large genomic regions. For
this purpose, it is sufficient to target, via Cas cleavage, two distal sites flanking the region to be
deleted. Consequently, the NHEJ machinery could join the two distal broken ends with an
efficiency that mainly depends on the region size and the chromatin structure [134]. In
alternative to NHEJ, genome editing via HDR is used to introduce customized mutations into a
target sequence, although this editing strategy is far less efficient and utilized than the previous
one. HDR is the cellular mechanism usually intervening to repair a DSB via recombination. In
this system, the broken DNA ends are first bound by a protein complex (MRN in Mammals)
that provokes resection of the 5’-ends (up to 50 Kb) via recruitment of nucleases (CtIP, Exol
and BLM). Then, proteins such as Rad51 and Rad52 drive the resulting 3’-overhanging ends in
search of a homologous sequence. Once the homology is found, the sequence is used as
template for reconstruction (via Polo) of the resected region starting from the 3’-ends (up to 2
Kb of newly synthesized DNA from each end). Eventually, the original DSB could be repaired
with 3 different outcomes: the newly synthesized sequence replaces the resected ends in a
process called synthesis-dependent strand annealing (SDSA); formation of a Holliday junction
is resolved through crossover and consequent recombination between the homologous
sequences in a process called double-stranded break repair (DSBR); in case the homologous
sequences are located on the two sides of the DSB, they are joined with consequent deletion of
the included region, in a process that is called microhomology end joining (MMEJ) for
sequences up to 25 bp long, or single-strand annealing (SSA) for longer sequences [132, 133].
Occurring of SDSA and DSBR is fundamental for CRISPR editing via HDR. In this case, an

exogenous donor-DNA (dDNA) is introduced in the system to function as homologous template
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for re-directed reconstruction of the target sequence (knock-in). The dDNA must carry two
arms homologous to the target sequence (about 500 bp long each) and flanking a custom
mutation to be introduced into the target site (up to 2 Kb long insertion). Utilization of a single-
stranded dDNA (ssODN) is usually more efficient, as long as it contains 50 nt-long homology
arms and small mutations, as it is complementary to the non-target strand [80-82, 124, 125,
127, 129, 130]. Currently, NHEJ and HDR are the two main strategies adopted for application
of the CRISPR technology in genome editing, and they proved to be reliable editing systems in

a wide range of organisms (from cell cultures to plants and Mammals) [80-82, 127].

Genome editing via CRISPR
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Figure 14. Application of CRISPR technology for genome editing
via NHEJ (left branch) or HDR (right branch) [82].

Limitations, improvements and applications of CRISPR technology. Despite the
undeniable success of CRISPR, the technology is relatively young, and it is affected by some
limitations. First among all aspects, off-target activity is a great issue of this technology. It is

due to the capacity of the gRNAs to anneal target sequences regardless the presence of
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mismatches, therefore bringing the Cas nuclease to cleave off-target sites. This significantly
undermines precision and reliability of the editing system. Obviously, the higher is the number
of mismatches, especially if included in the seed region, the lower is the probability to cut the
off-target. Prior to editing, a proper gRNA design is essential, preferentially selecting gRNAs
with the lowest number of off-targets and, at the same time, the highest number of mismatches
for the most probable off-targets. Also, shorter gRNAs (17-18 nt) are demonstrated to have
lower off-target activity. A number of different software tools are now available for
comprehensive gRNA design [80-82, 127, 135, 136]. An alternative strategy that is usually
adopted to overcome the off-target problem involves the employment of already-assembled
ribonucleoproteins (RNPs) instead of plasmids expressing Cas9-gRNA, since RNPs have a
shorter half-life and, hence, lower probability of off-targeting [80, 124, 125, 130]. Also, a Cas9
variant called nick-Cas9 (nCas9), and resulting from point mutations inactivating either the
RuvC (D10A variant) or the HNH domain (H840A variant), represents a valid strategy. nCas9
can only produce single-strand nicks instead of DSBs, and, consequently, it cannot induce any
mutation at the off-target sites. The DSB in the target sequence is here induced by designing a
couple of gRNAs targeting two sequences located 15-50 bp apart on the opposite strands, thus
producing a staggered DSB. This strategy, known as double nicking, revealed to be extremely
accurate, but it is relatively inconvenient due to complex design and low probability of a double
nick. However, selection of gRNAs with external PAMs (PAM-out configuration) and
producing 5’-overhanging ends is demonstrated to improve the efficiency [80, 124, 125, 130].
At last, a series of Cas9 variants were recently improved in order carry low off-target activity.
The most efficient to be developed so far, named HypaCas9, carries mutations that make the
nuclease domain activation possible only if the alignment between gRNA and target strand is
perfect [137].

A second main limitation of CRISPR technology is the relative low efficiency of HDR-
mediated editing. In an experimental context, from 40 to 90% of cells transfected with a
CRISPR system results NHEJ-edited, while only 1 to 10% results edited via HDR. There are
two main reasons at the base of this imbalance: higher complexity of HDR-editing; a
competitive relation between the NHEJ and HDR factors in recognizing DSBS, competition that
favours NHEJ in a ratio 9:1. Additionally, HDR-editing of more than one allele in the same
genome is even more improbable (10% of total HDR-editing) [124, 125, 130-133]. As a basic
approach, HDR efficiency can be improved by using properly designed dDNAs (better if
asymmetric sSODNs), and by wusing Cas9 and gRNAs already-assembled into
ribonucleoproteins (higher transfection efficiency) [80, 124, 125, 130]. Competition between
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NHEJ and HDR can be bend in favour of recombination by using NHEJ-inhibitors [139] and/or
HDR-enhancers [140]. Also, double-nick editing via nCas9 improves HDR, especially if 5’-
overhanging ends are generated. These are easily processed by the HDR machinery in order to
create 3’-overhanging ends suitable for recombination [80, 124, 125, 130]. Interestingly, HDR-
editing is possible even with a single nick, which could be explained if the nick itself is
converted into a DSB. Such a possibility, nonetheless, would question nCas9 incapability to
cleave off-targets [124, 125, 130, 138]. Similarly to double-nick editing, production of
staggered ends via Cpfl is demonstrated to increase HDR efficiency [129]. At last, a new
strategy was developed to precisely edit single bases. It relies on Cas9 variants fused to enzymes
that directly modify the nucleotides. The most used variant is composed of an inactive Cas9,
carrying both D10A and H840A mutation (also known as dead-Cas9, or dCas9), fused to a
cytidine-deaminase that converts a C:G into a T:A [141]. Despite all improvements, the current
state of the art is still far from a definitive strategy for efficient HDR-editing.

In the last few years, improvement and deeper knowledge of CRISPR technology brought
to the development of new applications for a variety of purposes. The inactive dCas9 can be
fused to any possible protein for integration of a large number of functions. For example,
fluorescent proteins (i.e. GFP or RFP) can be fused to dCas9 in order to visualize specific
genomic loci [142] or to track RNA molecules [143] in living cells. dCas9 can also be fused to
transcription regulators and epigenome editors, such as VP64, p65 or p300 for transcription
activation [144], or KREB, Dnmt3A or HDAC for repression (also known as CRISPR
interference, or CRISPRI) [145]. Cas9 variants regulating gene expression are currently
evaluated and tested for circuit building in Synthetic Biology [146]. Another relevant research
application of CRISPR is represented by gRNA libraries that are employed to screen genes of
interest in specific biological conditions [147]. In a more visionary prospect, several research
groups are currently studying CRISPR technology as a tool for curing genetic diseases through
what is generally called genetic surgery. In support, in vivo application of CRISPR editing via
viral delivery has already succeeded in mouse and dog models (Figure 15). In some of these
cases, the mutation occurring in DMD gene and leading to dystrophy was corrected with
positive outcome [148-150]. However, no study involving CRISPR application to human
patients has been completed so far. In addition, the scientific community is concerned about
side effects such as off-targeting and immunity response. Recent studies indeed evidenced that
the human immune system is reactive to Cas9 protein, as it would be expected for any protein
with bacterial origin [164]. In alternative to direct delivery of Cas9 components to patients, a

research group recently employed the CRISPR technology to improve primary T cells for

36



immunotherapy [165], and some ongoing clinical trials are now aimed to employ the same
technology for treatment of non-small lung cell cancer, bladder cancer, prostate cancer and
renal cell cancer [ClinicalTrials.gov]. In another attempt to find a clinical application of
CRISPR, human embryos were genetically manipulated to overcome the inheritance of
Mendelian diseases, but all the studies completed thus far were limited to early stage embryos
[166]. At last, a further in vivo application of CRISPR is gene drive for population control. A
representative case study was conducted in mosquito populations with the aim at reducing
malaria diffusion. The technology relies on introduction into selected individuals of a Cas9-
based system that makes the females sterile once the gene is spread through mating [151]. In
conclusion, considering the outstanding efficiency of CRISPR editing and the wide range of
possible applications, it cannot be excluded that this tool is going to play a leading role during

the upcoming years of scientific and technological research.

In vivo genome editing via CRISPR
(Tomato-reporter system)

section of adult mouse brain adult mouse neurons

Figure 15. The microscopy images depict a brain section of an adult mouse injected with
Cas9-gRNA ribonucleoproteins targeting a reporter system (Tomato). Successful editing and
subsequent reporter activation are marked by red fluorescence [149].
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Objectives and project design
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The project described in this thesis was aimed at discovering and characterizing genetic
markers of neuroblastoma with the perspective of laying the bases for novel targeted therapies.
The importance of targeted therapy in neuroblastoma relies on the failing approach of
conventional strategies (surgery, chemotherapy, radiotherapy) in the treatment of high-risk
patients (stage 4). These are characterized by metastatic/aggressive tumour and very poor
prognosis (< 30% survival rate). Some therapies are already adopted in clinical practice,
including application of cis-retinoic acid and GD2-directed immunotherapy. However, relative
inefficacy of the current systems and variable response to the treatment are pushing research to
discover alternative ways. The pipeline of this project was directed to study cell line models of
aggressive neuroblastoma under three aspects: therapy-relevant features of known
neuroblastoma markers; uncharacterized players of neuroblastoma development and
progression that can be exploited for therapy; application of new biotechnologies for targeting
relevant neuroblastoma markers. The pipeline was then developed into the three main
objectives of the current project, which respectively are:

1. study of the expression regulation of ODC1, a gene encoding for the rate-limiting
enzyme of polyamine biosynthesis and representing a prognostic marker in
neuroblastoma;

2. evaluation of the involvement in neuroblastoma development and progression of
RUNX1T1, a gene encoding for a poorly characterized transcription repressor, and
demonstrated to play a role in many distinct cancers and development processes;

3. application of CRISPR technology as a novel therapy tool for targeting the amplification
of MYCN, the genetic lesion that characterizes most of aggressive neuroblastoma and
that is prognostic of very poor outcome.

The three branches of this project shared a common strategy based on CRISPR technology, an
extremely efficient and accurate tool widely employed for genome editing and reverse genetics.
Here, CRISPR-editing was applied with a 360-degree approach. Multiple CRISPR-based
techniques, made possible by an extreme versatility of the system, were employed in this
project: gene knockout through NHEJ-mediated editing, which relies on random indel
mutations introduced into the Cas9 target site via non-homologous end joining; deletion of large
genomic regions through NHEJ-editing, a strategy based on joining distant DNA breaks via the
NHEJ machinery; gene knock-in through HDR, which is based on redirected-recombination of
the Cas9 target site with a customized donor DNA; localized assembly of multiple DNA
sequences into a specific genomic locus of living cells through the Cas protein Cpf1.
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Objective 1: Evaluating the prognostic significance of a single nucleotide
polymorphism located in ODC1 promoter. ODC1 encodes for ornithine decarboxylase, the
rate limiting enzyme of polyamine biosynthesis. Polyamines are ubiquitous compounds that are
involved in a variety of cell functions, ranging from transcription regulation to modulation of
ion channel activity. High polyamine levels typically correlate with sustained cell proliferation
and are found in several types of aggressive tumours, making ODC1 expression an independent
marker of prognosis. Likewise, high ODC1 expression is prognostic of poor outcome in
neuroblastoma. Such condition is typically found in MYCN-amplified patients, where the
transcription factor MYCN directly promotes the expression of ODCL1. The genotype of a single
nucleotide polymorphism located in ODC1 promoter (+316 A/G SNP) is known to influence
gene expression and, consequently, tumour progression. This is demonstrated for colorectal and
breast cancer. The objective of this part of the project was therefore to evaluate the prognostic
significance of +316 A/G SNP genotype in neuroblastoma. First, the prognostic significance of
the SNP was evaluated in a cohort of neuroblastoma patients. Then, CRISPR technology was
applied to switch the SNP genotype in a neuroblastoma cell line that represents the aggressive
stage of the tumour. Molecular analyses were performed to assess whether the SNP
modification affects ODC1 expression in neuroblastoma, and to investigate the transcriptional
mechanism involved. Cell proliferation was analysed in mutant cells as an indicator of tumour
aggressiveness, and, at last, the mutated cells were tested for sensitivity to DFMO, an ODC1-
specific inhibitor that was already identified as a potential therapeutic drug for neuroblastoma
treatment. The results obtained in this study, were aimed at demonstrating and mechanistically
explaining the role of ODC1 SNP as a potential stratification factor for prognosis of

neuroblastoma patients in remission.

Objective 2: Evaluating the role of RUNXLT1 in aggressiveness of neuroblastoma.
RUNX1T1 is a~140,000 bp-long gene coding for a transcription repressor whose functions are
poorly understood. Many studies demonstrated that RUNXL1T1 protein regulates gene
expression by recruiting a transcription-repressor complex with HDAC activity. However,
RUNXI1T1 is unable to directly bind DNA, and the partners that mediate such interaction are
not perfectly defined. This makes the regulation network of RUNX1T1 almost completely
unknown. Several other studies demonstrated that RUNX1T1 is involved in a wide range of
development processes and cancers, and that its role in these events is context-dependent. Since
RUNX1T1 has never been studied in the context of neuroblastoma, and given that this cancer

originates from a condition of deregulated development, the second objective of this project
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was to evaluate whether RUNX1T1 is involved in progression of aggressive neuroblastoma.
First, involvement of RUNXL1T1 in neuroblastoma outcome was evaluated in multiple cohorts
of patients through bioinformatics tools. Second, CRISPR technology was employed to produce
RUNX1T1-knockout cells from a neuroblastoma line deriving from an aggressive tumour. The
phenotype of the knockout cells was characterized in relation with the main cell functions,
which include proliferation, migration, differentiation and apoptosis. These characteristics are
all relevant for neuroblastoma aggressiveness and progression. At last, the molecular pathways
resulting impaired in RUNX1T1-KO cells were investigated by transcriptome analysis, with the
aim at defining the regulation network of RUNX1T1 and, eventually, identifying significant
pathways involved in neuroblastoma cell behaviour. The results obtained in this second part of
the project were intended to define RUNX1T1 as a novel prognostic marker in neuroblastoma,

and to find new molecular mechanisms and pathways that can potentially be targeted in therapy.

Objective 3: Assessing the potentiality of a CRISPR-based therapy targeting MYCN
amplification. Amplification of MYCN gene is found in about 20% of all neuroblastoma
patients, and in most of highly aggressive cases. Amplification typically consists of 50-100
copies per genome of a 100-1000 Kb region that includes MYCN locus. The consequent
overexpression of MYCN represents a strong prognostic marker of poor survival. The direct
correlation between this oncogene and neuroblastoma aggressiveness is largely demonstrated.
The gene encodes for a transcription factor that regulates expression of a huge number of genes
involved in cell growth, cell-cycle progression, differentiation and apoptosis. As a result,
MYCN amplification induces increased proliferation, poor differentiation and apoptosis
inhibition, three typical features of aggressive neuroblastoma cells. Strategies aimed at
disrupting MYCN activity and its regulation network are currently under evaluation. However,
despite the enduring effort of realizing MYCN-targeted therapies, most strategies developed to
date are still far from being realistically effective. Based on such a background, the third
objective of this project was targeting MYCN-gene amplification via Cas9-cleavage in order to
decrease, or even abolish, the aggressiveness of neuroblastoma cells. The principle behind this
innovative approach relied on induction of a MYCN-directed/large-scale DNA damage to
simultaneously reduce MYCN expression and induce cell-cycle arrest and apoptosis. A previous
attempt to impair MYCN expression in neuroblastoma cells was performed through RNA-
interference, obtaining a reduction of cell proliferation and an increase of differentiation and
apoptosis [152]. However, the total effect was not significant enough to proceed over the

development of a concrete therapy. Differently, a CRISPR-based approach was expected to be
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much more efficient, since the target gene is irreversibly knocked-out. In addition, induction of
multiple DNA breaks, due to amplification of the target-gene, was expected to promote cell-
cycle arrest and, in case the damage is not repaired, apoptosis, an event that is significantly
more probable in the considered context. In support of this, a previous work demonstrated that
Cas9 cleavage activates p53 pathway and induces apoptosis in immortalized cells [153]. With
the objective to provide a proof of principle for a possible therapeutic application, multiple cell
lines were transfected with a MYCN-targeting CRISPR-system and their survival was then
analysed over time. In order to evaluate the specificity of the system, the analysed samples
included MYCN-amplified neuroblastoma cells, MYCN-non amplified cells and cells with a
non-neuroblastoma origin. Importantly, advances in CRISPR technology evidenced how this
editing system can be efficiently adapted for treatment of genetic diseases in vivo, thus

supporting the idea of a CRISPR-bases therapy in aggressive neuroblastoma.
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1-ODC1 +316 A/G SNP

has prognostic significance in neuroblastoma

1.1- The A allele predicts favourable outcome in neuroblastoma patients

As a proof of principle, the prognostic significance of the genotype of ODC1 +316 A/G SNP
was studied in a group of neuroblastoma patients. In collaboration with Children’s Cancer
Institute of Sydney, a large cohort of neuroblastoma samples was analysed with the aim to
evaluate the correlation between SNP genotype and outcome. The cohort included primary
neuroblastoma samples from 839 patients recruited in Europe, the USA and Australia. The SNP
genotype distribution in the cohort, which included 506 patients with GG genotype, 272 with
AG and 61 with AA, was comparable to the average distribution in human population (GG
50%, AG 41.6%, AA 8.4%). Since ODCL1 expression is mainly activated by the transcription
factor MYCN in neuroblastoma, and given the importance of aggressive MYCN-amplified
tumours, the patients were grouped according to MYCN-status. The cohort included 142 MYCN-
amplified and 695 MYCN-non amplified neuroblastomas. Survival analysis of the 839 samples
revealed an association between the A SNP and favourable outcome. In patients characterized
by MYCN amplification, the AA and AG genotypes correlate with higher survival than the GG
genotype (P = 0.003 in event-free survival, P = 0.006 in overall survival) (Figure 16A). In
MYCN-non amplified tumours, only the AA genotype is prognostic of higher survival, but with
lower significance than the MYCN-amplified patients (P = 0.178 in event-free survival, P =
0.558 in overall survival) (Figure 16A). As expected, also MYCN amplification was strongly
prognostic of outcome itself, while no evident correlation was observed between SNP genotype
and MYCN status, thus excluding any bias. Previous studies demonstrated that the SNP
genotype directly affects ODC1 expression and, consequently, tumour progression. In order to
evaluate the same condition in neuroblastoma, ODC1 RNA expression was measured in tumour
samples of the European and the USA cohorts. Expectedly, high ODC1 expression correlated
with MYCN-amplification and poor outcome. Although the GG genotype group included the
patients with the highest expression, the results did not evidence any specific expression pattern

in relation with the SNP genotype, regardless of MYCN status (Figure 16B).
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A Survival analysis in relation with the SNP genotype
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B ODC1 expression analysis in tumour samples
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Figure 16. Prognostic significance of ODC1 SNP in neuroblastoma patients.

A. Survival analysis of 839 neuroblastoma patients in relation with ODC1 SNP genotype
(GG, AG or AA) and MYCN status. In each analysis, the genotypes are grouped according to
the highest value of statistical significance (GG/AG vs AA, or GG vs AG/AA). Statistical
significance is indicated as P value and calculated by t-test. B. ODC1 mRNA expression
analysis in primary neuroblastoma tumours from the European and the USA cohorts. The
samples are grouped according to SNP genotype and MYCN status. Data were normalised to a
panel of control genes: HPRT1, GUSB, PPIA, HMBS, and SDHA.

The preliminary observation that the A allele of ODCL1 gene is prognostic of favourable
outcome in neuroblastoma was new and expected at the same time. Indeed, some studies already
demonstrated that +316 A/G SNP influences outcome in different cancers. However, the A
allele was found to be prognostic of poor outcome in colorectal and breast cancer, which is in
contrast with the observation in neuroblastoma. Some of these studies also evidenced that the
SNP genotype directly influences the transcriptional regulation of ODC1 expression, and that
the A SNP is associated with increased binding of transcription regulators to the two E-boxes
nearby. The effect of the SNP genotype on ODC1 regulation would hence depend on what kind
of regulator is influenced, whether an activator or a repressor. In neuroblastoma, MYCN is the
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main transcription activator of ODC1, and the experimental data demonstrated that the SNP
genotype is significantly prognostic of outcome mainly in MYCN-amplified patients. Therefore,
the evidence that at least one A allele correlates with better prognosis suggests that the SNP
counteracts MYCN activity and then involves decreased ODC1 expression. This, according to
the model proposed in previous studies, could be explained by increased activity of a
transcription repressor. Unfortunately, no significant change in ODC1 expression was
measured in relation with the SNP genotype. Given the nature of neuroblastoma, it cannot be
excluded that this result is due to heterogeneity of the tumour samples. In addition, sample

preparation did not take into consideration tumour metastases in this study.

1.2- The A SNP impairs ODC1 expression in neuroblastoma cells

SNP genotype and ODC1 expression in neuroblastoma cell lines. In order to evaluate the
influence of +316 A/G SNP on ODCL1 expression in neuroblastoma, ODC1 transcription was
analysed in a series of 12 human neuroblastoma cell lines with different genotype. In vitro
cultures of neuroblastoma cells were used instead of primary tumour samples to study the
molecular mechanism behind ODC1 expression regulation in a more reliable system. The 12
lines included IMR-32 (GG), SH-SY-5Y (GG), BE(2)-C (GG), SHEP (GG), CHP-134 (GG),
NB-69 (GG), SK-N-FI (AG), SK-N-AS (AG), SK-N-DZ (AG), LAN-1 (AG), KELLY (AG)
and NBL-S (AA). The genotype distribution among the 12 cell lines (GG 50%, AG 41.6%, AA
8.4%) was consistent with the genotype distribution in the human population (GG 56%, AG
37%, AA 7%). Analysis by gRT-PCR evidenced a significant variability of ODC1 expression
among the cell lines, but no correlation with the SNP genotype (Figure 17). The highest ODC1
expression was detected for the lines CHP-134 (GG), NB-69 (GG) and LAN-1 (AG), the lowest
expression was detected in SK-N-AS (AG), while the other lines showed similar expression
levels despite the SNP genotype. Since ODC1 promoter contains three E-boxes that can be
potentially regulated by a great number of different factors, such expression variability is likely
due to the different genetic backgrounds of the lines taken for analysis. The same lines were
then analysed for expression of MYCN, c-MYC, MAX and MAD1, fundamental ODC1
regulators and MYC/MAX/MAD network members. As a rule, high ODC1 expression was
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expected to correlate with high expression of MYCN or c-MYC (transcription activators), and
vice versa low ODC1 expression was expected to correlate with high expression of MAD1
(transcription repressor). Quantitative RT-PCR revealed great expression variability of these
genes, but no functional correlation was found with ODC1 expression, nor with the SNP
genotype (Figure 17). Basically, there were no cell lines with similar conditions that can be
compared to evaluate the influence of the SNP genotype on ODC1 expression. This result
highlighted the complex variability of the genetic background in neuroblastoma cell lines,

which nevertheless resembles the extreme genetic heterogeneity of neuroblastoma tumours.
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Expression analysis by qRT-PCR
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Figure 17. Expression of ODC1, MYCN, c-MYC, MAX, and MNT is analysed by qRT-PCR in
12 human neuroblastoma cell lines. Normalized fold expression (2724<) are indicated in black,
grey and white for respectively the GG, AG and AA genotype. BE(2)-C cells were used as
control sample, and GUSB as reference gene.

49




SNP genotype editing by CRISRP-Cas9 in BE(2)-C cells. The SNP genotype was edited
by CRISPR-Cas9 technology in a singular cell line with the aim to evaluate the effect of the
genotype change in an isogenic background and, thus, to overcome the significant heterogeneity
of neuroblastoma lines. The line BE(2)-C, carrying a GG genotype, was chosen for this task.
The choice was motivated by three reasons: first, BE(2)-C is an important model for
neuroblastoma research, since it’s a MYCN-driven and metastasis-derived line; second, the
MY CN-amplification condition was supposed to be more sensitive to the SNP genotype; third,
the moderate expression of ODCL1 in this cell line did not exclude either a possible increase or
a decrease in gene expression following the genotype change, in contrast to cell lines with much
higher or lower expression levels (Figure 17). BE(2)-C cells were then edited by CRISPR-
mediated HDR. A single gRNA was used to target a site close to the G SNP, and to promote
recombination with a double-stranded donor DNA carrying the A allele (Figure 18A). Single
cell lines were isolated after transfection and screened for selection of AG and/or AA clonal
lines. The screening was performed with an allele-specific PCR, which is based on primers
designed for specifically recognizing either an A or a G through the 3’-end. Overall, 2 AG
clonal lines (named as AG-1 and AG-2) were found, thus obtaining a successful-editing rate of
2.5%. Such editing efficiency is similar to the efficiency usually detected in average non-
primary cell cultures, therefore delineating BE(2)-C as a model suitable for CRISPR-precise
editing. DNA sequencing of the SNP region confirmed successful editing of the clonal lines
(Figure 18A). In order to verify editing specificity and precision, all the off-target sites possibly
targeted by the gRNA were ranked (via CasOT software) according to the cleaving probability,
which is based on the number of mismatches and their position in relation with the seed region.
The most probable off-target site was therefore sequenced in both clones as a control, and no
mutation was detected (data not shown). No AA lines were found, while clones with indel
mutations (insertion/deletion) were obtained with 16% efficiency. At last, one line resulted with
the insertion of the donor DNA into the target site (data not shown). The absence of AA clones
was not surprising, since bi-allelic editing is notoriously hard to achieve (supposed to be 10%
of total HDR editing) [125].

In a second parallel experiment, editing of the SNP genotype via HDR was attempted to be
improved through some expedients that are known to increase the efficiency: employment of a
120 nt-long single-stranded (ssODN) instead of a double-stranded donor DNA (dsDNA);
induction of a staggered DNA break with 5’-overhanging hands (38 nt long) via double nickase-
Cas9 (nCas9) in PAM-out configuration; application of an NHEJ-inhibitor (SCR7) and an

HDR-enhancer drug (RS-1). The cell pools transfected with these systems were screened
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through allele-specific/semi-quantitative PCR in order to find the condition with the highest
HDR rate (Figure 18B). In absence of any drug, no significant difference was observed when
sSODN was used instead of dsDNA, or when dual-nCas9 was used instead of canonical Cas9.
However, a significant improvement was observed when the drugs SCR7 and RS-1 were
applied individually. In both cases, sSODN revealed to be much more efficient than dsDNA,
while canonical Cas9 was demonstrated to be slightly more efficient than double nCas9. In
addition, application of the HDR-enhancer RS-1 appeared to be a better strategy than inhibition
of NHEJ by SCR7. While the result relative to ssODN was relatively expected, it was not the
same for the double-nickase strategy. Lower HDR-editing rate of dual-nCas9 could be
explained by lower transfection efficiency, since more components than the canonical Cas9 are
required for successful editing (2 plasmids and 1 dDNA construct instead of 1 plasmid and 1
dDNA). For what concerns employment of RS-1, higher efficiency than SCR7 could be
explained by two reasons: enhancing HDR is a more direct strategy than inhibiting NHEJ;
inhibition of NHEJ potentially brings to death a cell with a DNA damage induced by Cas9. This
parallel experiment demonstrated that CRISPR-editing via HDR can be improved in
neuroblastoma cells, indicating that mutations of the DNA-repair machinery, which commonly
occur in tumours, do not affect this cell system. By the way, despite editing efficiency was
successfully improved, screening of clonal lines with AG or AA genotype was not performed,

and the AG clonal lines previously obtained were used for the following experiments.
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B Screening of edited cells via allele-specific PCR
cell line NBLS (AA) BE(2)-C (GG)
CRISPR // // Cas9 double nCas9
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no drug -
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Figure 18. SNP genotype editing by CRISPR in BE(2)-C cells.

A. SNP localization in ODC1 promoter and CRISPR-editing strategy. An example of DNA-
sequencing of the SNP in one of the AG clones is represented on the left; the double A/G
peak corresponding to the SNP is labelled by a red square. B. Results obtained by screening,
via allele-specific/semi-quantitative PCR, the cell pools transfected with different CRISPR
systems for HDR-editing of the SNP. The PCR was performed with A SNP-specific primers,
and the PCR products were analysed on agarose gel. The table indicates the type of cell line
that were transfected (either BE(2)-C or NBLS), the CRISPR strategy (either Cas9 or dual-
nCas9) the type of dDNA (double or single-stranded) and the drug applied (either SCR7 of
RS-1). NBLS cells, carrying an AA genotype, were used as positive control of the PCR.

Analysis of ODC1 expression in SNP-mutated clonal lines. The two AG lines were both
kept for analysis, since data obtained from a single line could be affected by clonal variability.
AG-1 and AG-2 were first tested for ODC1 expression. Western blot and qRT-PCR revealed a
significant decrease of respectively protein and mMRNA level compared to the wild type GG line
(Figure 19A). This result is consistent with the previous observation that the A allele is
prognostic of favourable outcome in neuroblastoma. Furthermore, decreased activity of ODC1
promoter was already associated with the A SNP in mouse fibroblasts and human colon cancer
cells by reporter assay [34]. Interestingly, ODC1 mRNA expression appeared to be halved in
both clones, suggesting that gene expression is completely abrogated for the A allele, provided
that the G allele is not affected in the mutant lines. ODC1 protein level was also approximately
halved in the AG lines. This confirmed that the SNP genotype directly affects ODC1 protein
expression and, potentially, the whole polyamine biosynthetic pathway.

Previous studies suggested that the SNP effect on ODC1 expression occurs through a
differential affinity of transcription factors toward the two different SNP forms. Factors such
as c-MYC, MAX and MAD1 were demonstrated to preferentially bind ODC1 E-boxes that are
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close to the A SNP. In neuroblastoma, ODC1 is notoriously regulated by MYCN, but a
multitude of other transcription factors can potentially bind and regulate the region that is
supposed to be affected by the SNP genotype. Actually, ODC1 regulation is more likely
mediated by a binding equilibrium between multiple factors. In order to identify a causative
relation between the A SNP and decreased ODCL1 expression, the epigenetic status of ODC1
promoter was evaluated via analysis of H3-histone pan-acetylation, which represents a strong
marker of open chromatin and active transcription. Chromatin immunoprecipitation (ChlP) and
quantitative-PCR analysis revealed that pan-acetylation of H3 histone is significantly decreased
in proximity of the SNP (+316 bp from the TSS) in AG-1 and AG-2 (Figure 19B). This is
perfectly consistent with the decreased gene expression observed in the mutant clones. Histone
acetylation was also assessed for E-box 1 (-488 bp from the TSS), Exon 9 (starting at +6165 bp
from the TSS) and S-ACTIN locus as control. As expected, E-box 1 is modestly acetylated in
all the lines, while Exon 9 is not acetylated and histone acetylation at f-ACTIN locus is not
affected by CRISPR-editing (Figure 19B). H3-acetylation resulted impaired also in proximity
of E-box 1, but the decrease is not as much significant as for the SNP region. This indicates that
the SNP influence range is very specific to the surrounding sequence, which includes E-box 2
and 3. On the other hand, the slight effect on E-box 1 could be due to chromatin super-folding
and consequent interaction between transcription factors and sequences that are virtually
distant. A more accurate examination of H3 acetylation in proximity of the SNP revealed that
the acetylation level in AG-1 and AG-2 is approximately half of the level detected in the GG
wild-type line. These findings allow to infer that the substitution of the G with the A SNP
induces complete de-acetylation of the surrounding region, which would be consistent with the
complete abrogation of ODCL1 expression that was previously deduced. Binding dynamics of
the main transcription factors possibly involved in ODC1 regulation were not further

investigated.

53



A ODC1 mRNA expression ODC1 protein expression
1.5

c
°
;]
("]
@
& 1.0 BE(2)-C AG-1 AG-2
s
e *%
T 05 * k% - — oDC1
= ——
E | |
[=]
2 0.0 : : M | | S Actin
o N %
é"@ © ©

200+

150+

*

100+ ¥
504

NS * ﬁj

0'_' ’;|L| |_T_| T T

N O

6 ,

E-box 1 E-box2 SNP  E-box 3 Exon 9
0DC1 locus B-ACTIN locus

Fold enrichment over input
(normalized to negative-control region)

Figure 19. Analysis of ODC1 expression regulation in CRISPR-edited cells.

A. ODCL1 expression by qRT-PCR (left) and Western blot (right) in the mutant AG clones.
Expression of GUSB was used for normalization in qRT-PCR, while B-ACTIN was used as
housekeeping gene in Western blot. Statistical significance was measured by t-test
(*=P<0.05, **=P<0.01, *** =P <0.001). B. Analysis of H3-histone acetylation of
ODC1 promoter by H3-PanAcetylated ChIP in the CRISPR-edited AG clones.
Immunoprecipitated DNA was analysed by quantitative PCR. A poorly acetylated region
located 15,000 bp upstream of ODC1 TSS was used as negative-control region for
normalization (ACt). Data are presented as fold enrichment over the input sample (24AY),
The analysed regions are illustrated at the bottom of the figure. Statistical significance
was measured by t-test (* = P < 0.05, ** =P < 0.01, *** =P <0.001).

In order to validate the role of the SNP genotype in ODC1 regulation, a dual-reporter assay

was performed with the promoter region containing the SNP and the two E-boxes nearby. The
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sequence, 74 bp long and containing either the G or the A SNP, was cloned upstream of a
reporter cassette coding for Luciferase. Reporter expression can be estimated by measuring
bioluminescence produced in the reaction catalysed by Luciferase. The construct was then
transfected into Tet21N cells, a neuroblastoma line carrying a Tet-Off system that controls
exogenous overexpression of MYCN. Cells treated with tetracycline, in which MYCN is low
expressed, showed no significant difference between the G and the A allele (Figure 20).
Differently, the A allele leaded to lower reporter expression than the G allele in cells
overexpressing MYCN (Figure 20). In a separate control experiment, cells in either conditions
were transfected with the empty Luciferase vector and no significant difference was detected
for the reporter expression (data not shown). In conclusion, this assay confirmed the relation
between the SNP genotype and ODC1 promoter, demonstrating that the A allele is associated
with lower promoter activity. In addition, the difference between the two MYCN conditions
supports the idea that the SNP directly counteracts the activity of MYCN, the main ODC1
activator in neuroblastoma. This is consistent with the survival study, where the A allele was

significantly prognostic of survival preferentially in MYCN-amplified patients.
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Figure 20. Dual-reporter assay with the two alleles of ODC1 promoter.
The effect of the SNP genotype on expression of a reporter gene (Luciferase) was evaluated in
a MYCN Tet-Off system (Tet21N cells). The region containing the SNP (G or A), E-box 2 and
E-box 3 was cloned upstream of the Luciferase cassette (bottom of the figure). The assay was
performed in a condition of either low (tetracycline treatment) or high MYCN expression.
Bioluminescence produced by Luciferase was measured and normalized to the
bioluminescence produced by a control reporter (Renilla). Data are related to the A allele in a
condition of low MYCN expression. Statistical significance was measured by t-test
(*=P<0.05 **=P<0.01, *** =P <0.001).

Overall, genotype editing of the single nucleotide polymorphism suggested that the A allele is
associated with inhibition of ODC1 expression, resulting in halved expression in AG cells
compared to GG. Similarly, the region of ODC1 promoter that surrounds the A SNP is
supposedly characterized by complete deacetylation of H3 histone, which results in halved
acetylation in AG cells. These results confirmed the tumour-protective role of the A allele that
was evidenced in survival analysis of neuroblastoma patients. It can be assumed that ODC1
expression is also decreased in tumours with AG or AA genotype, a condition that was not
possible to demonstrate in primary tumour samples. Notoriously, in vitro cell cultures are more
reliable systems for studying transcription regulation dynamics. In addition, all the cells used
for in vitro experiments (BE(2)-C and Tet21N) were derived from bone metastases, while the
samples analysed in the survival study were prepared from solid primary tumours. All these
circumstances represent substantial differences between the two systems, which could explain
why reduced ODC1 expression was observed in AG cell cultures but not in AG/AA patients’
tumours. Notably, one A allele appeared to be enough for a significant reduction of ODC1
expression in MYCN-amplified neuroblastoma cells, which is consistent with the evidence that
the presence of at least one A allele is prognostic of favourable outcome in MYCN-amplified
patients. At last, the reporter assay provided a further evidence of the mechanism behind the
SNP influence on ODC1 promoter, indicating that the A allele counteracts the MYCN-mediated
activation of ODC1 expression. This also supports the finding that the effect of the SNP
genotype is more significant in MYCN-amplified patients, where the sustained expression of
ODC1 plays a fundamental role in tumour progression.
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1.3- The A allele correlates with decreased cell proliferation and increased

sensibility to DFMO in neuroblastoma

ODCL1 is an independent prognostic marker in neuroblastoma, and high expression is
strongly correlated with sustained cell proliferation and poor prognosis. In order to demonstrate
the prognostic significance of +316 A/G SNP in neuroblastoma, cell proliferation was assessed
for the AG mutant clones by BrdU assay. The assay measures the inclusion of
bromodeoxyuridine into DNA during replication as indicator of cell-cycle progression. In
agreement with impaired ODC1 expression, AG-1 and AG-2 were found to be significantly less
proliferative than the wild type BE(2)-C (Figure 21). Since the cell line edited by CRISPR was
derived from metastases, this result demonstrated the involvement of ODC1 SNP in
neuroblastoma progression and aggressiveness. It also validated the observation that the
presence of at least one A allele is prognostic of good outcome in neuroblastoma patients with
MYCN amplification.
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Figure 21. Proliferation analysis of the AG cells by BrdU assay.

BrdU incorporation into DNA during replication was directly measured in fixed cells by
immunoassay. Colorimetric data are shown as fold change with respect to BE(2)-C cells
at day 8. Statistical significance was measured by t-test
(*=P<0.05 **=P<0.01, *** =P <0.001).

The observations made in this study indicate ODC1 SNP as a novel stratification factor for
neuroblastoma. SNP genotyping can be potentially used to include neuroblastoma patients into
specific risk subgroups, thus improving tumour prognosis and treatment. Importantly, the
stratification system would be suitable for MYCN-amplified patients, which still represent a
challenge for therapy. ODC1 inhibitor DFMO is a new promising resource for treatment of
aggressive neuroblastoma, characterized by MYCN amplification and high ODC1 expression in
most cases. DFMO dosage and efficiency are strictly dependent on ODC1 expression in tumour
cells. The response to DFMO treatment was therefore evaluated in relation to the SNP genotype.
BE(2)-C, AG-1 and AG-2 cells were treated with increasing concentrations of DFMO (0.1, 0.2,
and 0.4 mM) and, after 10 days of incubation, the three lines were tested for their capacity of
colony formation, an indicator of aggressiveness in metastatic cells. DFMO concentration was
suggested by collaborators of Children Cancer Institute (Sydney) on the base of previous works
[29]. As expected, the assay revealed higher sensitivity of the AG lines to DFMO (Figure 22).
Colony formation of the AG cell lines was almost completely abolished at all DFMO
concentrations. Only few small colonies were formed with 0.1 mM DFMO. Differently, BE(2)-
C cells retained colony formation capacity with 0.1 and 0.2 mM DMFO, detecting respectively
70 and 80% reduction of colony generation. With 0.4 mM DFMO, colony formation was
significantly reduced also for BE(2)-C. Increased sensitivity of AG cells to DFMO is perfectly
consistent with the reduced ODC1 expression associated to the A allele. Indeed, a fixed
concentration of DFMO is supposed to be more efficient against cells with lower ODC1
expression, provided that the DFMO concentration is not saturated.

58




100- Colony formation assay
s
c
8
ke
X
©
o
© 504
g
‘e
=
(]
3 -
s BE(2)-C
g NS
' s
o Ll Ll .l- L) ¥
Q'Q QT\ Q"L QP‘
DFMO concentration (mM)
| 4% o ¥ Rz
a9 2. A AR < g 3
BE(2)-C | e @ [pd 50 Y tlesipmedE Y T
y- ;"-'.' .;.:. ';;5 0 4
| Ry / \ '
AG-1 ¢+ 3= X |
) .;;' ;‘:7';"":0.' /. NS ./,/ |
| # A —r— R =
[o.: / \
‘et . . \
AG-2 N
PR
I\ Y
0 0.1 0.2 0.4
DFMO (mM)

Figure 22. Analysis of colony formation of AG cells after treatment with DFMO.
Cells were first seeded in a medium containing DFMO at different concentrations (0.0, 0.1,
0.2 and 0.4 mM) and then stained with crystal violet after 10 days. Examples of stained
colonies are shown on the bottom. The surface occupied by colonies was measured
by ImageJ software and presented as percentage of the control condition (0.0 mM DFMO).
Statistical significance was measured by t-test (* = P < 0.05, ** =P < 0.01, *** =P < 0.001).
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In conclusion, CRISPR editing of +316 A/G SNP and in vitro analyses demonstrated that
the A SNP abolishes ODC1 expression and, therefore, it impairs tumour cell proliferation and
aggressiveness. This result validated the previous observation that correlates the AG and AA
genotypes with higher survival of neuroblastoma patients characterized by MYCN
amplification. In addition, cells with at least one A allele are more sensitive to DFMO, a drug
meant for the treatment of aggressive neuroblastoma. In conclusion, the SNP genotype was
confirmed to be a potential stratification factor for neuroblastoma that can be exploited for

improving prognosis and treatment of this challenging disease.
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2-RUNXI1T1 represents a novel player

in neuroblastoma development and progression

2.1-RUNX1T1 is a potential oncosuppressor in neuroblastoma patients

A preliminary study was conducted to evaluate the relevance of RUNX1T1 expression in
neuroblastoma progression and outcome. Publicly available datasets representing the tumour
transcriptome analysis of large cohorts on neuroblastoma patients were examined through the
online tool R2: Genomics Analysis and Visualization Platform. Kocak dataset [76], which is the
largest one and includes data from 649 neuroblastoma patients distributed in all risk groups,
revealed that high RUNX1T1 expression in tumour samples significantly correlates with higher
event-free survival (P = 4.8 e-11) (Figure 23). The same correlation between RUNX1T1
expression and event-free survival was obtained with three other datasets (data not shown), that
are Versteeg dataset [77] (P = 3.3 e-03), TARGET dataset [78] (P = 1.4 e-05) and SEQC dataset
[79] (P = 8.9 e-12). The cohorts of the three datasets included respectively 88, 249 and 498
patients distributed in all neuroblastoma risk groups. Since the focus of this project is the study
of genetic markers and possible therapeutic targets in high-risk neuroblastoma, which is often
characterized by MYCN amplification, RUNX1T1 prognostic significance was evaluated in a
MYCN-related context. When the Kocak cohort was divided into subgroups related to MYCN
status, high RUNX1T1 expression was found to be significantly prognostic of better outcome
in MYCN-non amplified patients (P = 6.4 e-08), but there was not a significant difference in
MYCN-amplified patients despite a similar trend (P = 0.114) (Figure 23). This condition was
also observed in Versteeg dataset (MYCN-non amplified, P = 5.5 e-03; MYCN-amplified, P =
0.644), TARGET dataset (MYCN-non amplified, P = 1.1 e-05; MYCN-amplified, P =0.078) and
SEQC dataset (MYCN-non amplified, P = 1.3 e-08; MYCN-amplified, P = 0.010) (Data not
shown). The poor significance of RUNX1T1 expression in outcome of MYCN-amplified
patients is likely due to the low number of patients included in this risk group, but a causative
interaction between MYCN and RUNXL1T1 functions cannot be excluded. Interestingly, slightly
reduced expression of RUNX1T1 in MYCN-amplified compared to MYCN-non amplified
patients was consistently found in all datasets (data shown only for Kocak dataset in Figure 23).
However, a similar reduction was also observed in all datasets for expression of S-Actin, here

used as control.
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Figure 23. Prognostic significance of RUNX1T1 expression in neuroblastoma samples.
Survival rate and RUNX1T1 expression were analysed in 649 neuroblastoma patients of
Kocak dataset [76]. The Kaplan Meier curves were obtained through the online tool R2:
Genomics Analysis and Visualization Platform. The patients were grouped according to

MYCN status in the bottom curves. The most significant cutoff between high (green) and low

(red) RUNXLTL1 expression was chosen by longrank test, and the P value is reported.
The average expression ratio between MYCN-amplified and MYCN-non amplified condition
is shown at the bottom of the figure for some representative genes.
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This preliminary study suggested a positive correlation between RUNX1T1 expression and
survival in neuroblastoma, thus indicating RUNX1T1 as a potential oncosuppressor in this
disease. Such an evidence is consistent with the tumour suppressor role that was previously
demonstrated in glioblastoma, ovarian cancer and pancreatic metastases. Here, survival analysis
took into account events including recurrence, progression and death. This implicates that the
role of RUNX1T1 is probably related to aspects such as cancer cell proliferation and
differentiation, as well as metastasis formation and invasion. All these functions were already
demonstrated to be affected by RUNXLT1 in many biological systems. However, it cannot be
excluded that RUNX1T1 somehow mediates the interaction between tumour cells and the

surrounding environment.

2.2-Mutation of RUNX1T1 gene impairs proliferation and migration, and

promotes differentiation in neuroblastoma cells

CRISPR-editing of RUNX1T1 in BE(2)-C cells. With the aim at evaluating the role of
RUNXI1T1 in neuroblastoma development and progression, the gene was knocked-out via
CRISPR-editing in BE(2)-C cells. As for the study of ODC1 gene, this cell line was chosen
because it represents a flexible and comprehensive model of aggressive neuroblastoma. At first,
deletion of the whole locus of RUNX1T1 was induced by double Cas9 cleavage, thus producing
a null allele (Figure 24A). After PCR screening and sequencing characterization, clonal lines
carrying the deletion of a single RUNX1T1 allele were found with an efficiency of about 10%.
PCR screening was performed by using primers that flank the deleted region, thus giving a
positive PCR result only if the included 140,000 base pairs are removed. The PCR product was
sequenced to confirm the deletion (data not shown). In addition, the gRNA target sites located
in the non-deleted allele were sequenced in order to check the presence of any mutation (data
not shown). Since no clones with a double null allele were found, clonal cells with a single null
allele were newly treated with double CRISPR cleavage. For the second editing, one of the
gRNAs previously used was substituted with a gRNA shifted from the first, thus producing a
distinct PCR product during the screening (Figure 24A). Although deletion of both alleles was
successfully detected by PCR in the transfected cell pool and despite a significant number of
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screened clones, it was not possible to isolate any clonal line with a double null allele (data not
shown). It was then hypothesized that the complete removal of RUNX1T1 locus is lethal in
neuroblastoma cells.

A further attempt to knockout the second RUNXL1T1 allele in the cells carrying a single null
allele was performed via two different reporter systems (Figure 24B). These were developed
for the present project based on new advances in CRISPR technology, and they were aimed at
tracking and eventually selecting the edited cells. The two strategies were designed to disrupt
RUNXZ1T1 locus by knocking-in a reporter gene (GFP or RFP) that gives a positive signal only
in case of successful editing, without any background effect. Despite the significant progress
of CRISPR technology, no system like this has been described so far. In the first editing
strategy, the reporter gene RFP was divided into two separate donor plasmids, containing
respectively CMV-promoter and RFP CDS. Both the CMV-promoter and the RFP cassette
were flanked by the same sequence, homologous to the coding region of the last exon of
RUNX1T1 gene (Figure 24B). The idea was to assemble the two donors into the last exon of
RUNXI1T1 by inducing compatible DNA breaks via CRISPR, and subsequently joining the
fragments via NHEJ or MMEJ. This strategy, referred as NHEJ/MMEJ-mediated multiple
assembly (or NMA), was intended to produce two simultaneous effects: activation of RFP
expression in case of correct assembly; RUNX1T1 knockout by disrupting the sequence coding
for the zinc finger, which is proved to be essential for its transcription repression function and
is also conserved among all the protein isoforms. The concept of correct assembly order of the
two donors, necessary for this strategy, was sustained by a previous work demonstrating precise
insertion of DNA fragments through double nickase-Cas9 editing [156]. However, since
designing of gRNAs for a double-nick strategy was inconvenient in this case, the alternative
Cas protein producing 5 bp-staggered/sticky ends, namely Cpfl, was here employed for precise
assembly. Importantly, the donor sequences were designed to insert the RFP cassette in the
opposite transcription direction of RUNX1T1, thereby avoiding RFP synthesis due to formation
of a fusion protein. The second editing strategy, characterized by a much simpler design, was
based on direct substitution of RUNX1T1 locus with the gene coding for GFP (Figure 24B).
The innovative approach, referred as SDSA-mediated knock-in (or SKI1), relied on employment
of a long single-stranded dDNA containing a reporter gene (GFP) flanked by homology arms.
A so-designed dDNA was intended to knock-in the reporter cassette via synthesis-depended
strand annealing (SDSA) and, at the same time, to avoid any background effect due to
transcription of the dDNA. In support, synthesis and employment of long single-stranded
dDNAs for CRISPR editing was previously validated [157, 158]. SKI-editing was performed
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by using the same gRNAs employed for deleting RUNX1T1 gene. Importantly, these gRNAS
couldn’t target the null allele again and subsequently produce any false positive result, since
the target sites were included in the deleted sequence. NMA- and SKI-editing were thereby
employed to knockout RUNXZ1T1 in clonal cells carrying a single null allele, and fluorescent
cells were successfully obtained with an efficiency of about 8.5%, and 12% respectively (Figure
24B). No positive cells were found after NMA-editing when the gRNA was not transfected,
therefore demonstrating the absence of background. Differently, rare false positive cells were
detected after SKI-editing without gRNA transfection, a result that could be explained by
dsDNA contamination during the procedure of ssSDNA synthesis. PCR amplification (Figure
24B) and sequencing (data not shown) of the assembled junctions in NMA-edited cells
demonstrated that the dDNA components were assembled in the right order, but also that the
joining sites included mutations. On the other hand, it was not possible to detect the correct
insertion of the GFP cassette in SKl-edited cells by screening PCR (Figure 24B). Indeed, the
PCR only revealed aberrant insertions characterized by shorter length, a result supposedly due
to inefficient PCR-amplification of such external region of RUNX1T1 locus in GFP-labelled
cells (data not shown). Although labelled/RUNX1T1-KO cells were successfully obtained
through the two reporter systems, they were found to be poorly proliferative, and, once selected
and isolated by cell sorting, they basically died and were not able to generate clonal lines. These
results therefore validated the idea that the complete removal of RUNX1T1 gene is lethal.

In order to completely abrogate RUNX1T1 functions in BE(2)-C cells without deleting the
whole locus, single Cas9 cleavage was directed toward the sequence coding for the zinc finger,
located in the last exon (Figure 24A). Screening of clonal lines was performed via directly
sequencing the target region (data not shown). Attention was focused on out-of-frame mutations
completely disrupting the NHR4 domain, and then producing a knockout condition. As a result,
NHEJ-mediated editing allowed to obtain clonal lines with indel mutations on both alleles with
64% efficiency.

In total, five clonal cell lines, edited by either double Cas9 cleavage or NHEJ-mediated
editing, were chosen for further analyses (Figure 24C): two lines with a heterozygous null allele
(named NU-1 and NU-2); one clone with heterozygous indel mutations, one out-of-frame and
one in-frame (KO-1); two clones with homozygous out-of-frame mutations (KO-2 and KO-3).
Analysis of multiple clonal lines was intended to overcome clonal variability and possible off-
target effects due to CRISPR editing.
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B Genotype of CRISPR-edited clonal lines

NU-1 and NU-2
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Figure 24. CRISPR editing of RUNX1T1 locus in BE(2)-C cells.

A. Representation of RUNX1T1 locus and the CRISPR-editing strategy. gRNAs null 1 were
used to delete the entire locus in NU-1 and NU-2; gRNA null 2 and the upstream null 1 were
used to delete the second allele in single-null cells; the gRNA KO was used to induce indel
mutations in KO-1, 2 and 3. B. Representation of the two reporter systems used for complete
deletion of RUNXLT1 locus, respectively NMA- (top) and SKI-editing (bottom). The cleavage
sites of Cpfl and Cas9 are indicated by grey triangles, the primers by black arrows. Examples
of edited/labelled cells (fluorescence microscope, 40X) and respective editing efficiencies are
represented in each panel. The editing efficiency is normalized to transfection efficiency, both
measured by flow cytometry. The screening PCR results are represented in each panel (the
signs + and - indicate transfection with or without gRNA). C. Representation of DNA-
sequencing analysis of the mutations characterizing the clonal lines chosen for further
analysis. The putative mutations on the amino acid sequence are also indicated.

As expected, gRT-PCR and Western blot analysis of RUNX1T1 expression revealed that the
null clones NU-1 and NU-2 are characterized by approximately halved levels of mRNA and

protein compared to BE(2)-C (Figure 25A). This is perfectly consistent with the presence of a
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null allele. Differently, RUNX1T1 mRNA expression in KO-1, -2 and -3 was found to be similar
to BE(2)-C, while the Western blot analysis was complicated by the presence of non-specific
interactions of the RUNX1T1-specific antibody and by the possible expression of multiple
isoforms (Figure 25A). Indeed, RUNX1T1 protein is represented in the wild-type condition by
two distinct bands characterized by a little difference in protein size (barely distinguishable in
Figure 25A), which is consistent with the size range of most RUNXL1T1 protein isoforms. The
distinction between isoforms and non-specific bands was possible through Western blot
analysis of RUNX1T1 expression in SHEP, a neuroblastoma line that does not express this gene
(data not shown). Like NU-1 and NU-2, RUNX1T1 protein is significantly reduced in clone
KO-1, while clones KO-2 and KO-3 are characterized by complete absence of the upper band
and reduction of the downer band (Figure 25A). In addition, the KO clones, especially KO-3,
showed a significant increase in a much lower band, which could represent the mutant protein
(shorter than the wild type) but also correspond to a non-specific band (Figure 25A).
Interpretation of these results was not obvious. However, since RUNX1T1 mRNA expression
in the KO cells is comparable to the wild type condition (Figure 25A), the significant overall
reduction of RUNXI1T1 protein in the KO lines is supposedly due to impaired stability.
Importantly, the primers utilized for the analysis of RUNX1T1 mRNA expression via
quantitative PCR were complementary to the third last exon, which is common to all mMRNA
variants and then overcomes the variability due to splicing. Interestingly, only KO-1 retains a
significant expression of RUNX1T1 protein among the KO clones (upper band). Also, it is the
only KO line to carry an in-frame mutation that, according to a model of protein-structure
prediction, preserves the B-strand of NHR4 domain (Figure 25B). Such evidence, together with
overall protein reduction in the KO cells, suggests a potential role of the C-terminal domain of
RUNXI1T1 in protein stability. However, beside all evidences, it is fundamental to the scope of
this project to consider that the nonsense mutations of the KO cells undoubtedly impair the

transcription regulation activity of RUNX1T1 protein.
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Figure 25. Expression analysis of RUNX1T1 in CRISPR-edited cells.

A. Expression analysis by gRT-PCR (left) and Western blot with total protein extracts (right)
in the CRISPR-edited lines. The bands supposed to correspond to RUNX1T1 are indicated by
a dashed square. Expression of GUSB was used for normalization in qRT-PCR, while -
ACTIN was used as housekeeping gene in Western blot. Statistical significance was measured
by t-test (* =P < 0.05, ** =P <0.01, *** =P <0.001). B. In silico structure prediction of
NHR4 and C-term domains of RUNX1T1 in the KO clones. Protein structure prediction was
provided by I-TASSER. The N-term side is indicated in blue and the C-term side is indicated
in red. The wild type zinc finger is characterized by one a-helix and two p-strands.

Phenotypic analysis of RUNX1T1-mutated cells. The five RUNX1T1-mutated lines were
analysed for the most relevant phenotypic aspects, which are proliferation, migration,
differentiation and apoptosis. Proliferation analysis first revealed a significant decrease of
proliferation rate in all the mutated lines (Figure 26A). This correlates with the decrease of
RUNX1T1 protein expression characterizing the mutant lines and, especially, the knockout

clones KO-2 and KO-3, which showed both the lowest growth rate and the most dramatic
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decrease of RUNXI1T1 expression. Interestingly, the effect of RUNX1T1 mutations on
proliferation of clone KO-1 did not appear to be as much significant as for the other clones,
which could be supposedly due to rescuing mutations associated with clonal variability. As for
proliferation, all the five mutant lines showed impaired migration capacity in wound healing
assay (Figure 26B). Also in this case, the lines KO-2 and KO-3 showed the most robust decrease
of migration capacity, which is consistent with the complete loss of RUNX1T1 protein. On the
other hand, all the mutant clones showed a higher level of differentiation than the wild type
line, with increased number of neurites, more connections between the single cells and larger
cell size (Figure 26C). Again, KO-2 and KO-3 showed the highest level of differentiation.
Apoptosis was evaluated by Western blot analysis of cleavage and activation of Caspase 3, a
main effector of this pathway. In this last case, RUNX1T1 did not appear to influence apoptosis
in the mutant lines, since no Caspase 3 cleavage was detected (data not shown). However, this
was not surprising, because BE(2)-C cells are demonstrated to carry a mutation in p53, the most
important upstream activator of apoptosis [83]. Altogether, decreased proliferation, impaired
migration and increased differentiation of the mutant lines demonstrate that RUNX1T1 is
strongly involved in the main functions of neuroblastoma cells. These results all support an
oncogenic role of RUNX1T1 in neuroblastoma, with a potential effect on both insurgence of the
tumour and metastasis spreading. Unexpectedly, the oncogenic role here deduced is in contrast
with the oncosuppressor role that was previously evidenced via survival analysis of
neuroblastoma patients. This controversy is discussed below and in the following chapters.
Since BE(2)-C is a neuroblastoma line driven by MYCN-gene amplification, MYCN protein
expression was evaluated in order to estimate whether RUNX1T1 mutations affect expression
and/or stability of this oncogene. While the null-allele clones showed only a slight reduction of
MYCN protein level, the three KO clones appeared to be affected by a more visible decrease
(Figure 26D). This result is consistent with the observed phenotype, but the MYCN protein
level among the KO clones does not perfectly match the amplitude of changes observed in
proliferation, migration and differentiation assays. In addition, it is unlikely that RUNX1T1 is
directly involved in the regulation of MYCN expression, since it is demonstrated to be a
transcription repressor, and KO mutations of RUNX1T1 should thereby implicate an increased
expression of the direct targets. The expression of other two important players of the MYC
network, namely MAX and MNT, was then analysed. These are respectively MYCN-protein
partner and antagonist. Also here, expression of these factors appeared to be impaired in the
KO clones (Figure 26D), which is unexpected for MNT if considered that its function is

notoriously opposed to that of MYCN. Indeed, decreased expression of this factor is not
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consistent with the phenotype observed in the mutant clones. However, it is clear that RUNX1T1
mutation has an influence on the Myc/Max/Mad network itself. From one side, this is consistent
with the idea that RUNXLT1 is a transcription regulator with a putative large number of targets.

On the other hand, these results confirm the relevant role of RUNX1T1 in cell functions.
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Figure 26. Phenotype analysis of RUNX1T1-mutated cell lines.
A. Cell count performed by Biirker chamber. Data are shown as fold change with respect to
the number of BE(2)-C cells on day 10. B. Wound healing assay. Cells were seeded at 90%
confluency and scratched at day 0. Then, cells were stained with crystal violet and analysed
by ImageJ software at day 0, 1, 2 and 3. Wound repair is represented as percentage of invaded
space normalized to day 0. The bottom pictures represent examples of the analysed samples
(10X magnification). C. Differentiation analysis by NeuroJ software. Top-left: analysis of the
number of neurites (normalised to the number of cells). Top right: analysis of the average
neurite length. Centre: examples of analysed samples (20X magnification); every picture is
shown in low contrast (left) and high contrast (right); neurites are highlighted in cyan colour.
Bottom: measures of the number of neurites per cell and their average length units.
D. Expression of MY C-network members by Western blot. B-ACTIN was used as
housekeeping gene. Statistical significance was measured by unpaired t-test for experiments
in Figure 26A, Band C (* =P < 0.05, ** =P <0.01, *** = P < 0.001).

In order to further demonstrate that RUNX1T1 promotes cell aggressiveness in
neuroblastoma, a rescue assay was performed with the mutant cells. The line with the most
dramatic phenotype, KO-3, was stably transfected with a vector expressing wild type
RUNXL1T1. The mouse homologous of RUNX1T1 was chosen for this task, since the multiple
transcript variants (15) of the human gene made the cloning procedure virtually impossible.
Indeed, the mouse gene codes for only 3 demonstrated protein isoforms, the longest of which
is highly conserved with respect to the human isoforms (97.52% identity) [NCBI assembly
GRCm38.p4] and was then cloned for the rescue assay. Colorimetric analysis of the KO-3 cells
overexpressing mouse RUNX1T1 revealed an increased growth rate compared to the cells
transfected with an empty vector (Figure 27). This result partially confirms the tumour-

promoter role of RUNX1TL1 in neuroblastoma.
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Figure 27. Phenotype rescue of RUNX1T1-KO cells.

KO-3 cells were stably transfected with either an empty vector or a vector expressing mouse
RUNXL1T1. The growth rate was then measured by crystal-violet colorimetric assay.
Absorbance data are shown as percentage with respect to cells transfected with RUNX1T1 and
analysed at day 8. Empty wells were used for normalization. Statistical significance was
measured by unpaired t-test (* =P < 0.05, ** = P < 0.01, *** =P < 0.001).

Overall, CRISPR-editing of RUNX1T1 demonstrated that the gene potentially regulates
proliferation, migration and differentiation in neuroblastoma cells. All the phenotypic
signatures of the mutant cells agree with a tumour-promoter role of RUNXI1T1 in
neuroblastoma, a condition previously observed in bladder cancer and malignant mesothelioma.
In agreement with the multiple involvement of RUNX1T1 in distinct development events and
insurgence of different types of cancer, the association with relevant cell functions in
neuroblastoma also suggests a potential role of this gene in neural crest development. The
mutant phenotypes can be partially explained by the reduced MYCN protein expression that
characterizes RUNX1T1-mutant cells. By the way, the reduction of MYCN expression is not
perfectly consistent with cell behaviour. Furthermore, also MAD protein expression was found
to be impaired, which is in contrast with the phenotype of the mutant lines. It is therefore
possible that RUNX1T1 function in neuroblastoma is parallel to the Myc/Max/Mad network,
and that the influence on expression of MY C-network members is a feedback effect. This, if
confirmed, would add more value to RUNX1T1 role in aggressive neuroblastoma. Interestingly,

the oncogenic role of RUNX1T1 evidenced in neuroblastoma cell cultures is in perfect contrast
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with the positive correlation between RUNX1T1 expression and survival of neuroblastoma
patients. Similar to the study concerning ODC1 gene, this evidence could be explained by
considering the different nature of the two examined systems. First, in vitro cell cultures are
studied in an extremely simplified environment, where factors such as circulating signals,
nutrients/oxygen supply, interaction with different tissues and 3D structure are not involved.
Nevertheless, RUNX1T1, in the role of a modular transcription regulator, potentially affects all
these conditions. Second, while analysis of RUNX1T1 expression and patients’ survival was
based on RNA samples collected from primary tumours, the in vitro experiments were
performed with BE(2)-C cells, which derive from neuroblastoma metastases located in the bone
marrow. The pattern of genes playing a role in metastasis spreading and invasion are mostly
different from those involved in tumour development and growth. Third, it is unlikely to
observe a worsening of the tumour phenotype in response to mutations affecting an
oncosuppressor in an already aggressive cell line, such as BE(2)-C. All these considerations are
even more significant in relation with RUNX1T1 itself, whose functions are demonstrated to be
context dependent. A more intriguing possibility is represented by the complex expression
dynamics of RUNX1T1 gene, which today accounts for 15 demonstrated transcript variants.
Indeed, the datasets used for survival analysis rely on microarray expression data, and they
might take into account only a few variants of RUNX1T1. Differently, the CRISPR-editing
procedure performed in this study affects all RUNX1T1 isoforms.

2.3-Mutation of RUNXI1T1 affects signalling pathways involved in

neuroblastoma progression and neural crest development

Transcriptome analysis of RUNX1T1-mutated cells. The transcriptome of the five
CRISPR-edited clonal lines was analysed by RNAseq in order to evaluate which molecular
functions are most affected by RUNX1T1 mutations and, ultimately, to find out which pathways
are associated to the tumour-suppression phenotype observed in the mutant lines. RNAseq
analysis revealed a total of 829 genes whose expression is at least 2-fold increased/decreased
on average among the five mutant lines, with a maximum change of more than 1000-fold in

some cases (Figure 28A). Overall, 370 genes were found to be upregulated and 459
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downregulated. Only genes whose expression change is consistent among the five lines were
taken into consideration, since the phenotype of the CRISPR-edited cells is similarly consistent
among the five lines. The large number of genes impaired in the mutant lines and the significant
expression change characterizing some of them both support the transcription regulation
function of RUNX1T1. Furthermore, the upregulated genes, but not the downregulated ones,
showed an expression change pattern that generally matches the type of mutation of RUNX1T1,
with the highest change often found in the KO lines. This supports the model of RUNX1T1
protein being part of a transcriptional repression complex. Cross-analysis between the RNAseq
and three publicly-available transcriptome datasets obtained from large cohorts of
neuroblastoma patients (Versteeg [77], TARGET [78], NRC [84]) revealed that a significant
number of genes are strong predictors of prognosis in neuroblastoma (Figure 28A). More
specifically, 75 predictors of survival were found to be upregulated, while 63 death predictors
were found to be downregulated, all consistent with the decreased aggressiveness of the mutant
lines. In addition, the percentage of survival predictors among the upregulated genes is
significantly larger than the percentage of death predictors among the downregulated genes
(20.3% against 13.7%), suggesting that the direct function of RUNX1T1 in neuroblastoma could
be maintaining the cells in an undifferentiated/aggressive state by repressing the expression of
tumour suppressors. Notably, one of the most significant survival predictors that is upregulated
in the mutant clones is NTRK1, a strong marker of both neural crest differentiation and high
survival in neuroblastoma [3]. SEMAGD is another regulator of neural crest differentiation to
be found among the upregulated survival predictors. This is a semaphorin that, like SEMA3D
(also found among the upregulated genes), is demonstrated to regulate neural crest cell
migration [85]. On the other hand, ALK is one of the downregulated genes to be identified as a
death predictor. This is consistent with the occurrence of activating mutations of ALK gene in
a significant number of familial neuroblastomas [1-3]. All these evidences support the idea of
a neuroblastoma-specific involvement of RUNX1T1 in tumour development and progression.
On the other hand, some survival predictors were also found among the downregulated genes,
and vice versa for death predictors. This finding, in evident contrast with the phenotype of the
mutant lines, is consistent with the oncosuppressor role of RUNX1T1 that was evidenced in
neuroblastoma patients. This apparent contradiction nonetheless supports the concept that
RUNXA1TL1 is a wide-range transcription regulator with a context-dependent function.

In order to identify neuroblastoma-associated pathways that are affected by RUNX1T1
mutations, the set of 829 genes was analysed by gene ontology (Figure 28B). At first, a

significant number of genes was found to be associated with neural cell differentiation (80
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genes), cell migration (44 genes), cell proliferation (25 genes) and cell adhesion (39 genes).
Also, 16 genes were identified as regulators of neural crest cell migration and differentiation
(IGF2, FGF2, FGF10, FGF20, CDH6, SOX9, PIK3R1, MSX2, MYB, SEMA5A, SEMAG6D,
ERBB4, SEMA3G, SEMA3D, TBX1, and SOX8). Such finding was not unexpected, since the
most evident phenotypic signatures of the mutant lines are, indeed, decreased proliferation and
migration, and increased differentiation. Even apoptosis was found to be represented by a
significant number of genes (42), indicating a potential role of RUNXLT1 in this function
despite no apoptotic activity was detected in the mutant lines. Furthermore, the whole set of
genes is not enriched for the known targets of MYCN, not even the most important and best
characterized ones [13]. This evidence supports the idea that MYCN regulation network has not
an obvious role in determining the phenotype of RUNX1T1-mutated cells. Gene ontology
analysis then revealed several signalling pathways that are represented by a significant number
of genes (Figure 28C). These are PI3K-Akt (25 genes), Wnt (22 genes), CAMP-PKA (20 genes),
MAPK-Erk (19 genes), Rapl (17 genes), Notch (15 genes), cGMP-PKG (14 genes), and Hippo
pathway (12 genes). All these pathways are supposedly altered in the mutant clones, and this,
if confirmed, would extensively demonstrate the wide range of action of RUNX1TL1. In support,
RUNX1T1 mutation affects the expression of many secreted signals (i.e. FGF2, FGF10,
FGF20, EFNA2, EFNA4, IGF2) that potentially regulate several interconnected pathways at
the same time. Some of these pathways are known to play a role in neuroblastoma development
and neural crest differentiation. Wnt pathway, as instance, is a known regulator of neural crest
differentiation, and it is demonstrated to drive proliferation and/or differentiation in
neuroblastoma cells in a context-dependent manner [86, 87]. Upregulation of Wnt pathway
inhibitors (DKK1, DKK2, NPHP3, DACT3), as well as downregulation of two important
activator signals (WNT3, WNT5B), a receptor (FZD7), an upstream activator (MARK1) and a
downstream effector (TNIK), altogether suggest a downregulation of the entire pathway in
association with mutation of RUNX1T1. This perfectly correlates with decreased proliferation
rate of the mutant lines, but not with increased differentiation. PI3K-Akt, another pathway
massively represented among the altered genes, is a well-established driver of tumorigenesis,
and its activation correlates with poor outcome in neuroblastoma. It is also involved in neural
crest differentiation [88, 89]. Consistent with the weak aggressiveness of the clonal lines, the
pathway appears to be impaired when RUNX1T1 is mutated, an evidence sustained by decreased
expression of a central activator of the pathway, PIK3R, and of a typical transcription target,
MYB. In addition, a previous study demonstrated that inhibition of PI3K-Akt pathway leads to

destabilization of MYCN protein [90], a condition already observed in the mutant cells (see
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Figure 26D). MAPK-Erk pathway, also identified by ontology analysis, regulates multipotency
maintenance of neural crest cells, even though little is known about its involvement in
neuroblastoma development and progression [91]. However, MAPK-Erk is a convergence point
of several other signalling pathways, and expression of a significant number of related factors
Is impaired in the mutant lines. This suggests that the pathway could be directly involved in the
mutant phenotype. Hippo pathway was recently demonstrated to mediate neural crest
differentiation and, also, to positively correlate with poor outcome in neuroblastoma [92, 93].
In contrast with the observed phenotype, it appears to be activated in the mutant cells, as the
repressor CRB2 is downregulated and both the main effector YAP1 and the transcriptional target
BBC3 are upregulated. Rapl signalling is demonstrated to drive neuroblastoma cell
proliferation via ALK-mediated activation of the pathway [94]. Again, this is consistent with
downregulation of ALK expression in the mutant lines. The last signalling pathway that is
represented among the altered genes, Notch, is specifically involved in neural crest
development, while its activation is demonstrated to block the growth of neuroblastoma cells
[95, 96]. At last, RNAseq and gene ontology analysis allowed to evaluate some aspects of
RUNXL1T1 regulation network that might be relevant for tumour progression in a physiological
context. As instance, 9 genes were found to be implicated in cellular response to hypoxia,
including the fundamental regulator HIF3A (data not shown). Response to hypoxia is
commonly accepted to be an important factor in neuroblastoma progression, since low
oxygenation stimulates tumour vascularization and growth in size [116]. Also, 9 genes were
found to be involved in regulation of inflammatory response, suggesting that RUNX1T1 might

influence the immune response against neuroblastoma (data not shown).
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Figure 28. Transcriptome analysis of RUNX1T1-mutated cells.
A. RNAseq analysis of the most deregulate genes in NU-1, NU-2, KO-1, KO-2 and KO-3.
Upregulated tumour suppressors and downregulated death predictors are labelled in yellow.
B. Gene ontology analysis of deregulated genes that are involved in principal cell functions.
C. Gene ontology analysis of deregulated genes that are involved in significant signalling
pathways. In all figures, expression fold change is relative to BE(2)-C cells, and the lines
NU-1, NU-2, KO-1, KO-2 and KO-3 are represented in each column from left to right.

Prediction of RUNX1T1 regulon. The spectrum of phenotype signatures characterizing the
clonal lines are likely orchestrated by the signalling pathways that are supposedly affected by
RUNX1T1 mutations. It is reasonable to assume that RUNXI1T1 protein itself, as part of a
transcription repression complex, regulates the expression of factors directly involved in one,
or more, of these pathways, while the remaining signalling pathways are consequently affected
via a hierarchical mechanism. The pathways that are directly influenced by RUNX1T1 activity
could be highly interesting for targeted therapy in neuroblastoma, since the phenotype observed
in the mutant lines could be reproduced, and even improved, by using pathway-specific drugs.
However, identification of the direct targets of RUNX1T1 is complicated by the inability of the
protein to bind DNA. The current model indeed establishes that RUNX1T1, and the related
repression complex, is recruited on target genes through interaction with primary transcription
factors. So far, only a few of these RUNX1T1 co-regulators have been described, but no one in
the context of neuroblastoma. Thus, in order to predict which transcription factors are most
likely responsible of RUNX1T1-mediated transcription regulation in neuroblastoma, a regulon-
prediction tool (iRegulon) was used to examine the set of genes whose expression is altered in
the mutant lines. The software tool associates canonical DNA motifs, found in the target genes,
with putative transcription factors. The software operates on a collection of thousands of ChIP-
seq databases accounting for a total of about 10,000 canonical binding motifs. Since disruption
of RUNXLT1 activity is supposed to cause upregulation of the direct targets, only the 370
upregulated genes were taken for analysis. The search for DNA motifs was limited to 500 bp
around the TSS in order to make the analysis stringent. Prediction of the regulation network
revealed a series of 12 putative transcription factors (TCF12, MAPK1, CAT, HSF1, HSF4,
GATA3, RAD21, SMC1A, SMC3, ZSWIM1, SMADS5, and YY1) that potentially regulate a
significant number of genes among the 370 (Figure 29A). Some of these genes share common
binding motifs and are therefore regulated by the same factors. Interestingly, the expression of
none of the 12 transcription factors is significantly altered in RUNX1T1-mutated lines, hence
indicating two possible circumstances: impairment of RUNX1T1 activity affects stability of
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these proteins; loss of RUNX1T1 protein affects the function of an eventual protein-protein
interaction. With the aim at investigating the second possibility, interaction between RUNX1T1
and the 12 putative transcription factors was evaluated via STRING software, an online tool that
predicts protein-protein interactions through databases of experimental evidences. Surprisingly,
RUNX1T1 was found to directly interact with TCF12, interaction that was previously
demonstrated in 293T cells [97]. TCF12 is a basic helix-loop-helix (bHLH) protein that can
bind the canonical E-box sequence (CANNTG). Prediction of putative targets by iRegulon
revealed that TCF12 could directly regulate the expression of genes involved in Wnt and Hippo
pathways. More specifically, it was associated to upregulation of DKK1 and FRMDS,
respectively an inhibitor of Wnt and an activator of Hippo pathway. Also BBC3, a downstream
inducer of apoptosis, was found to be a potential regulation target. TCF12 is known to be
involved in neuronal differentiation [98], and it can also promote pluripotency maintenance in
osteoblasts [99]. The mechanism through which it regulates osteoblast differentiation is
mediated by MAPK-Erk and BMP signalling pathways, which are overall downregulated by
TCF12 [100]. This is consistent with the finding that MAPK-Erk pathway is potentially altered
in the CRISPR clones. A further study demonstrated that high TCF12 expression in colorectal
cancer promotes cell migration, invasion and metastasis via directly downregulating E-cadherin
expression [101]. On the other hand, downregulation of E-cadherin is essential for epithelial-
to-mesenchymal-transition (EMT) and consequent migration of neural crest cells [7, 10, 102].
In addition, two cadherins (CDH6 and CHD18) are upregulated in the mutant lines, although
they are not predicted to be directly regulated by TCF12; however, TCF12 appeared to directly
bind CDH18 locus when the region queried was iRegulon is 10 kb around the TSS (data not
shown). Notably, different studies demonstrated that the cadherin effect on cell motility is not
strictly mechanic, since cadherin-mediated cell contact regulates a series of signalling pathways
that include PI3K-Akt, Wnt, Hippo and, indeed, MAPK-Erk [103]. According to all these
evidences, a possible model explaining the phenotypic signatures of the CRISPR lines
implicates that impairment of TCF12 activity by RUNX1T1 mutation might affect signalling
pathways such as Wnt, Hippo and MAPK-Erk (Figure 29B). All these pathways potentially
regulate proliferation and differentiation. Additionally, the effect on expression of cadherins
might impair cell adhesion and motility, and it might also generate a feedback effect on the
previous signalling pathways (Figure 29B). As last consideration, analysis of the regulation
network of either the 370 upregulated or the 459 downregulated genes in RUNX1T1-mutated
cells did not detect enriched genes putatively regulated by factor of the Myc/Max/Mad network,
including MYCN (data not shown for the downregulated genes). This further supports the idea
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that the role of RUNX1T1 in neuroblastoma development and progression is independent from
the main oncodriver of this tumour, MYCN. Analysis of the downregulated genes also revealed
a significant number of putative targets of ARNT (data not shown), a fundamental regulator of
hypoxia-response pathway together with HIF factors. Such evidence, consistent with the
previous observation made in the gene ontology analysis, confirms a potential role of RUNX1T1
in hypoxia response in a physiological context.
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Speculative model:

RUNXITI role
in neuroblastoma cells RUNX1T1
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Figure 29. Prediction of RUNX1T1 regulatory network in BE(2)-C cells.

A. Prediction by iRegulon of the transcription factors regulating the 370 genes upregulated in
the mutant lines. The black-labelled and the white-labelled nodes respectively represent
transcription regulators and targets. Regulation connections are indicated by arrows.
Overlapping transcription factors are interactors (found by STRING). Genes involved in
PI3K-Akt pathway are labelled in yellow, Wnt in light blue, MAPK-Erk in red, Hippo in
orange, Notch in green, and multifunctional growth factors in purple. B. Speculative model of
RUNXA1T1 regulation of pathways and mechanisms that are relevant for neuroblastoma cell
behaviour. Green and red arrows respectively indicate up- and down-regulation.

Transcriptome analysis of mutant cells with a heterozygous null allele of RUNX1T1 (NU-1
and NU-2) and RUNX1T1-knockout cells (KO-1, KO-2 and KO-3) revealed a large number of
genes whose expression is significantly affected. This result is perfectly in line with the
transcription regulation function that is attributed to RUNX1T1. A significant number of genes
was found to be predictors of neuroblastoma outcome, with RUNX1T1 potentially
downregulating survival predictors (75 in total) and indirectly upregulating death predictors (63
in total). This result confirms the tumour-promoter role of RUNX1TL1 in the context of
aggressive neuroblastoma cells. As expected, gene ontology analysis of the RNAseq data

revealed a significant number of genes involved in proliferation, migration, differentiation and
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apoptosis, confirming the relevant role of RUNX1T1 in neuroblastoma cell behaviour. Some of
these genes are also known to be involved in neural crest development, a finding consistent
with the switchable function of RUNXL1T1 between embryo development and tumour
progression. Gene ontology analysis also revealed that several impaired genes belong to
important signalling pathways (PI3K-Akt, Wnt, CAMP-PKA, MAPK-Erk, Rapl, cGMP-PKG,
Hippo, Notch). The assumed inhibition of Wnt and PI3K-Akt pathways is consistent with poor
aggressiveness of the mutant lines, but not activation of Hippo. However, RNAseq data are not
enough to evaluate the activity of such pathways, and every deduction is purely speculative.
Certainly, the large number of pathways potentially affected indicate that RUNX1T1-mediated
regulation of cell behaviour is likely conveyed by these signalling mechanisms. In support of
this, RUNX1T1 mutation affects many secreted signals that potentially regulate several
interconnected pathways at the same time. Such evidence could also explain why it is possible
to obtain and detect cells with double-null alleles by CRISPR editing, but it’s not possible to
isolate single clonal lines (see chapter 2.2). A more accurate analysis of the RNAseq data
allowed to predict the transcription-regulation network that is impaired in the mutant lines.
Interestingly, TCF12, a known interactor of RUNX1T1, was found to potentially regulate a
significant number of genes, some of which involved in relevant signalling pathways. It was
therefore modelled that RUNX1T1 protein, via interaction with TCF12, regulates a series of
genes, including also cadherins, which are involved in MAPK-Erk, PI3K-Akt, Wnt and Hippo
pathways, thus influencing proliferation, migration and differentiation of neuroblastoma cells.
This model, if experimentally confirmed, could provide a new base for understanding the
molecular mechanisms behind neuroblastoma development and progression, and for

developing novel therapy strategies.
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3-CRISPR-targeting of MYCN amplification

Is a potential therapeutic strategy in neuroblastoma

The third and last part of this project was aimed at evaluating the therapeutic potential of
targeting MYCN amplification through CRISPR-editing in aggressive neuroblastoma cells. The
strategy was intended to impair cell proliferation and, at the same time, promote apoptosis via
two parallel mechanisms, which are MYNC knockout and induction of a large-scale DNA
damage. A couple of gRNAs, with target sites flanking MYCN coding-sequence, was designed
to delete the entire included region following Cas9 cleavage (Figure 30A). The dual Cas9-cut
was then supposed to be converted into an extended DNA damage in case of MYCN
amplification. This strategy was tested in six different cell lines, which included three MYCN-
amplified lines (IMR32, CHP134 and BE(2)-C), two MYNC-non amplified lines (SHEP and
SHSY5Y) and a non-neuroblastoma cell line (293T). The experiment was performed by
transfecting cells with the indicated couple of gRNAs and a Cas9 variant fused to GFP, so to
evaluate the number of transfected/fluorescent cells in the total population over time and,
therefore, their survival. The percentage of fluorescent cells was measured by flow cytometry
at days 2 and 5 post-transfection, a time frame that was supposed to be appropriate for
estimating any relevant effect. Consistently with the initial idea, flow cytometry analysis
revealed that survival of MYCN-amplified lines IMR32 and CHP134 is significantly impaired
by Cas9 treatment. On the contrary, the treatment resulted completely ineffective in all the
MYCN-non amplified lines, including 293T (Figure 30B). These results clearly proved the
efficacy of impairing cell proliferation via Cas9-targeting of MYCN amplification. In addition,
high specificity of the system for MYCN-amplified cells was evidenced, indicating that the
effect on survival might be mainly due to cell-cycle arrest as a consequence of DNA damage.
In order to confirm this assumption, a comparison between proliferation decrease and MYCN
expression is necessary, but it was not possible to estimate the second factor due to the relative
low number of transfected cells. Curiously, Cas9 treatment was found to be completely
ineffective in BE(2)-C cells, which are characterized by MYCN amplification (Figure 30B).
This result can be explained by the presence of an inactivating mutation in p53, thus making
these cells unable to correctly activate cell-cycle arrest and apoptosis [83]. The condition of
BE(2)-C cells therefore supported the idea of a mechanism mainly based on response to DNA
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damage. Indeed, some effect on proliferation was expected to be induced by impairment of
MYCN expression, but it was not observed. This might indicate either a sort of compensating
mechanism occurring in this line, or that the Cas9 system is not able to significantly reduce
MYCN expression. Either possibilities remain to be verified. Unfortunately, the survival data
were overall affected by great variability, which is probably due to low transfection efficiency.
However, more replicates were analysed in order to make the results more reliable. As a control,
deletion of MYCN gene in the six cell lines was evaluated via PCR with a couple of primers
flanking the target region (Figure 30A). Only MYCN-amplified cells showed a clear positive
result, while the PCR product was barely detectable in the others. Despite the result was not
positive for all the lines, it demonstrated the efficiency of the editing system. Indeed, the PCR
product was expected to be weak also for the MYCN-amplified cells due to low transfection
rate, but the positive result indicated that Cas9 deleted a huge number of MYCN copies in these
cells. Given that the experiment was intended to provide a proof of principle and no further
analysis were performed, off-target activity of the editing system was not investigated.
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A gRNA MYCN gene gRNA

Survival of transfected cells over 5 days

200+

Normalized percentage of fluorescent cells

293T SHEP SHSY5Y IMR32 CHP134 BE(2)-C
| | | p53-mut |
| no NB | MYCN-non amplified | MYCN-amplified |
C Screening PCR
gRNAs - + - + - + - + - + - +
cell line 293T SHEP SHSY5Y IMR32 CHP134 BE(2)-C

Figure 30. Survival analysis of cell lines treated with the MYCN-targeting system.

A. Representation of human MYCN gene. The gRNAs used for deleting the gene are indicated
as gRNAI and 2, while the primers used for screening are indicated as F and R. B. Survival
analysis via flow cytometry of cells transfected with the Cas9-GFP system. The number of
cells survived after 5 days post-transfection is represented as percentage in relation to day 2.
The value is normalized on fluorescence measurements of cells transfected without gRNAs

(negative control). No NB = non-neuroblastoma type; p53-mut = mutation in p53.

C. Screening PCR of cell pools transfected with the Cas9 system. The PCR product, obtained
with the primers indicated in figure 30A, represents successful deletion of MYCN gene. The

signs + and — respectively represent transfection with or without the couple of gRNAs.

Despite a relevant variability of survival data, the experiment overall demonstrated the great
potential of a Cas9-based system designed to target MYCN amplification with the aim at
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impairing proliferation of aggressive neuroblastoma cells. The system is supposed to work by
decreasing MYCN expression and, at the same time, by inducing a large-scale DNA damage in
a chromothripsis-like process. However, the second mechanism seemed to prevail, a condition
evidenced by high specificity of the system for MYCN-amplified cells and, also, by the result
obtained in BE(2)-C cells. This finding, also supported by a recent work describing Cas9-
induced apoptosis, makes the strategy even more specific for aggressive neuroblastoma.
Provided that this targeting system requires further investigation and improvement, the results
obtained in this project established a proof of principle for the development of a novel

promising therapy.
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Conclusions and future perspectives
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+316 A/G SNP genotype affects ODC1 expression in neuroblastoma cells, and can be
potentially employed as prognostic factor in remissive patients. The SNP genotype was
previously found to influence ODCL1 expression and tumour outcome in colorectal and breast
cancer, although none of these studies examined ODC1 expression in relation to the SNP
genotype in vivo. Distinct experiments demonstrated that the A SNP is associated with
improved regulation activity of transcription factors such as c-MYC, MAX and MAD1 toward
ODCL1 promoter. The opposite functions of these factors (i.e. c-MYC is a transcription activator,
MADL a repressor) make the role of ODC1 SNP context-dependent. The same studies indeed
demonstrated that the A SNP is associated with worse prognosis and/or recurrence in colorectal
and breast cancer, but also that it is associated with decreased recurrence in colorectal cancer
patients that take aspirin as chemoprevention. Interestingly, a recent study demonstrated that
aspirin impairs c-MYC expression in colon cancer cells, therefore confirming the strong
dependence of the SNP function on the pattern of expressed factors [115]. The current study
demonstrated that the A SNP correlates with favourable outcome in neuroblastoma. This
condition is even more significant for patients with amplified MYCN, where the presence of at
least one A allele is prognostic of survival. No difference in ODC1 expression was found in
relation with the SNP genotype in primary tumour samples, a result that does not surprise if it
is considered that no other study demonstrated it. It is assumed that such evidence is likely due
to the complexity of neuroblastoma tumours, where ODC1 expression might be
heterogeneously regulated and play a role only in specific frames. Besides, total polyamine
content is directly responsible of tumour progression, and it could represent a more reliable
factor to be studied in relation with the SNP genotype in the future. In a second part, CRISPR-
editing of aggressive/MYCN-amplified neuroblastoma cells demonstrated, for the first time, that
the A allele is associated with significantly reduced, almost absent, ODC1 expression.
Consequently, also proliferation was found to be impaired in CRISPR-edited cells. It was
therefore concluded that, in MYCN-amplified neuroblastoma, the A allele counteracts MY CN-
mediated activation of ODC1 expression and then plays a protective role against tumour
progression.

Chromatin analysis of ODC1 promoter revealed that, consistent with impaired gene
expression, acetylation of H3-histone is also robustly decreased in association with the A SNP,
therefore indicating silent chromatin. No further factors involved in chromatin-remodelling
were investigated, and the exact regulation mechanism remains undiscovered. However,
according to the current model of chromatin-modification dynamics, the status of histone

residues oscillates between stable states through the activity of specific enzymes, which are
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HAT and HDAC for acetylation [73-75]. It can be thereby deduced that loss of H3 acetylation
observed in CRISPR-edited cells is likely due to HDAC-associated factors that preferentially
bind E-boxes close to the A SNP instead of G, and vice versa for HAT-associated factors.
Previous studies demonstrated that c-MYC and MADL proteins preferentially bind the A SNP
in colorectal and breast cancer cells. Accordingly, the findings in MYCN-amplified
neuroblastoma cells suggest that transcription inhibitors such as MAD1 and MNT could
preferentially bind the A SNP, thus excluding MYCN factor. On the other hand, absence of
such affinity for the G SNP could allow MYCN to fully activate ODC1 expression in this
condition. However, this possible explanation ignores that high MYCN levels, typically
characterizing aggressive cells, could overwhelm other factors in regulating the A allele, which
is not the case. Therefore, an alternative model might be represented by the structural
differences between c-MYC and MYCN proteins. Indeed, the two amino acid sequences share
only a few crucial regions of high homology, while the interspaced sequences are significantly
different and might contain an affinity-switch domain. Such domain could make MYCN more
active in the presence of the G SNP, on the contrary of c-MYC. In addition to this alternative,
also the transcription-repression function of MYCN deserves to be considered. It is indeed
demonstrated that MY CN carries out HADC-mediated repression of non-canonical target genes
through indirect binding to DNA and interaction with transcription factors such as SP1 and
MIZ1. It is therefore possible that, in the event of an involvement of such MYCN-interactors
in ODC1 regulation, the A SNP influences their activity and, eventually, inverts the function of
MYCN itself. In order to evaluate all the proposed possibilities, and to better characterized the
SNP role in ODC1 expression, chromatin immunoprecipitation experiments should be
performed for factors such as MYCN, MAX, MAD1, MNT, MIZ1 and SP1 in CRISPR-edited
cells. Furthermore, the specific affinity of MYCN (and c-MYC) toward the two forms of the
SNP should be investigated through electrophoretic shift mobility assay.

The aim of this part of the project was to evaluate the prognostic significance of ODC1 +316
AJ/G SNP in neuroblastoma. The relevance of this study relies on a novel neuroblastoma therapy
targeting ODC1 via the specific inhibitor DFMO. This is currently in phase 3 clinical trial for
treatment of colon, bladder and skin cancer, while it is in phase 2 trial for prostate, cervical,
gastric and oesophageal cancer [ClinicalTrials.gov]. Since the finding of ODCL1 involvement
in neuroblastoma development and progression, DFMO is considered a promising therapeutic
strategy for treatment of this tumour too. More precisely, a phase 2 clinical trial was recently
completed, while five other studies are currently ongoing, with the aim to evaluate the

application of DFMO as maintenance therapy for reoccurring neuroblastoma in remissive
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patients. In this context, ODC1 SNP could represent a stratification factor for prognosis of
relapsing tumours. In support of this, the presence of at least one A allele is here demonstrated
to be prognostic of poorly aggressive cells in vitro, and favourable outcome in vivo. The A SNP
is also demonstrated to make neuroblastoma cells more sensitive to DFMO. Such findings gain
in importance if considered that: about half of the total population carries at least one A allele
(GG 56%, AG 37%, AA 7%); these results are relative to MYCN-amplified/aggressive
neuroblastoma typically characterized by poor survival (< 30%). In addition, it is important to
mention that, in the clinical context, genotyping the SNP is potentially more feasible than
directly evaluating ODC1 expression, also prognostic of outcome. In the prospect of a clinical
application, the results obtained in this study obviously need to be further confirmed. As
instance, the molecular mechanism behind the SNP influence on ODC1 expression should be
better defined. Also, the in vitro experiments were performed on a single cell line, BE(2)-C,
while multiple lines should be analysed in order to overcome the significant genetic
heterogeneity of neuroblastoma, and to obtain more reliable data. In this view, improving
CRISPR technology would be decisive, since it is affected by the following limitations: low
efficiency of HDR-mediated editing (2.5% of transfected cells); long and expensive clone-
screening procedure; variability of the clonal lines; necessity to analyse more clonal lines in
order to bypass clonal variability. At last, genotyping of patients that are currently undergoing
clinical trial for DFMO application could provide new information about the response to
treatment in relation with the SNP genotype. In conclusion, this study, on the condition of being
further confirmed, has the potential to make ODC1 +316 A/G SNP a new prognosis standard
for maintenance treatment of relapsing neuroblastoma through DFMO.

RUNX1T1 plays a fundamental role in neuroblastoma development and progression,
and represents an interesting object of study for targeted therapy. RUNXI1TL1 is a
transcription repressor with a poorly defined regulation network and, at the same time, a
multifunctional role in development and cancer. It is well demonstrated to interact with a
repressor complex that includes SIN3A, NCOR1, SMRT and different types of HDAC. The
current model establishes that RUNXLT1 protein recruits the repressor complex on the
promoter of target genes through indirect binding to DNA, which is mediated by auxiliary
factors that are not completely defined. As far as it is known, the expression pattern of these
auxiliary factors is tissue/culture-dependent, therefore making the regulation network of
RUNX1T1 extremely flexible depending on the context. Expectedly, RUNX1T1 is also

demonstrated to be a versatile transcription factor with an incisive role in a wide range of
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physiological events and disease conditions. It is involved in adipogenesis, angiogenesis, and
development of gut, pancreas and glial cells. High RUNX1T1 expression is associated with poor
outcome in bladder cancer and malignant mesothelioma, while it is demonstrated to suppress
progression of glioblastoma, ovarian cancer and pancreatic metastases. In such a biological
landscape, the second objective of this project was to investigate, for the first time, the
involvement of RUNX1T1 in development and progression of neuroblastoma. Survival analysis
of large cohorts of patients revealed that high RUNX1T1 expression in primary tumours is
prognostic of favourable outcome. This finding suggests an oncosuppressor role of RUNX1T1
in neuroblastoma, which is consistent with observations in glioblastoma, ovarian cancer and
pancreatic metastases. On the contrary, CRISPR-mediated deletion/knockout of RUNX1T1 in
aggressive neuroblastoma cells demonstrated that the gene promotes proliferation and
migration, as well as it inhibits differentiation. This, likewise, is consistent with previous studies
indicating a developmental function of RUNX1T1. The results obtained in vivo and in vitro
appear to be in opposition, a finding that could be explained according to the differences
between the two biological systems: in primary tumours, cells live in a 3D structure, where
microenvironment and cell-cell interactions are obviously different from those characterizing
cell cultures; in vivo, tumour cells also interact with other tissues and signals deriving from
these; the cells analysed in vitro (BE(2)-C) derive from metastases, which supposedly have a
different molecular background from non-metastasising cells of the primary tumours. By the
way, the opposite results obtained in the two biological systems also suggest a double-face role
of RUNXLT1 in neuroblastoma. This concept of double-function is partially demonstrated by
RNAseq analysis of CRISPR-edited cells. RUNX1T1 was found to affect mechanisms relevant
in the context of a solid tumour, such as hypoxia response and inflammation regulation.
Impairment of these two systems is already known to be important for neuroblastoma
progression. On the other hand, speculative reconstruction of RUNX1T1 regulon suggests that
this factor potentially interacts with TCF12 in neuroblastoma cells and, consequently, regulates
a series of genes implicated in signalling pathways such as PI3K-Akt, Wnt, Hippo and MAPK-
Erk. These pathways regulate genes that are notoriously involved in modulation of cell
behaviour, and some of them are also known to be involved in neural crest differentiation. In
addition, RUNX1T1 is found to potentially regulate both death and survival predictors in cell
cultures. Overall, these results depict a transcription factor with a modular regulation network
that is potentially involved in distinct aspects of neuroblastoma.

Additional studies and experiments are necessary in order to confirm the model. First of all,

interaction between RUNX1T1 and TCF12 proteins should be demonstrated in neuroblastoma
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cells via co-immunoprecipitation analysis. In support, a previous study already demonstrated
that the two proteins interact through the N-terminal domain NHR1 of RUNXI1T1. If the
interaction is confirmed, TCF12 involvement in neuroblastoma events should be further
investigated. For example, CRISPR-editing could be used to evaluate whether TCF12 knockout
produces the same phenotype of RUNX1T1 knockout. Similar to the first part of this project, a
significant improvement of CRISPR technology would allow to study both RUNX1T1 and
TCF12 on multiple cell lines, thus dealing with the troublesome heterogeneity of neuroblastoma
lines. ChIPseq analysis, then, would reveal the entire targetome of TCF12 and RUNX1T1 in
neuroblastoma cells for the first time. As a second approach, activity of the pathways PI3K-
Akt, Wnt, Hippo and MAPK-Erk should be confirmed via analysis, in the mutant cells, of the
principal downstream regulators, in terms of protein expression and/or phosphorylation of the
modulating residues. Also, rescue experiments in the mutant cells would demonstrate the
importance of this pathways for neuroblastoma cell behaviour, and their role in RUNX1T1
regulon. At last, RUNX1T1 functions should be investigated and demonstrated in vivo.
Xenotransplantation of neuroblastoma cells carrying either wild-type or mutated RUNX1T1 (or
possibly TCF12) should be performed in mice in order to evaluate the role in invasion and
metastasis formation. Also, model mice spontaneously developing neuroblastoma could be
used to evaluate RUNX1T1 involvement in tumour development and progression. For this
purpose, the transgenic mouse carrying exogenous expression of MYCN under tyrosine
hydroxylase promoter, and spontaneously developing neuroblastoma, would represent a
suitable model [117].

The finding, and eventual demonstration, of a new player of the neuroblastoma landscape
represents an important opportunity for development of novel targeted therapies and therapeutic
approaches. This would be even more relevant if RUNX1T1 involvement in neuroblastoma is
confirmed in a MYCN-amplification context, where survival is still significantly poor.
Transcription factors, such as RUNX1T1 and TCF12, are unlikely targets for therapy. Their
structure usually results unsuitable for drug design, and impairment of their activity often
involves significant side effects. However, the entire regulation network of RUNX1T1 could
represent a valuable target itself. A multimodal therapy should be designed in order to target
multiple pathways via multiple drugs. In the case of neuroblastoma, the therapy should be
directed toward those pathways and processes that, overall and synergistically, regulate
neuroblastoma development and progression. Such kind of strategy potentially works in a
tumour-specific manner, and potentially allows to keep low dosages of the single drugs to

prevent adverse effects. In addition, a multi-drug therapy should prevent the tumour to develop
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resistance. PI3K-Akt, for example, is found to be deregulated in RUNX1T1-mutant cells and it
is one of the best known pathways to be involved in neuroblastoma. Different members of the
pathway represent possible therapeutic targets and some of them are currently under study for
neuroblastoma treatment [118, 122], while a PI3K-specific drug, Idelalisib, is already approved
for clinical treatment of leukemia [U.S. Food and Drug Administration]. Wnt pathway, also
impaired in RUNX1T1-mutant cells, is demonstrated to play a role in neuroblastoma
development, and it is also known as a therapeutic target in different types of cancer. Wnt-
specific drugs for treatment of neuroblastoma are not currently available, although inhibition
of the pathway is already considered as a promising strategy [123]. Furthermore, some Wnt
inhibitors, including Niclosamide, Sulindac and Pyrvinium, are FDA-approved for treatment of
specific tumours, while a huge number of similar drugs is currently under trial [119, U.S. Food
and Drug Administration]. Despite the absence of experimental data in neuroblastoma, drugs
targeting Hippo and MAPK-Erk pathways are also under trial for treatment of some tumours
[120, 121], and a translational application in neuroblastoma is plausible. In conclusion, a deeper
knowledge of RUNX1T1 regulation-network in neuroblastoma could provide a new foundation
for the study and development of therapeutic strategies intended to cure the most aggressive

form of neuroblastoma.

CRISPR technology represents an important research and therapy advancement for
neuroblastoma and, possibly, several other malignancies. CRISPR technology was
employed in this project with a large spectrum of functions to pursue distinct research targets,
thus providing the chance to explore the ultimate advances of this technology and to assess
novel strategies. In the study of ODC1 SNP, improvements and alternative editing systems of
CRISPR editing were tested. The canonical Cas9 was demonstrated to have higher HDR-editing
efficiency than double-nCas9 cleavage, although induction of DNA nicks is commonly
accepted to have low off-target rate. In the light of this evidence, novel Cas9 variants with no
off-target activity and unaltered throughput, such as HypaCas9 [137], represent an optimal
strategy for efficient and reliable HDR-editing. Also, application of a single-stranded donor
DNA and an HDR-enhancing drug (RS-1) were found to greatly improve the recombination
rate, therefore defining a standard for this editing function. On the other hand, the experiments
related to RUNX1T1 clearly confirmed the outstanding performance of NHEJ-mediated editing
in inducing knockout mutations or large deletions. Indeed, the rates of successful editing were
about 60 and 10% respectively, and bi-allelic KO mutations were not rare. In this part of the

project, two innovative editing strategies were also developed, referred as NHEJ/MMEJ-
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mediated multiple assembly (or NMA) and SDSA (synthesis-dependent strand annealing)-
mediated knock-in (or SKI). Intended to track the cells that are successfully edited, they were
designed to knock-in a reporter gene into a target locus and to avoid any false positive signal
due to random insertion or transcription of the donor DNA. In a future perspective, efficient
detection and isolation of edited cells could be performed through systems like these, which
can even be applied to HDR-editing if sequential reporter insertion and HDR-mediated removal
are employed. Such an approach could potentially facilitate the editing procedure and exclude
the need of multiple clonal lines. Certainly, further improvements and validations are required.

In the last part of the present project, a novel CRISPR-based therapeutic strategy was
designed to target the most important neuroblastoma oncogene, MYCN. Amplification of
MYCN gene is found in almost all aggressive neuroblastoma and represents a strong marker of
poor survival. Transcription regulation activity of MYCN protein is directly responsible of
aggressive cell behaviour, characterized by high proliferation rate, poor differentiation and
apoptosis repression. Despite the critical role of this genetic lesion in development and
progression of aggressive tumours, no successful therapy targeting MYCN has been developed
so far. The third part of this project was therefore aimed at providing a proof of principle for
the development of a novel, more efficient, therapeutic system. The approach here described is
based on targeting the multiple oncogene copies that characterize MYCN-amplified tumours
through Cas9-mediated cleavage. This is expected to knockout MYCN itself and, in addition, to
generate a wide-spread DNA damage, eventually inducing the cell to proliferation arrest and
apoptosis. Experimental results demonstrated that the system is considerably efficient and
highly specific toward MYCN-amplified cells. Some evidences also suggested that impairment
of cell survival might be principally due to response to DNA damage instead of MYCN
knockout, a finding that is consistent with a recent work demonstrating that Cas9 activity
induces p53-mediated apoptosis. This, if further confirmed, would validate the extreme
specificity of this strategy and, additionally, would distinguish it from previous similar
approaches that resulted to be unproductive, such as RNA interference. Notably, a therapeutic
strategy based on this kind mechanism can be potentially applied to all those tumours affected
by amplification of oncogenes, a recurrent event in cancer [154]. Since this project was not
proposed for a deeper characterization of this targeting system, further analyses are now
necessary to ultimately develop a concrete therapeutic strategy. First, the system should be
tested and verified in additional, multiple cell lines, including both MYCN-amplified and -non
amplified cells. Second, transfection efficiency needs to be improved, thus providing more

reliable data and, also, enough material for further molecular analyses. Accordingly, cells could

99



be transfected with already assembled RNPs, which are demonstrated to be highly transfectable
in a wide range of cell types. So, if Cas9 is fused to a fluorescent protein, then the cells can be
sorted and their viability can be easily assessed, as well as molecular features such as expression
of MYCN or other factors involved in the DNA-damage response. Application of RNPs is
already demonstrated to be suitable for in vivo application, thus validating the therapy potential.
However, the most appropriate delivery system should be evaluated according to the target
[167], which, in the case of aggressive neuroblastoma, could be represented by metastases in
relapsing patients. Viral-delivered Cas9, for example, could represent a valid alternative to
RNPs, since some viruses show an interesting specificity toward neuroblastoma cells [168-
170]. As third and last consideration, the clinical aspect of this strategy should be further
improved. For example, clinical safety could be increased through application of new Cas9
variants with no off-target activity, or even via targeting strategies that do not induce MYCN
knockout in wild type cells. Also, the Cas9-induced effect could by enhanced by co-application
of apoptosis-inducer drugs such as Nutlin, which is already studied for treatment of aggressive
neuroblastoma [155]. Importantly, apoptosis-inducer drugs that bypass p53 function could be
fundamental in tumours with mutations occurring in this oncosuppressor. In conclusion, if the
efficacy of the system is validated, the innovative therapeutic approach proposed in this study
could represent a realistic opportunity to treat neuroblastoma and, potentially, a significant

number of other malignancies.
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Materials and methods
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Analysis of survival and ODC1 SNP genotype in neuroblastoma patients. All the survival
and ODC1 expression data were provided by the laboratory of Michelle Haber, Children Cancer
Institute of Sydney. The study was performed with primary tumour samples of 839
neuroblastoma patients belonging to three different cohorts: the USA cohort, comprising
patients enrolled between 1994 and 1998 by the Children’s Oncology Group and previously
studied [104]; the Australian cohort, comprising patients who were diagnosed in Australia and
New Zealand from 1985 to 2000, also previously studied [105]; the European cohort, including
patients from two different centres (NRC and SIOPEN). For SNP genotyping, DNA was
extracted from tumour samples as previously described [106]. Real-time PCR, coupled to SNP-
specific probes labelled with FAM or VIC. Primer and probe sequences were as follows: ODC-
G316A-F 5-CCGGGCACGTGTGC-3’; ODC-G316A-R 5-GAAGCGGCGCCTCAAG-3’;
ODC-G probe 5’-CTGCGGAGACACG-3’; ODC-A probe 5’-CCTGCAGAGACACG-3". For
ODC1 expression quantification, RNA was extracted using TRIZOL reagent (Life
Technologies) and reverse transcribed with MMLYV reverse transcriptase (Life Technologies)
according to the manufacturer’s protocols. Gene expression was quantified by gRT-PCR using
FAM labelled TagMan Gene Expression Assays (Applied Biosystems) on a 96 x 96 Integrated
Fluidics Circuit (IFC) (BioMark HD System, Fluidigm). Data were normalised to a panel of
control genes: HPRT1, GUSB, PPIA, HMBS, and SDHA. The used Tagman assays were ODC1
Hs00159739_m1, HPRT1 Hs99999909 m1, GUSB Hs99999908_m1, PPIA Hs99999904 mi1,
HMBS Hs00609296 g, SDHA Hs00188166 ml. Statistical significance between two groups

was determined with an unpaired two-tailed Student’s t-test.

Analysis of survival and RUNX1T1 expression in neuroblastoma patients. The study was
performed through the online tool R2: Genomics Analysis and Visualization Platform [107].
Event-free survival and RUNX1T1 expression data were obtained from four publicly available
datasets of transcriptome analysis, namely Kocak [76], Versteeg [77], SEQC [79] and TARGET
[78]. All the datasets are built on microarray analysis except for TARGET, which is built on
Illumina sequencing analysis. Patients were distributed between RUNX1T1-high and
RUNX1T1-low expression groups via the R2 function Kaplan Scan, which sorts the expression
data based on statistical testing and long-rank test. The statistical significance of the different
survival values between high and low-expression groups was calculated by unpaired two-tailed
Student’s t-test. The average expression data of the genes RUNX1T1, MYCN, ODC1 and S-
ACTIN were provided by the platform and shown as ratio between the MYCN-amplified and

the MYCN-non amplified condition. Only for Versteeg dataset, the median gene expression was
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adopted instead of the average, which was not available. For the datasets built on microarray
analysis, the data represented by the probe-set with the highest average expression was selected

for each one of the analysed genes.

Cell cultures. The lines BE(2)-C, Tet21N, IMR-32, SH-SY-5Y, SHEP, CHP-134, SK-N-FI,
SK-N-AS, SK-N-DZ, NBLS and 293T were cultured in DMEM- high glucose (Sigma Aldrich)
+10% FBS (Gibco), while NB-69, LAN-1 and KELLY were cultured in RPMI (Sigma Aldrich)
+ 10% FBS. All the clonal lines derived from BE(2)-C (AG-1, AG-2, NU-1, NU-2, KO-1, KO-
2 and KO-3) were cultured in DMEM-high glucose + 10% FBS. All cultures were maintained
with penicillin and streptomycin (Gibco).

CRISPR editing. The following vectors from Feng Zhang’s laboratory (Addgene) were
employed: PX459, coding for SpCas9; PX462, coding for nCas9 D10A; PX458, coding for
GFP-fused SpCas9; phLbCpfl-PY016, encoding for Cpfl. The Cpfl-coding cassette was
cloned into the PX459 vector prior to editing as previously described [159]. The gRNAs were
designed with the online tool BlueHeron, and the relative off-targets were predicted through
CasOT software. The gRNA used for Cpfl-editing was designed, and the respective off-targets
were predicted, through the online tool CCTop-Offtarget. Selection of the best gRNAs was
driven by low number of off-targets, high number of seed region-mismatches in the most
probable off-targets and location of the most probable off-targets in non-coding regions. The
gRNAs were purchased as complementary oligonucleotides (Sigma Aldrich) and cloned into
the CRISPR vectors. The cloning procedure was provided by Feng Zhang’s laboratory. The
following oligonucleotides were used: ODC1 SNP editing via canonical Cas9,
gatcgCGCCGGCCTGCGGAGACACGg (F), aaaacCGTGTCTCCGCAGGCCGGCGc (R);
ODC1 SNP editing via dual-nCas9, gatcgCCGCCGGAGACGCCGGCCCGg (up, F),
2aaacCGGGCCGGCGTCTCCGGCGGe (up, R), gatcgGAGCCAGGCGCTGACGGGCGy
(down, F), a2aaacCGCCCGTCAGCGCCT-GGCTCc (down, R); RUNX1T1 locus deletion (first
allele, upstream site), gatcgGCAGACGCCGCCTGTGACAGg (F), aaaacCTGTCACAGGC-
GGCGTCTGCc (R); RUNXI1T1 locus deletion (first allele, downstream site)
gatcgTACCTCCTTGGTTGTGTGGCyg (F), aaaacGCCACACAACCAAGGAGGTAc (R);
RUNX1T1 locus deletion (second allele, downstream site), gatcgAACCCTAACTGTCCAAA-
GTGg (F), aaaacCACTTTGGACAGT-TAGGGTTc (R); Reporter knock-in via Cpfl-editing,
caccgTAATTTCTACTAAGTGTAG-ATcCAGCACAAAGACTGGGAGAAGCtttttt (F),
2aacaaaaaaaGCTTCTCCCAGTCTTTG-TGCTGgATCTACACTTAGTAGAAATTAC (R);

103



NHEJ editing of the last exon of RUNX1T1, gatcgGGCAAAATGAGCCA-CAGTATYg (F)
aaaaCATACTGTGGCTCATTTTGCCc (R); MYCN CDS deletion (upstream site),
caccgCGCCCCGTTCGTTTTAATAC (F), aaacGTATTAAAACGAACGGGGCGc (R);
MYCN CDS deletion (downstream site), caccJACCCAGAGCCGAACTCGACA (F),
aaaCTGTCGAGTTCGGCTCTGGGTc (R). Two different donors were used for HDR-
mediated editing of ODC1 SNP. The double-stranded donor (682 bp) was amplified from
genomic DNA of NBLS cells (AA genotype). The following primers were used for PCR
amplification: TGGCGACCCGCCGGTGCTAT (F), CTGAAGGCGCCAAGGCCGG (R).
The single-stranded donor (sSODN) was purchased from Sigma Aldrich as a purified
oligonucleotide with the following sequence: 5’-CCGGGGCGGGCTGCGGGCCCCGGG-
CCCCGGGCACGTGTGCGGCGCGCCTCGCCGGCCTGCGGAGACACGTGGTCGCCG

AGCGGGCCACGACCTTGAGGCGCCGCTTCCTCCCGGCCCGGG-3’. A phosphothioate
bond was added between the 3’-last and the second-last nucleotide in order to prevent
degradation of the sSODN. For editing of the wild type allele of RUNX1T1 in the clonal line
carrying a null allele, two plasmidic dDNAs and one single-stranded dDNA were used in
respectively NHEJ/MMEJ-mediated multiple assembly (NMA) and SDSA-mediated knock-in
(SKI). Sequences for NMA donors were amplified from the pGIPZ_tRFP-PURO vector and
BE(2)-C genomic DNA. The following primers were used: homology region flanking the CMV
promoter, tttctagaTGCTTTCTTCTGCCTTCTCCTT (F), ttgagctcTGGTGCTTCTCCCAGT
(R); RFP cassette, aagagctcATCCACGCTGTTTT (F), aaacatatgCAATTCAACAGGCAT (R);
homology region flanking the RFP cassette, ttgagctcTTTGCCAGCACAAAGA (F),
tttctagaGTCTAGCGAGGGGTTGTCTCT (R). Both the CMV-promoter and the RFP-CDS
plasmids were built with the p3XFLAG-CMV-10 backbone. Sequences for the SKI donor were
amplified from pGIPZ_tGFP-PURO vector and BE(2)-C genomic DNA. The following primers
were used: GFP cassette, aagagctcATCCACGCTGTTTT (F), aagaattcCAATTCAACAGGC-
ATCT (R); upstream flanking region, ttcatatgCAGATGTCTCCCACCTC (F),
ttaagcttGCTCACTCTCG-AGGAAG (R); downstream flanking region, ttgaattcGAGATTGT-
ACATGGGGA (F), aatctagaATATTTATTGAGCGCGGTTG (R). The entire donor sequence
(about 2500 bp) was cloned into the p3XFLAG-CMV-10 vector, amplified by PCR and single-
stranded donors were obtained via subsequent single-primer PCR. The product was then
digested with Sacl enzyme (New England Biolabs) and extracted from agarose gel to remove
the original double-stranded DNA. Cells were transfected in 24-well plates at 70% cell
confluency. Transfections were principally performed with Lipofectamine 3000 (Thermo

Fisher Scientific) according to the manufacturer’s protocol. Transfections for MYCN-
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amplification targeting where performed with Lipofectamine 2000 (Thermo Fisher Scientific)
according to the manufacturer’s protocol. As a general rule, cells were transfected with 800 ng
DNA/well. For ODC1 SNP editing, all types of dDNA were constantly transfected in a quantity
of 1 pmol/well, while the quantities of CRISPR vectors were adapted considering 800 ng/well
as the maximum amount. The drugs SCR7 and RS-1 were applied right after transfection at the
concentration of 1 uM and 7.5 pM respectively. For RUNX1T1 locus deletion, the couple of
CRISPR vectors coding for different gRNAs was co-transfected into the same well in equal
quantities. For RUNXL1T1 editing via NMA and SKI, all vectors and dDNAs were co-transfected
in equal quantities. Transfected cells were incubated for 72 hours prior to any further action. In
order to generate single clonal lines in ODC1 and RUNX1T1 editing, cells were treated with
1 ug/ml puromycin for 1 week and then directly spooled into 96-well plates (1.5 cells every 2

wells).

Screening and genotyping of CRISPR-edited clones. The following primers were used for
screening of CRISPR-edited cells: allele-specific PCR for screening of AG/AA colonies in
ODCL1 editing, GACCCGCCGGTGCTATAAGTA (F), GGCGACCACGTGTCCCT (A-
specific, R), GGCGACCACGTGTCACC  (G-specific, R); sequencing of ODC1 SNP,
TGGCGACCCGCCGGTGCTAT (F), CTGAAGGCGCCAAGGCCGG (R); sequencing of the
most probable off-target in ODC1 SNP editingg CCGTATACCTCCCACGTCAT (F),
CAGAAAGACCTGGAAGCCG (R); screening and sequencing of RUNX1T1 locus deletion,
GGAAAGTGGTCGTCTTGGGT (F), AACCATCGTCAACCACCACA (R); sequencing of
the single target sites of the gRNAs wused for RUNX1T1 deletion,
TGAGCGACAAGTACAGCCTG (R, coupled to the previous forward), GCCTGACCCAAG-
TTGCCTAT (F, coupled to the previous reverse); screening and sequencing of NMA-editing
junctions, TGTGTCTGACTATTGTGGTATAGG (up, F), aaacatatgCAATTCAACAGGCAT
(up, R), tttctagaTTACACCTTCCTCTTCTTCTTG (mid, F), GTAAAACGACGGCCAGT
(mid, R), aaacatatg CAATTCAACAGGCAT (down, F), CCCTCTGTGTTTTACTACCACCT
(down, R); screening and sequencing of RUNX1T1-knockout clones, TGTGTCTGACTATTG-
TGGTATAGG (F), CCCTCTGTGTTTTACTACCACCT (R); screening of SKI-editing,
GGAAAGTGGTCGTCTTGGGT (F), TTTCTAGATTACACCTTCCTCTTCTTCTTG (R);
screening of MYCN deletion, GCTGGGGTTCTTCTCCAAAG (F), GGCAAGCAAAGCTG-
TCTCAT (R). As a general rule, allele-specific primers for ODC1 SNP screening were
designed according to the following parameters [108]: the SNP has to be positioned at the 3’

end of the primer; the third-last nucleotide of the primer has to carry a mismatch that can be
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either CA or TG regardless the SNP type, with the aim to increase the stringency. For screening
of cell pools transfected for ODC1 SNP and RUNX1T1 editing, a total of 500 ng of genomic
DNA was used for PCR. For screening of cell pools transfected with NMA, SKI and MYCN-
targeting systems, 1000 ng of genomic DNA was used for PCR. Where necessary, PCR
products were sequenced via Macrogene service. Sequencing results were aligned and analysed
through the online tool Clustlal Omega.

Primer design. All primers were designed with the support of Primer3Plus, IDT OligoAnalizer
and UCSC-PCR. The criteria for primer design were: length between 17 and 27 nt; CG content
< 60%; melting temperature 60°C; melting temperature of secondary structure < 40°C;

homodimer formation AG > -9 Kcal/mol; heterodimer formation AG > -9 Kcal/mol.

DNA extraction, PCR and cloning procedures. Genomic DNA of the neuroblastoma cell
lines was extracted with PerfectPure DNA Cultured Cell Kit (5 Prime) according to the
manufacturer’s protocol for the cell lines. Genomic DNA of CRISP-transfected cells was
extracted with the following procedure: suspension of cells in lysis solution (10 mM TrisHCL
pH 8.0, 0.5 mM EDTA, 0.1% SDS, 100 mM NacCl, 0.2 mg/ml Proteinase K Roche) in a ratio
of 1 ml every million cells, with 100 cells being the minimum suitable number; lysate cells
were incubated at 55°C for 3 h and Proteinase K was then inhibited at 85°C for 30 min; one
volume of isopropanol was added and the solution was incubated at room temperature for 10
min; the samples were centrifuged at maximum speed for 30 min at 4°C; the pellet was washed
with 0.5 ml of 70% ethanol two times; after the centrifuge, the samples were let drying at room
temperature and then resuspended with water. Genomic DNA was quantified via Nanodrop
(Thermo Fisher Scientific) and used for PCR amplification. Screening PCR was performed by
AmpliTaq Gold 360 Master Mix (Thermo Fisher Scientific) following the manufacturer’s
protocol. PCR for cloning was performed with Herculase Il Fusion DNA polymerase (Agilent)
and the manufacturer’s protocol was followed. Enzymes provided by New England Biolabs
were used for cloning. The PCR products were purified from agarose gel by Gel Extraction Kit

(Qiagen), while the plasmids were purified by MINI-Prep Kit (Machery Nagel).

Flow cytometry and cell sorting. Prior to cytometry and sorting, cells were resuspended in
PBS solution with 1% FBS and strained through 0.7 um membrane. S3e Cell Sorter (BioRad)
was used. In analysis of the Cas9-system targeting MYCN amplification, fluorescent cells were

counted 2 and 5 days after transfection A total of 50,000 cells was analysed for each sample.
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For sorting of NMA- and SKI-edited cells, a minimum of 1000 cells was sorted and seeded

into 48-well plates.

Gene expression analysis by gRT-PCR. Total RNA was extracted from cells via Trizol
solution (Sigma Aldrich) following the manufacturer’s protocol. Purified RNA was treated with
DNA-free kit (Thermo Fisher Scientific) and cDNA was obtained with iScript Reverse
Transcription Supermix (BioRad) as the manufacturers suggest. For gRT-PCR, the following
primers were used: ODC1, TGCTGCCTCTACGTTCAATG (F), GTTCTGGAATTGCTGC-
ATGA (R); MYCN, GATGCACCCCCACAGAAGAA (F), CTCCGAGTCAGAGT-TTCGGG
(R); c-MYC, CGTCCTCGGATTCTCTGCTCTC (F), GCTGCGTAGTTGTGCTGATGT (R);
MAX, GGACTCGGCTTGTTGTTGTC (F), TTGAAACCTCGGTTGCTCTT (R); MNT,
CAGTGGATGGACGTACTGGA (F), TCCTCCTCCATATCCTCGTC (R); RUNX1TL,
CACATCGGGAATTCCTTCAC (F), TCGCTTCACCTCATTCACAG (R); GUSB,
AGCCTGGAGCAAGACAGTGG (F), ATACAGATAGGCAG-GGCGTTCG (R). gRT-PCR
was performed with SYBR Green (BioRad) with the following quantities: 5 ng cDNA for each
sample, 0.5 uM primers, 2X SYBR Green, total volume 15 ul. gRT-PCR samples were run and
analysed on CFX96 Thermal Cycler (BioRad). At least 3 replicates of the experiment were

performed.

Gene expression analysis by Western blot. Total protein content was extracted from cells by
standard RIPA solution (150 mM NaCl, 0.5% sodium deoxycholate, 1% Np40, 1 mM PMSF,
0.1% SDS, 50 mM Tris-HCI, 2% cOmplete), with a ratio of 20 ul every million cells. Cells
were washed with PBS solution before lysis. Cell lysates were incubated in ice for 20 min,
sonicated at high intensity for 10 min with Bioruptor® Plus (Diabgenode), and the supernatant
was collected after 30 min centrifuge at maximum speed. Protein samples were quantified by
BCA assay (Thermo Fisher Scientific) as suggested by the manufacturer. Samples were run in
10% acrylamide gel in a quantity of 60 pg per sample, and then transferred to a nitrocellulose
membrane. The membrane was blocked with 4% milk solution (20 mM Tris-HCI, 150 mM
NaCl) and the following antibodies were: ODC1, Abcam ab126590 (1:800); RUNX1T1,
Proteintech 15494 (1:800); MYCN, Santa Cruz B8.4.B (1:1000); MAX, Santa Cruz C-17;
MNT, Santa Cruz G-2; B-ACTIN, Sigma a2066 (1:1000); anti-rabbit 1gG, Jackson (1:2000);
anti-mouse 1gG, Jackson (1:2000). The membranes were developed with ECL solution
(BioRad) and analysed via ChemiDoc MP system (BioRad). At least 3 replicates of the

experiment were performed.
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Protein structure prediction. The 3D structure of the C-terminal domain of RUNX1T1 in the
knockout clones was predicted via the online tool I-TASSER [109]. The input amino acid
sequences were deduced from DNA-sequencing of the mutations. As output, the model with

the highest C-score was selected.

ChIP. A total of 10 million cells were collected for each immunoprecipitation. The anti-acetyl-
histone H3 antibody (06-599, Merk) was used in a quantity of 5 pug for each precipitation. A
total of 80 ul slurry beads Protein A Sepharose 4B (Thermo Fisher Scientific) were prepared
for each precipitation as follows: beads were centrifuged at 1700 g for 2 min at room
temperature and washed 3 times on rotation with 0.9 ml RIPA Wash solution (150 mM NacCl,
0.5% sodium deoxycholate, 1% Np40, 1 mM PMSF, 0.1% SDS, 50 mM Tris-HCI); after
washing, the beads were resuspended in RIPA Wash with 1/2 initial slurry volume; beads were
blocked with 1 pg BSA (for each precipitation) for 5 h at 4°C on rotation; after coating, beads
were washed 3 times with 0.9 ml RIPA Wash as previously described (centrifuge at 4°C); the
beads were resuspended in RIPA Wash with % initial slurry volume. Collected cells were
treated as follows: cells were washed with PBS solution, resuspended in 10 ml DMEM + 10%
FBS and fixed with 1% formaldehyde for 10 min at room temperature on rotation;
formaldehyde was inhibited with 0.125 M glycine for 10 min at room temperature on rotation;
fixed cells were centrifuged at 850 g for 10 min at 4°C; the pellet was washed 2 times with PBS
solution in ice; nuclei were extracted with 0.5 ml Lysis Buffer (5 mM Pipes pH 8, 85 mM KCl,
0.5% NP40, 1 mM PMSF, 2% cOmplete) by pipetting 20 times and incubating in ice for 10
min; nuclei were centrifuged at 1700 g for 10 min at 4°C; the pellet was resuspended in 0.2 ml
RIPA Sonic-Buffer (150 mM NaCl, 1% NP40, 1 mM PMSF, 2% cOmplet, 1% SDS, 50 mM
Tris-HCI) by pipetting 20 times; the lysate was sonicated by Biorupture NextGen (Diagenode)
with 10 cycles at high power for 6 times and 10 cycles at low power for 2 times (each cycle
being composed of 30 sec on and 30 sec off); sonicated samples were centrifuged at maximum
speed for 15 min at 4°C; the supernatant was collected and added with RIPA Wash without
SDS in order to reach a final concentration of 0.5% SDS; the samples was pre-cleared by
incubating with 30 pl coated beads for 30 min at 4°C on rotation; the beads were removed by
centrifuging at 1700 g for 5 min at 4°C; 10% of the volume was taken as input ad added with
RIPA Wash in order to reach a volume of 70 pl, while the remaining volume was added with
RIPA Wash without SDS in order to reach a final concentration of 0.125% SDS; the solution
was incubated with 5 pg antibody overnight at 4°C on rotation; 40 pl coated beads were added

to each samples and these were incubated for 30 min at room temperature on rotation; the beads
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were taken and washed 3 times with 0.8 ml RIPA Wash, 4 times with 0.8 ml Washing Buffer
(1% sodium deoxycholate, 1% NP40, 500 mM LiCl, 100 mM Tris-HCI) and 2 times with 1 ml
TE Buffer (10 mM Tris-HCI, 1 mM EDTA) as previously described (centrifugations with TE
Buffer were performed at 2200 g); 70 ul of TE Buffer was added to the washed beads; the input
and the beads were incubated with 10 ul 10 mg/ml RNase A (Sigma Aldrich) for 45 min at 37°C
on shaking; the samples were added with 20 ul Proteinase K Buffer (50 mM EDTA, 500 mM
NaCl, 100 mM Tris-HCI) and 6 ul 19 mg/ml Proteinase K (Roche), and incubated for 6 h (or
overnight) at 65°C on shaking; samples were centrifuged at 3500 g for 4 min at 4°C and the
supernatant (106 pl) was transferred to Phase-Lock Gel Tubes (5Prime); the samples were
added with 106 ul phenol/chloroform/isoamyl alcohol (24:24:1), shacked and centrifuged at
maximum speed for 3 min at room temperature; the resulting supernatant was added with 106
ul chloroform/isoamyl alcohol (24:1), shacked and centrifuged again; the supernatant was
collected and added with 1/10 volume of 3 M pH 5.2 sodium acetate, 1 pl glycogen and 2.5
volumes of ethanol; the DNA was precipitated at -80°C for 30 min; the samples were
centrifuged at maximum speed for 30 min at 4°C and the pellet was then washed with 1 ml 70%
ethanol; DNA was resuspended in 60 pl; the input sample was quantified and checked by
agarose gel. The following primers were used for real-time PCR: +316 A/G SNP,
TTCTGCCCCCGTCTTCACAG (F), CCGAAGGGTTGGGAAAGAGG (R); -15,000 bp
region, AGACTCTCCCTGGCCAAGAT (F), AGCTCTCACCTCCAGATTGC (R); E-box 1,
ATCACTTCCAGGTCCCTTGC (F), GAGAGCGGAAAAGGGAAATC (R); exon 9,
AATCAACCCAGCGTTGGACA (F), CAGAGCCCGTCTGTTCCTTT (R); pB-ACTIN,
GCAGAAGAGAGAACCAGTGAGAA (F), GAGAAGATGACCCAGGTGAGTG (R);
Quantitative real-time PCR was performed via CFX96 Thermal Cycler (BioRad) with 1 ul DNA
sample (either input or precipitated sample) and 5 pul SsoAdvance Universal SYBR® Green
Supermix (BioRad), in a total volume of 10 pl. At least 3 replicates of the experiment were

performed.

Dual-reporter assay. The following sequence of ODC1 promoter was selected:
CGGGCTGGCTGCGGGCCCCGGGCCCCGGGCACGTGTGCGGCGCGCCTCGLCGGL

CTGC(G/A)GAGACACGTGGTCGA. The two possible sequences were synthesised as
couples of oligonucleotides (Sigma Aldrich). The oligonucleotides were annealed and cloned
into pGL3 Basic Promoter Vector (Promega). Cloning enzymes and buffers were provided by
New England Biolabs. The Renilla-TK Vector (Promega) was used as an internal control.

Tet21N cells were cultured with tetracycline (Sigma Aldrich) for one week and a total of
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100,000 cells was seeded in 24-well plates. Cells were transfected 24 h post-seeding with both
pGL3 Basic Promoter Vector (with either G or A SNP, 12.5 ng/well) and Renilla—TK Vector
(400 ng/well), and Lipofectamine LTX Reagent (Thermo Fisher Scientific) was used according
to the manufacturer’s protocol. Cells analysed in high-MYCN condition were deprived of
tetracycline during transfection. Cells were analysed 24 h post-transfection with Dual-
Luciferase Reporter Assay System (Promega) according with manufacturer's instructions.
Luminescence was measured via Tube Luminometer GLOMAX® 20/20 (Promega).
Luciferase luminescence measures were normalized to renilla luminescence. At least 3

replicates of the experiment were performed.

BrdU assay. Cells were seeded in 96-well plates (500 cells/well). At every time-point (up to 8
days), cell proliferation was analysed by bromodeoxyuridine (BrdU) incorporation assay
(Roche), according to the manufacturer’s protocol. BrdU was added at a concentration of 10 pM
to cells 24 h prior to analysis, and incorporation of BrdU was quantified by ELISA using
Victor3 Multilabel Plate Reader (Perkin Elmer). At least 3 replicates of the experiment were

performed.

Colony formation assay. Cells were seeded in 6-well plates at a concentration of 500 cells/well
and, 5 hours later, treated with 0 mM, 0.1 mM, 0.2 mM or 0.4 mM DFMO. After 10 days,
colonies were washed with PBS, fixed and stained with crystal violet solution (0.5% crystal
violet, 50% methanol) for 30 min, washed with water and let drying for 3 days. Pictures of the
wells were taken via ChemiDoc MP system (BioRad). The total surface area occupied by the
colonies was determined using ImageJ software [110]. Colonies smaller than 50 cells were

excluded from analysis. At least 3 replicates of the experiment were performed.

Cell count assay. Cell count was performed with a standard Biirker chamber. A total of 10,000
cells was seeded in 6-well format for each condition at day 0. Cells were harvested, treated with
Trypan Blue (Sigma) and counted at day 3, 5, 7 and 10. At least 3 replicates of the experiment

were performed.

Wound healing assay. Cells were seeded in 6-well plates. At a confluency of about 80-90%,
the wells were scratched with a 200 pl pipette tip. At day 0, 1, 2 and 3, cells were washed with
PBS, fixed and stained with crystal violet solution (0.5% crystal violet, 50% methanol) for 30

min, washed with water and let drying for 3 days. Pictures of the wound were take via
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microscope (10X magnification) by using a NIKON Digital Sight DS-U2 camera and NIS
Elements F 3.0 software. The percentage of wound space invaded by cells was measured by
ImageJ software [110] and normalized to day O (used as blank sample). At least 3 replicates of

the experiment were performed.

Cell differentiation analysis. Cells were seeded in 6-well plates with a number of 10,000/well.
After 3 days (enough to let the cells to differentiate and to avoid them to grow in overlapping
clusters images were taken via microscope (20X magnification) by using NIKON Digital Sight
DS-U2 camera and NIS Elements F 3.0 software. The images were analysed with NeuronJ in
order to count and measure the neurites of each single cell [111]. At least 3 replicates of the

experiment were performed.

Rescue assay. The coding sequence of mouse RUNX1T1 gene (NM_001111027.2,
GRCm38.p4) was cloned into p3XFLAG-CMV-10 vector, downstream of the 3xFLAG
sequence. Cloning enzymes and buffers were provided by New England Biolabs. Empty and
RUNX1T1-expressing vectors were transfected into KO-3 cell with Lipofectamine 2000
Reagent (Thermo Fisher Scientific) following the manufacturer’s protocol. Stably transfected
cells were selected and cultured with 0.2 mg/ml G418 Sulfate (Thermo Fisher Scientific). Cells
were seeded in 24-well plates in a concentration of 2000 cells/well. At day 1, 4, 6 and 8, cells
were washed with PBS, fixed and stained with crystal violet solution (0.2% crystal violet, 20%
methanol) for 10 min, washed with water and let drying for 3 days. Fixed samples were then
resuspended in 0.2 ml 5% SDS and shacked for 2 h at room temperature. Absorbance (570 nm)
of the resuspended solution was measured by Victor3 Multilabel Plate Reader (Perkin Elmer).
Empty wells stained with crystal violet were used as blank samples. At least 3 replicates of the

experiment were performed.

RNAseq and in silico analysis. Total RNA was extracted from cells via Trizol solution (Sigma
Aldrich) following the manufacturer’s protocol. The library for RNA sequencing was prepared
according to TruSeq RNA Sample Preparation v2 Guide (Illumina). The libraries were analysed
through NextSeq 500 v2 MID output flowcell, 79bp x2 (Illumina). The result was aligned to
h38 genome assembly and examined for SNVs and chromosomal rearrangements. Non-
expressed genes were excluded from analysis. RNAseq data were first analysed with DAVID
Bioinformatics Resources 6.8 for functional annotation [112]. Only genes with average log:

(fold change) >+1 or <-1 among the 5 clones (percentage error < 75%) were chosen for analysis
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and the following annotation categories were considered: GOTERM_BIOLOGICAL
PROCESS, KEGG_PATHWAY. iRegulon, an application of Cytoscape software, was used to
reconstruct the transcription regulation network of the upregulated genes identified in the clonal
lines [113]. The following settings were used for analysis: 10K motif collection, 1120 ChIP-
seq tracks, putative region centred 500 bp around TSS, enrichment score threshold 3.0, ROC
threshold for AUC calculation 0.03, rank threshold 5000. Only transcription factors that are
found to be expressed in clonal lines by RNAseq were taken into consideration. STRING 10.5
was used to analyse protein interaction between the transcription factors identified by iRegulon
and RUNX1T1 [114]. Only interactions experimentally proved were taken into consideration.
Interactions between the predicted transcription factors were used to delineate the transcription

regulation network.

Statistical analysis. All statistical analyses were performed with at least 3 replicated via
unpaired two-tailed Student’s t-test. The software Graphpad Prism was used for analysis.
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