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ABSTRACT

Neuroblastoma (NB) is the most common type of tumor in infants and the third most common
cancer in children, after leukemia and brain cancer. Current clinical practices employ a variety
of strategies for NB treatment, ranging from standard chemotherapy to immunotherapy. Due
to a lack of knowledge about the molecular mechanisms underlying the disease's onset, ag-
gressive phenotype, and therapeutic resistance, these approaches are ineffective in the majori-
ty of instances. MYCN amplification is one of the most well-known genetic alterations asso-
ciated with high risk in NB. The following work is divided into three sections and aims to

provide new insights into the biology of NB and hypothetical new treatment strategies.

First, we identified RUNX1TL1 as a key gene involved in MYCN-driven NB onset in a trans-
genic mouse model. Specifically, through extensive genetic screening, we identified a single-
point mutation in the RUNX1T1 gene that inhibits the tumorigenic phenotype in Th-MYCN
mice. RUNXLTL1 is a transcriptional co-repressor that plays a role in the biology of multiple
cancers, but the molecular mechanisms in which it is involved are largely unknown. There-
fore, we characterized its interactome in NB cells, focusing on potential interactors that could
explain the observed phenotype. We found that RUNXL1T1 interacts with the transcription
factor HAND?2 and the transcriptional repressors HDAC1-3, LSD1, and RCOR3. Notably,
HAND?2 is involved in sympathetic neuron differentiation and NB's core regulatory circuitry.
We observed that these proteins co-localized with RUNX1T1 on chromatin in proximity
to genes involved in sympathetic neuron differentiation and that the single-point mutation in
RUNX1T1 abolishes the interaction with RCOR3. These results strongly suggested that
RUNX1T1 may recruit the Co-REST complex on target genes that regulate the differentiation
of NB cells and that the interaction with RCOR3 is essential.

Second, we provided insights into the role of MYCN in dysregulating the CDK/RB/E2F
pathway controlling the G1/S transition of the cell cycle. Here, we showed that high expres-
sion of E2F3 and MYCN correlate with poor prognosis in NB despite the RB1 levels.
Through a CRISPR interference (CRISPRI) approach, we found that E2F3 is an essential gene
in inducing colony formation in NB. Further, we showed that MYCN overexpression leads to
RB inactivation by inducing its hyperphosphorylation in the G1 phase through cell cycle syn-
chronization experiments. Moreover, we generated two MY CN-amplified NB cell lines con-
ditionally Knockdown (cKD) for the RB1 gene through a CRISPRi approach. In agreement
with the dispensable role of RB in regulating MYCN amplified NB's cell cycle, RB KD did

not affect cell proliferation unless it was replaced with the RB unphosphorylable mutant
I



RBACPK The described genetic interaction between MYCN and RB1 provides the rationale
for using cyclin/CDK complexes inhibitors in NBs carrying MYCN amplification and rela-

tively high levels of RB1 expression.

Third, we generated an M13 bacteriophage platform to target GD2-expressing cells in NB.
GD2 is a ganglioside expressed on the membrane of NB cells and is widely used as a target
for immunotherapy. Here, we assayed the GD2 expression in a panel of eight NB cell lines
and generated a recombinant M13 phage capable of binding GD2-expressing cells selectively
(M13cp2) by fusing a GD2-specific single chain fragment variable tho the phagic plll protein.
After the chemical conjugation of M13gp2 with the photosensitizer ECB04 (M13cp2-ECBO04),
we assessed the retargeting capability of these phages and the killing efficiency in a wide
range of concentrations. Our results showed that M13cp2-ECBO04 preserves the retargeting ca-
pability, inducing cell death even at picomolar concentrations upon light irradiation. These re-
sults provided proof of concept for M13 phage employment in targeted photodynamic therapy

for NB, an exciting strategy to overcome resistance to classical immunotherapy.
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INTRODUCTION

INTRODUCTION

Neuroblastoma, an overview

Childhood and pediatric malignancies are among the leading causes of mortality in children
during their first few years. Although researchers considered a number of risk variables that
potentially predict the development of cancer in children and adolescents, their origins remain
mostly unknown. Nonetheless, advancements in high-throughput sequencing methods and
genome-wide analysis simplified the identification of genetic features impacting their onset

and progression in many pediatric malignancies.

Neuroblastoma (NB) clearly illustrates how dysregulation of gene expression influences es-
sential cellular functions, including proliferation, differentiation, chromosomal stability, and
self-renewal (Bahmad et al. 2019). Remarkably, with 25-50 cases per million persons, NB is
the most prevalent extracranial solid tumor diagnosed in infants. It is the leading cause of
mortality for children aged one to five, accounting for 13% of all pediatric malignancies. De-
spite chemotherapy, immunotherapy, and surgery, the long-term survival rate is less than 40%
(De Bernardi et al. 2003).

Based on histological features and operability, the International Neuroblastoma Staging Sys-
tem (INSS) has divided neuroblastoma into five stages since 1988 (G. M. Brodeur et al.
2016):

Stage 1: surgically operable localized malignant lesion and lack of metastases.

Stage 2: Small tumor mass that cannot be completely excised, with probable lymph node me-

tastases.

Stage 3: Large tumor mass that cannot be removed entirely. Cancer has spread to distant or-

gans.
Stage 4: Large tumor mass with widespread metastasis to the liver, skin, and bone marrow.

Stage 4S: metastatic neuroblastoma that mainly affects infants under one year, with a 90%

survival rate due to spontaneous remission.

NB can be inherited in an autosomal dominant manner. Mutations of ALK and PHOX2B

genes are the most correlated with familial occurrences of NB (Mossé et al. 2008; Mosse et al.
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2004; Trochet et al. 2004). However, familial NB accounts for less than 2% of cases, as the

vast majority are sporadic (Matthay et al. 2016). The highly heterogeneous mutation land-
scape makes it challenging to establish common NB mutations in sporadic cases. Several ge-
nomic abnormalities, including copy number alterations, polymorphisms, and chromosomal
mutations, have been identified in sporadic NB. The amplification of the MYCN locus is one
of the best-known genomic aberrations in NB; it occurs in around 20% of cases and is em-
ployed as a biomarker for risk classification (Matthay et al. 2016). In addition to the sequence
encoding the transcription factor N-MYC, this locus also contains MYCNQOS, which encodes
the long non-coding RNA (IncRNA) N-CYM. High expression of N-CYM correlates with
high-risk cases (Armstrong and Krystal 1992). In 14% of high-risk patients, gain-of-function
mutations in the ALK gene were found. Moreover, due to its chromosomal association with
MYCN, ALK can be co-amplified with this gene (Bresler et al. 2014). A set of polymor-
phisms at the LIN28B gene can cause the overexpression of the 1in-28 homolog B protein,
which is recognized for its potential to negatively influence the maturation of let7 pre-micro
RNA (miRNA). In 10% and 25% of patients, respectively, loss-of-function mutations of the
ATRX gene and rearrangements of the TERT promoter, which encode for an RNA helicase
and a telomerase component, were identified (Peifer et al. 2015; Valentijn et al. 2015). More-
over, in some cases of relapse, mutations in the genes involved in the RAS- and P53-regulated
pathways have been found, and it has been postulated that these mutations may be significant
in the clinical course at the time of diagnosis (Ackermann et al. 2018). In addition to the am-
plification of MYCN, the gain of 17q and the loss of 1p were identified in NB. Gain of 1q and
2p and loss of 3p, 4p, and 14q are other chromosomal aberrations identified (Pugh et al.
2013).

Based on the mutations and the copy number alterations discovered in familial and sporadic
cases of NB, a new categorization of risk has recently been established (Ackermann et al.
2018). This approach classifies cancer into three groups: extremely high risk, high risk, and
low risk. NB cases with telomerase activity and abnormalities in signaling pathways mediated
by RAS or p53 have been classified as extremely high-risk, whereas NB cases with telomer-
ase activation alone are in the high-risk category. Cases of neuroblastoma that lack telomeric

activity abnormalities are included in the low-risk category.

Although the primary tumor can arise from various anatomical sites, it is most commonly
found in the adrenal glands or the paravertebral ganglia of the sympathetic nervous system
(Garrett M. Brodeur 2003; Maris 2010). Anatomical and histological data on NB suggest that

this tumor may arise from the sympathoadrenergic lineage of the neural crest. Understanding
2



INTRODUCTION
the dynamics that determine the onset of NB requires a comprehensive understanding of the

molecular mechanisms that lead to the differentiation of neural crest cells to define new ther-

apeutic targets.

Neuroblastoma: origin and initiation

In the early stages of development, the embryo undergoes a series of morphological changes
that result in the formation of embryonic structures necessary for developing the nervous sys-
tem. Morphogens produced by the notochord induce the differentiation of the cells of the neu-
ral plate leading to the formation of the neural fold, which, upon closure, gives rise to the neu-
ral tube. During vertebrate neurulation, neural crest cells (NCCs) emerge from the neural
fold's margins and the dorsal neural tube (Sim&es-Costa and Bronner 2015). NCCs are divid-
ed into four types based on their position along the anterior-posterior axis and their function:
cranial, vagal and sacral, cardiac, and trunk NCCs. Each type of NCC generates distinct tis-
sues in specific anatomical areas. Cranial NCCs differentiate into cartilage, bone, nerves, glia,
and connective tissue of the head; the vagal and sacral NCCs differentiate into parasympathet-
ic ganglia; cardiac NCCs differentiate into melanocytes, neurons, cartilage, muscle, and con-
nective tissue of the arteries emerging from the heart; Those of the trunk differentiate into
melanocytes, dorsal root ganglia, sympathetic ganglia, and the adrenal medulla (Gilbert
2000).

Based on the function and physiology of the sympathoadrenal lineage originating from the
trunk NCCs, it has been hypothesized that the initiation of NB is associated with the dysregu-
lation of the molecular pathways involved in their migration and differentiation (Marshall et
al. 2014). During gastrulation, the neural plaque is induced, and its border contains a popula-
tion of cells capable of giving rise to NCCs. In this context, a key role is played by the signal-
ing pathways mediated by BMP and WNT, produced by the lateral regions of the neural plate,
and the inhibitors of these pathways, produced by the medial regions. In the border region be-
tween the neural plate and the lateral regions, intermediate levels of BMP and WNT induce
the expression of several transcription factors capable of activating a regulatory circuit that
establishes and maintains the identity of the border cells of the neural plate (Groves and La-
Bonne 2014). At this stage, these cells express the border specifier genes Msx1, Msx2, Pax3,
Pax7, and Zicl. Thus, border cells begin to express the neural crest specifier genes AP-2,
FoxD3, Snail2, Sox9, and Sox10, allowing their migration and epithelial-mesenchymal transi-
tion (EMT). Sox9, Sox10, Cad7, Collla, Ngn1, Mitf, and Dct are the genes responsible for the
migration of NCCs (Betters et al. 2010).
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The sympathoadrenal lineage derives from the trunk NCCs. It follows the ventral migration

pathway and receives signals from the neural tube, notochord, and aorta to differentiate in the
adrenal medulla’'s chromaffin cells and the sympathetic ganglia's neurons (Huber 2006). Mor-
phogens from the BMP family play a crucial role in the differentiation of the sympathoadrenal
lineage. This signaling induces NCCs to express the transcription factor MASH1, which in
turn induces the expression of PHOX2A, a transcription factor necessary for the differentia-
tion of these cells into sympathetic neurons and chromaffin cells. PHOX2B, an independently
expressed transcription factor, stimulates the expression of genes encoding for the enzymes
Tyrosine hydroxylase and Dopamine -hydroxylase (TH and DBH), which are involved in the
biosynthesis of neurotransmitters, as well as the transcription factors HAND2 and GATAS3,
which are required for the maintenance of MASH1 expression (Huber 2006). During this
phase, the NCCs express high levels of MYCN, which seems to regulate their migration and
growth. Thus, MYCN expression gradually decreases during sympathetic neuron differentia-
tion (Zimmerman et al. 1986). Excess neuronal cell precursors undergo apoptosis upon the lo-
cal withdrawal of nerve growth factor (NGF) (Yuan and Yankner 2000) (Figure I).

BMP

\ ; MASH1

/ ;PHOXZA

; PHOX2B

; TH. DBH ; HAND2, GATA3

l

Biosynthesis of
neurotransmitters

Differentiation of the sympathoadrenal lineage

-

Figure | Schematic illustration of the NCCs’ differentiation. Left: Diagram of transverse sections of the embryo showing the ori-
gin and migration of neural crest cells - 21 days. NCCs (pink) originate from the neural tube (purple) and follow several path-
ways of differentiation and migration. Right: Gene regulatory network driving differentiation of the sympathoadrenal lineage. The
expression of MYCN decreases during the differentiation pathway under physiological conditions.

Generally, the pathogenesis of tumors is a multiphase process in which the cells that give rise
to the neoplasm undergo a series of sequential events that might drive the tumoral transfor-
mation. Mutations and aberrations in gene expression are the events capable of fostering on-
cogenesis. Specifically, at least three steps in NB pathogenesis have been described (Marshall

et al. 2014). First, the MYCN locus amplification reported in NB cells led to the concept that
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its overexpression may play a driving role in the tumor's initiation. However, the overexpres-

sion of MYC family proteins is known to induce p53-mediated apoptosis (Murphy et al.
2008). Thus, it is plausible to hypothesize that the second event is required for neuroblasts to
escape from apoptosis at this stage. In fact, the second event may be mediated by overexpres-
sion of BMI1, which functions as an E3 ubiquitin ligase for p53, or by gain-of-function muta-
tions in the ALK gene. These aspects would explain the decreased p53 levels detected in the
neuroblasts of mice carrying the MYCN transgene under lineage-specific promoter (Calao et
al. 2013; Berry et al. 2012). In addition, the downregulation of the nerve growth factor recep-
tor (NGFR) can contribute to the inhibition of neuronal development. In this setting, the over-
expression of the BDNF receptor NTRK2 increases cell proliferation and resistance to pro-
grammed cell death. After birth, these precancerous cells proliferate and are resistant to apop-
tosis; this could result in high genomic instability, rendering them prone to definitive tumor
transformation (third hit). To elucidate the role of MYCN in this setting, transgenic mice ex-
pressing this gene under the control of the Tyrosine hydroxylase (Th-MYCN) promoter have
been developed. In this way, MYCN overexpression occurs at the level of sympathoadrenal
NCCs during migration (Banerjee et al. 1992; Weiss et al. 1997). Thus, transgenic mice ex-
hibited hyperplasia of neuroblasts or tumor masses with cytogenetic and histological similari-
ties to human NB. Another mouse model has been generated based on the recent advance in
cytogenetic alterations in NB. These mice carry both mutated ALK and MYCN under the
control of the Th promoter (ALKF1174L/Th-MYCN). In this model, spontaneous retroperito-
neal solid tumors form in the peri-renal and paraspinal regions, replicating human NB’s clini-

cal distribution more accurately (Berry et al. 2012).

The relationship between aberrant NCCs differentiation and NB has been extensively studied
in recent years. By comparing single-cell RNAseq data collected from human adrenal glands
at different stages of development with human NBs, Jansky et al. revealed that NBs resem-
bling committed neuroblasts are associated with low risk. In contrast, the undifferentiated
phenotype is associated with MYCN amplification and high-risk NB, suggesting that these
latter tumors arise during the early stages of development (Jansky et al. 2021). According to
transcriptional and epigenetic characteristics of NB cells, recent research modelized the NB
cellular phenotypes into major groups: NB cells showing sympathoadrenal signature (ADRN)
and NB cells showing an undifferentiated mesenchymal phenotype (MES). The ADRN and
MES phenotypes are plastic because single-cell subclones of ADRN or MES populations are
able to recapitulate both transcriptional states (van Groningen et al. 2017). Besides, these two

populations of cells mostly coexist in the tumoral mass, and their identity maintenance is reg-
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ulated by core regulatory circuitries (CRCs) (Boeva et al. 2017; van Groningen et al. 2017).

CRCs are groups of autoregulatory transcription factors associated with large euchromatin re-
gions called super-enhancers (SEs) (Y. Chen et al. 2020). In MYCN-amplified NB, both
ADRN and MES MYCN-amplified cell lines showed a CRC dependent on HAND2, ISL1,
PHOX2B, GATA3, TBX2, ASCLI1, and TFAP2B. Notably, most of these genes, such as
HAND2, PHOX2B, and GATA3, have been described as critical regulators of sympathoad-
renal lineage differentiation. A significant reduction in the aggressive phenotype was ob-
served by silencing these genes one by one through RNAI. These findings led to the conclu-
sion that high-risk NB cell growth is dependent on the expression of CRC transcription fac-
tors (Durbin et al. 2018a; Lu Wang et al. 2019; Durbin et al. 2022). Notably, among the genes
controlled by ADRN and MES CRCs, the Cyclin D encoding gene CCND1 was significantly
affected by the downregulation of CRC transcription factors (Gartlgruber et al. 2021).

NB cellular phenotype's role in therapy has emerged in recent years. New evidence indicates
that the MES phenotype is significantly more resistant to standard chemotherapies. For in-
stance, once treated with cisplatin or doxorubicin, the SK-N-SH cell line, which is character-
ized by the coexistence of ADRN and MES cells, displays an increase in the proportion of
MES cells (Boeva et al. 2017). These data suggested two different hypotheses. First, hetero-
geneous tumors treated with chemotherapy might show resistance because of surviving MES
cells inducing relapse; second, upon treatment, ADRN cells might change their CRC profile

leading to an interconversion in MES cells (Shendy et al. 2022).

The role of MYC(N), RB, and E2F in the cell cycle and tumors

The pathway regulating proliferation is the cell cycle, divided into G1, S, G2, and M phases.
G1, S, and G2 phases are called together interphase. During G1 and G2 phases, the cells re-
ceive signals from the external and internal environment that promotes or inhibits cellular di-
vision. DNA duplication occurs during the S phase, then chromosome segregation and cellu-
lar division happen during the M phase. In physiological conditions, phase-transition check-
points are strictly held by multiple protein families, including cyclins, cyclin-dependent ki-
nases (CDKs), and CDK inhibitors (CKIs), such as p21 and p27. Cyclins interact with CDKs
activating their kinase activity, leading to the phosphorylation of multiple proteins involved in
cell cycle control. On the other hand, these checkpoints are necessarily deregulated for tumor
initiation and maintenance, and driver mutations in proto-oncogenes and tumor suppressor
genes are responsible for malfunctioning the cell cycle (Rubin, Sage, and Skotheim 2020).

Genes relevant for cell cycle progression are the proto-oncogenes MYC and E2F and the tu-
6
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mor suppressor RB1. The following paragraphs describe the role of these genes in cell cycle

progression and their role in tumorigenesis.
The MYC proto-oncogenes

MYC, one of the most-studied proto-oncogenes, plays an important role in cancer. Multiple
genetic alterations impacting MYC and its paralogs MYCN and MYCL have been described
in various types of malignancies. Notably, amplification of MYC and its paralogues was
found in at least 28% of the tumors (Schaub et al. 2018). Additionally, other genetic altera-
tions have been described, such as; point mutations increasing protein stability (Bahram et al.
2000; Hemann et al. 2005); amplifications or mutation of its associated enhancers (Sur et al.
2012); gain of function mutations in genes involved in cell pathways upregulating MYC
genes (Herranz et al. 2014). More than 30 years ago, it was found that its overexpression was

sufficient to drive tumoral transformation in mouse lymphocytes (J. M. Adams et al. 1985).

Structurally, MYC proteins are transcription factors containing a basic helix-loop-
helix/leucine-zipper motif at the C-terminus and highly conserved domains known as MYC
boxes (MBs) at the N-terminus. Six MBs (MB0O, MBI, MBII, MBIllla, MBIlIb, MBIV) have
been described, and each interacts with several chromatin-modifying complexes, such as
TRAAP, GCNS5, TIP60, and TIP48 (Lourenco et al. 2021; Kalkat et al. 2018). By heterodi-
merization with the transcription factor MAX, MYC binds to consensus sequences called E-
Boxes (CACGTG). MYC can work as a transcriptional activator and transcriptional repressor,
depending on the context. By interacting with histone acetyl-transferases, MYC exerts its ac-
tivator activity, while interacting with histone deacetylases, it represses gene expression (LU-
scher and Vervoorts 2012).

MYC takes part in several cellular pathways, ranging from cell proliferation to immune sys-
tem escape (Dhanasekaran et al. 2022). Given its role in cell proliferation, it is not surprising
that MYC controls cell cycle progression by upregulating Cyclin D2 (CCND2), Cyclin E1
(CCNE1), CDK4, CDC25A, E2Fs, and by downregulating the CDK4/6 inhibitor CDKN1A
(p21) (Bretones, Delgado, and Leon 2015). However, given its role in a wide range of cancer,
most MY C family research was mainly performed on the MYC paralogue, leaving a relevant
gap of evidence in MYCN and MYCL knowledge. This disparity in MYC family research is
likely attributable to the frequency of MYC, MYCN, and MYCL alterations reported in vari-
ous malignancies. While alterations of MY C are found in the vast majority of cancers, MYCN

and MYCL alterations are detected principally in NB and specific lung cancer cases, respec-
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tively (Baluapuri, Wolf, and Eilers 2020). The physiological expression of MY C genes is spa-

tiotemporally regulated. MYC is expressed in all the proliferating adult tissues, MYCN ex-
pression is restricted in developing neuroblasts, and MYCL is expressed in the embryonic
brain, kidney, and lung tissues (Bragelmann et al. 2017). Only MYC and MYCN genes
knockout resulted in mice lethality, while MYCL was described as a non-essential gene (Hat-
ton et al. 1996; Sawai et al. 1993; A. C. Davis et al. 1993). In addition, homozygous mice in
which MY C was replaced with MYCN live to adulthood and are fertile (Malynn et al. 2000).
Despite some intriguing differences, a recent study identified a ~70% of overlap between the
interactomes of MYC and MYCN. This study was performed in lung cancer NCI-H2171 cells
and in NB Kelly cells, respectively (Liyuan Wang et al. 2022). These observations led to the
hypothesis that although most of the functions of MYC genes might be redundant, mechanis-

tic differences between the family members likely exist.

As previously discussed, MYCN amplification is found in 20% of NBs and is associated with
poor prognosis. MYCN is one of the essential genes involved in the proliferation of NB cells.
MYCN overexpression in NB correlates with cell proliferation, as has been recognized for
more than 30 years (Negroni et al. 1991; Schweigerer et al. 1990). Although several models
have been proposed, molecular mechanisms leading to MYCN amplification remain mostly
unknown (Aygun 2018). NB research provided multiple insights into specific MYCN's role in
regulating the cell cycle. Like its ortholog MYC, N-MYC regulates several genes involved in
cell cycle regulation. Microarrays performed in NB cell lines perturbing MYCN expression
led to the identification of the S-phase associated kinase (SKP2) as a relevant MYCN target
gene (Bell, Lunec, and Tweddle 2007; Muth et al. 2010). SKP2 is involved in the degradation
of the CDK inhibitor p27, promoting the G1/S transition (Zheng et al. 2002). Recently, it was
found that MYCN speeds up the G1/S transition in NB cells, inducing resistance to chemo-
therapy (Ryl et al. 2017). Following synchronized cells through the cell cycle, MYCN-high
and MYCN-low cells moved nearly synchronously through the S, G2, and M phases, but
MY CN-high cells needed a shorter time for the transition from the G1 to the S phase com-
pared to MYCN-low cells. (Ryl et al. 2017). Moreover, MYCN is involved in the upregula-
tion of CHK1, regulating the G2/M transition (Cole et al. 2011).

The RB1 tumor suppressor gene

The concept of the tumor suppressor gene began in 1971 when Alfred Knudson described for
the first time the two-hit model for retinoblastoma tumors. Analyzing a cohort of retinoblas-
toma patients, he found that biallelic inactivation of the RB1 gene was sufficient to drive reti-
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noblastoma. The first hit is an inherited germline mutation, while the second is a somatic mu-

tation that occurs during development (Knudson 1971). The RB1 gene encodes for the RB
protein, and its molecular mechanisms has been extensively studied, but its precise working

mechanism remains an enigma (Dyson 2016).

Later, the molecular mechanisms driving RB functions have been investigated. RB inactivates
E2F proteins, transcription factors binding the highly conserved sequence TTTCGCGC at the
promoter of genes involved in the G1/S transition (Erik S. Knudsen and Knudsen 2008) (Ru-
bin et al. 2005). During the G1 phase, RB mainly represses E2F target genes by interacting
with E2Fs and recruiting chromatin remodeling complexes at their cis-regulatory elements.
Histone modifiers complexes involved in this mechanism are Sin3, and histone deacetylase 1-
3 (HDAC1-3) (Frolov and Dyson 2004).

Structurally, RB protein contains two folded domains and a substantial amount (~33% of 928
amino acids) of intrinsically disordered sequence (Rubin 2013). The structured domains are
the N-terminal domain (RbN) and the pocket domain (RbP) (Hassler et al. 2007). Both these
domains contain an intrinsically disordered region (RbNL and RbPL). The RbP is involved in
the binding of the E2F transactivation domain and contains a LXCXE peptide involved in the
interaction with other proteins (Lee et al. 2002; Xiao et al. 2003). Remarkably, the LXCXE
peptide can bind the RbP leading to the lack of interaction with E2F in some specific contexts
(Kim, Ahn, and Cho 2001). An interdomain linker (RbIDL) divides the structured domains
RbN and RbP. Besides the RbP, RB can bind E2F and its obligate heterodimer partner DP by
interacting with its RbC with their “marked box” (E2FMB-DPMB).

The current paradigm states that Cyclin-dependent kinases (CDKSs) phosphorylate and inacti-
vate RB when normal cells divide (Figure I1). Experiments with synchronized cells revealed
that Cyclin D-dependent kinases are responsible for the initial phosphorylation of RB during
the G1 phase, but Cyclin E/CDK?2 is responsible for the late hyperphosphorylation of RB dur-
ing the G1/S transition (Dowdy et al. 1993; Hinds et al. 1994a; 1994b; Sherr 1996).
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Figure Il Schematization of the E2F/RB pathway.CDK4/6-Cyclin D and CKD2-Cyclin E phosphorylate RB leading to its inactiva-
tion. Inactivation of RB induces E2F activation and S-phase gene transcription. The CDK inhibitors p16, p15, p27, and p21 are
involved in the inactivation of the CDK-Cyclin complexes.

The G1/S cyclin-CDK complexes CycD-CDK4/6 and CycE-CDK2 phosphorylate RB on at
least 13 residues of Ser/Thr. Each phosphorylated residue is a hallmark of a specific biochem-
ical outcome (Tablel). Recent findings demonstrated that the monophosphorylation of RB on
each of the Ser/Thr is not capable of inactivating RB in controlling the G1/S checkpoint. In
fact, the replacement of endogenous RB with monophosphorylated RB induced accumulation
in the G1 phase in non-transformed hRPE1cells and significantly reduced the expression of
the E2F signature (Sanidas et al. 2019). On the other hand, the same researchers found that
each of the monophosphorylated forms drastically changes the RB interactome and the tran-
scriptional output. This intricate matrix of post-translational modifications leads to the formu-
lation of two more hypotheses on the events driving its inactivation (Rubin, Sage, and
Skotheim 2020). The first states that CycD-CDKA4/6 activity only prompts RB monophos-
phorylation, whereas RB hyperphosphorylation is observed with the CDK2 activity. When
RB is monophosphorylated by CycD-CDK4/6, E2F-dependent transcriptional activation is re-
pressed, suggesting that only CDK2 directly inactivates RB through hyperphosphorylation.
This finding challenges the paradigm in which CDK4/6 inactivates RB and states that CDK2
is the inactivating kinase. However, several studies confirmed that CycD-CDKA4/6 activity is

crucial for cell-cycle progression and proliferation. In fact, CDK4/6-specific inhibitors like
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palbociclib and ribociclib cause loss of hyperphosphorylated RB and cell-cycle block in G1.

Moreover, mutation of a CDK4/6 specific docking site in RB resulted in reduced RB hyper-
phosphorylation and increased G1 arrest (Topacio et al. 2019). One explanation is a priming
mechanism for RB hyperphosphorylation: CDK2 hyperphosphorylation would require
CDK4/6 monophosphorylation or that CDK4/6 contributes to CDK2 activation by targeting
other substrates. The second alternative mechanism proposed is that CDK4/6 is critical for
CDK2 activity by sequestering CDK protein inhibitors like p21/p27. This model states that
RB phosphorylation and its consequent inactivation depend exclusively on CDK4/6. Like the
classical model, the phosphorylation by CDK4/6 precedes the CDK2 one, but according to
this alternative model, the phosphorylation carried out by CDK4/6 is necessary and sufficient
to inactivate RB during the G1 phase, while the activity of CDK2 is required to maintain RB
phosphorylation and E2F activation only once cells are in S phase. Unlike the majority of oth-
er cell cycle regulatory proteins, RB is normally not degraded upon inactivation but rather
remains until mitosis, when it is dephosphorylated by PP1 to enter the subsequent G1 phase
(Kolupaeva and Janssens 2013).

Sites Domain Biochemical Output

S249/T252 RbN Resistance to Inactivation by CDKs (Gubern et al. 2016)

T356 RbIDL Reduce affinity to E2F (Lentine et al. 2012)

T373 RbIDL Inhibits E2F and LxCxE binding to the pocket domain (Burke et
al. 2010)

S608/S612 RbL Inhibits E2FTD binding (Burke et al. 2010)

S780 RbP Reduce affinity to E2F (Mishra, Melino, and Murphy 2007)

S788/S795 RbC Inhibits RbC-E2F1MB binding (Rubin et al. 2005)

S807/S811 RbC Might prime phosphorylation at other sites (E S Knudsen and
Wang 1997)

T821/T826 RbC Inhibits RbC-E2F1MB-DPMB binding and inhibits LXCXE binding

to the pocket domain. (Rubin et al. 2005)

Table 1 List of the Ser/Thr residues of RB associated with phosphorylation and the associated biochemical output.

In retinoblastoma, the presence of wild-type RB1 is unexpectedly observed in 2.7% of cases
(Rushlow et al. 2013a). This evidence suggests that RB1 mutations are not the only responsi-
ble driving event for retinoblastoma onset. Notably, half of the RB1 wild-type retinoblastoma
cases analyzed in this study were characterized by MYCN amplification, and this latter fea-
ture was absent in the large cohort of RB1 mutated tumors (97.3% of the cases). The authors
of this study concluded that in this small percentage of cases, retinoblastoma might be driven
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by MYCN amplification (Rushlow et al. 2013a). Histologically, these tumors share more sim-

ilarities with MY CN-amplified neuroblastomas than classical retinoblastomas, but molecular
mechanisms driving its onset have only begun to be explored (Ewens et al. 2017; Singh et al.
2022). Interestingly, Singh et al. discovered that in explanted developing human retinae, N-
MYC enhances the expression of CCND2 and CDK4 as MYC does in fibroblasts (C. Bou-
chard et al. 1999), leading to phosphorylation and inactivation of RB (Singh et al. 2022).
MY CN-overexpressing retinal cells could even recapitulate MYCN-driven retinoblastoma in

mouse xenografts (Singh et al. 2022).

Loss of RB by its inactivation or mutations is observed in a wide range of cancers other than
retinoblastoma (Rubin, Sage, and Skotheim 2020). Intriguingly, virtually all MYCN-
amplified NBs cases exhibit RB1 wild-type (Mosse et al. 2007). However, several shreds of
evidence support the hypothesis that RB might be inactivated in MYCN-amplified NB. First,
downregulation of its inactivator CDK2 showed synthetic lethality in MY CN-amplified cells
(Molenaar et al. 2009). Second, the MYCN-amplified NB cell lines are susceptible to
CDKA4/6 inhibitors, CCND1 (Cyclin D1), and CDK4/6 downregulation, which was not ob-
served in the majority of MYCN-nonamplified cell lines (Rihani et al. 2015; Julieann Rader et
al. 2013). Third, pharmacologic inactivation of CDK2 in MY CN-amplified cells inhibits cell

proliferation and induces cell death both in vitro and in vivo (Z. Chen et al. 2016).
The E2F family

The discovery of the adenoviral early region 2 binding factor (E2F) occurred more than 30
years ago, describing a transcription factor playing a key function in the earliest stages of ad-
enoviral replication (Kovesdi, Reichel, and Nevins 1986). Today, E2Fs have been character-
ized as crucial transcriptional cell cycle regulators, but additional activities in maintaining ge-
nomic stability are just emerging. The precise mechanism through which E2Fs help regulate

cellular physiology remains incompletely understood.

Historically, E2F genes are divided into three subgroups: activators (E2F1, E2F2, E2F3) ex-
pressed at high levels during the G1/S phase transition, canonical repressors (E2F4, E2F5, and
E2F6) almost constitutively expressed, and atypical repressors (E2F7 and E2F8) typically ex-
pressed in the late S phase (Kent and Leone 2019). The E2Fs 1-5 activity is strictly regulated
by the pocket proteins RB, p107, and p130. However, RB is the only pocket protein interact-
ing with the activating E2F1-3, while p130 and p107 only bind to E2F4 and E2F5 (Liban et

al. 2017; 2016). Genetic deletion of E2F family members in nematodes, flies, and mice has
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shown to be a suitable method for dissecting the physiological activities of E2Fs. There are

several clues about the redundancy of activator E2Fs. Indeed, loss of E2F1/2 is well tolerated
in mice. However, loss of E2F3 leads to embryonic lethality due to problems in cell prolifera-
tion (Ciemerych and Sicinski 2005).

Structurally, E2Fs share a common helix-turn-helix DNA binding domain called “winged he-
lix”, recognizing the consensus sequence TTTCC/GCGC. By doing that, E2Fs dimerize with
DP factors encoded by the TFDP1/2/3 genes (James DeGregori and Johnson 2006). E2F1-3
shares a standard structure composed of 1) a nuclear localization signal; 11) a cyclin A regula-
tory domain involved in its stabilization; 111) the DNA binding domain V) a dimerization
domain involved in the interaction with DPs; V) a transactivation domain responsible for the
E2F-driven transcriptional activation that can be bound RB (Kent and Leone 2019). Despite
the sequence similarity between the activators E2Fs, only E2F3 has been considered a classi-
cal proto-oncogene due to its putative role in tumoral transformation in multiple types of can-
cer. In fact, its overexpression and its amplification were observed (Oeggerli et al. 2004; Ols-
son et al. 2007; Hurst et al. 2008).

E2Fs1/2 have only one reported isoform, whereas E2F3 has at least four described isoforms;
the most studied are E2F3A (the longest one) and E2F3B, whereas the mitochondrial isoforms
E2F3C and E2F3D were identified only recently. The only difference between E2F3A and
E2F3B is the absence of the N-terminal region in E2F3B, given the presence of an alternative
promoter located at ~1k downstream of the first exon of E2F3A. E2F3C and E2F3D are gen-
erated by alternative splicing and lack the DBD and the RB binding domain, and their func-
tion is mainly unknown (Araki et al. 2019). While E2F3A is considered a transcriptional acti-
vator, E2F3B works as a transcriptional repressor, mimicking the function and the expression

pattern of canonical repressors (M. R. Adams et al. 2000).

Overall, E2Fs are essential for deciding when a cell will divide. Indeed, the expression of E2F
targets steadily increases throughout G1 and must reach a certain level to pass a restriction
point and enter in S phase. The link between this threshold of E2F activity and the restriction
point has been explored through single-cell analysis. Once a threshold level of E2F activity is
reached, the cell cycle progresses regardless of additional mitogen stimulation. Several factors
influence the E2F threshold needed for passing the restriction point. For instance, when nega-
tive E2F regulators CDK inhibitor 1A (CDKN1A, p21), RB, or p130 are overexpressed, cells
enter a deeper quiescent state, increasing this threshold. On the other hand, the expression of

positive E2F regulators (MYC or CCND1) reduced the amount of mitogen stimulation re-
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quired to induce cell cycle entrance. According to this evidence, quiescent cells may be en-

couraged to proliferate with the help of oncogenic stimulation of the E2F transcriptional
pathway. (Yao et al. 2008; Kwon et al. 2017). Among the E2Fs targets, there are genes in-
volved in G1/S transition, such as Cyclin D, Cyclin E, MYC, MYCN, and genes involved in
DNA replication, such as the MCM2-7 genes and CDC6. Moreover, it is well-known that

E2Fs upregulate themselves in a positive feedback loop (Bracken et al. 2004).

One of the most important genes regulated by activator E2Fs in NB is MYCN. Remarkably,
E2F3 binds to the MYCN promoter and activates its transcription only in the presence of
MYCN amplification (Strieder and Lutz 2003). Moreover, overexpression of E2F1 and E2F3
in NB correlates with poor prognosis, independently from MYCN amplification. Patients ex-
pressing high levels of E2F1/3 showed increased expression of genes involved in G1/S transi-
tion (H. Wang et al. 2022). Parodi et al. recently found that overexpression of E2F3 is a hall-
mark of impaired survival in stage 4S NBs, typically characterized by spontaneous regression
(Parodi et al. 2020). However, these findings have been studied by analyzing large datasets of
RNAseq, and the importance of these transcription factors in NB biology should be further
validated by in vitro and in vivo experiments. Recently, the role of E2Fs in NB was further
investigated. Studying the effect of the silencing and the farmaceutical inhibition of the his-
tone demethylase KDM6B in MY CN-amplified NB cells, D’Oto et al. found a relevant reduc-
tion in cell viability and proliferation, most likely because of the downregulation of MYCN
and E2F targets (D’Oto et al. 2021).

Targeted therapy for neuroblastoma

Currently, NB high-risk patients are treated with an intensive chemotherapy regimen consist-
ing of cisplatin, vincristine, carboplatin, etoposide, and cyclophosphamide (COJEC). In spe-
cific cases, resection surgery and radiotherapy are performed (A. D. J. Pearson et al. 2008).
ALK and N-MYC are under extensive investigation among the molecular targets, given their
driver gain of function mutation and amplification. As established by in vitro and in vivo re-
search (Huang and Weiss 2013), regulatory networks relying on N-MYC and ALK play a
significant role in maintaining the proliferative phenotype and inhibiting differentiation path-
ways in brain precursors. However, although there are several ALK-specific therapies, N-
Myc-specific targeting is still challenging. The N-MYC pathway can be targeted indirectly
following several approaches, primarily by targeting specific downstream effectors regulating
cell growth and proliferation.
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Targeting MYCN-amplified NB

The N-MYC/MAX heterodimer formation inhibition is an intriguing strategy for counteract-
ing the MYCN-activated carcinogenic regulatory network (Ferrucci et al. 2018). In the sce-
nario, a screening of 7000 peptidomimetic compounds was performed to identify candidate
peptides capable of inhibiting the dimerization of MYC and MAX. This screening found
IIA6B17 and 11A4B20, two small compounds that substantially inhibit Myc—MAX dimeriza-
tion and DNA binding (Berg et al. 2002). Based on these groundbreaking studies, other re-
searchers worked in this area, discovering and optimizing new compounds such as the unique
Peptomyc's Omomyc-based treatment (OMO-103). However, this peptide has been used
mostly for laboratory purposes as a powerful tool to inactivate MYC and study its down-
stream pathway. Only recently, the potential use in clinics has started to be explored (Masso-
Vallés and Soucek 2020).

N-MYC-mediated transcriptional regulation is mainly enhanced by its interaction with bro-
modomain and extra terminal (BET)-containing proteins, which function as chromatin read-
ers. Indeed, BET binds to acetylated lysine residues and assists transcription. The importance
of the bromodomain-containing protein 2 (BRD2), BRD3, and BRD4 in this context is rele-
vant. Multiple investigations demonstrated that the BET inhibitor JQ1 downregulates N-MYC
transcriptional signatures, reducing MYCN expression and enhancing survival in both xeno-

graft and transgenic murine models of neuroblastoma (NB) (Puissant et al. 2013).

N-MYC positively regulates E2F expression (J. DeGregori et al. 1997; Sears, Ohtani, and
Nevins 1997), and its expression positively correlate with CDK4 and Cyclin D genes (Mo-
lenaar et al. 2008). Targeting CDK, which is necessary for the transition from GO0/1 into the S
phase, could ideally be advantageous for putting the "brakes™ on the aberrant proliferation in
patients with MYCN-amplified NB (Ando and Nakagawara 2021). There are three major
CDKA4/6 inhibitors, palbociclib, ribociclib, and abemaciclib, all of which have shown promis-
ing results in treating other types of cancer in which The CDK/RB/E2F pathway is altered
(Braal et al. 2021). The use of ribociclib in NB cellular models has only recently been exam-
ined; as expected, MYCN-amplified cell lines exhibit higher sensitivity (JulieAnn Rader et al.
2013).

MY CN-amplified NBs show deregulation of several enzymes involved in polyamine metabo-
lisms, such as ODC1, SRM, SMS, AMD1, OAZ2, and SMOX. Notably, ODC1, a key en-

zyme in polyamine metabolism converting ornithine to putrescine, is a direct transcription
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target of N-MYC (Hogarty et al. 2008). Polyamines are essential polycations that sustain

MYCN functions through ionic and covalent activities. The decreased levels of intracellular
polyamines stimulate checkpoints that limit proliferation, while enhanced polyamine synthe-
sis supports oncogenic proliferation (Thomas* and Thomas 2001). Polyamines are involved in
several biological processes, and one of the most crucial ones is spermidine. Spermidine is
needed for hypusinilation of the translation elongation factor elF5A, promoting the translation
of genes containing specific aminoacidic repeats. Hypusinilated elF5A is essential for the
translation of genes encoding for proteins involved in the cytoskeletal-associated process,
RNA splicing and turnover, DNA binding and transcription, and cell signaling (Casero and
Marton 2007). The N-MYC target ODCL is druggable by difluoro-methyl ornithine (DFMO),
which recently completed a phase Il clinical trial. DFMO treatment after completion of first-
line therapy was associated with improved event-free and overall survival compared to con-

trols treated at the same institutions of this clinical trial (Lewis et al. 2020).
Immunotherapy: Targeting GD2

Immuno-targeting MYCN-amplified NBs is challenging since N-Myc is involved in the
downregulation of the major histocompatibility complex (MHC) class | antigen expression,
leading to escape from cytotoxic T cells and interferon-mediated immune response. The rela-
tionship of MYCN with the tumor immune microenvironment has only begun to be explored
(Blavier, Yang, and DeClerck 2020). The tumor microenvironment of MYCN-amplified NBs
contains a significantly lower number of immune cells compared to the MY CN-nonamplified
counterpart (Zhong et al. 2019). For these reasons, the authors of the review mentioned above
describe MYCN-amplified NBs as “cold” and immune exclusive, while MYCN-nonamplified
ones are referred to as significantly inflamed or “hot”. Based on this evidence, a more pro-
found comprehension of the microenvironment’s role in NB disease could drive novel strate-
gies for the cure of this childhood malignancy. In fact, the lack of antigen presentation due to
MYCN overexpression has been successfully circumvented by developing antibodies against
the targetable ganglioside GD2 (Joshi 2020).

Gangliosides are modified sphingolipids highly expressed in cancer cells. Generally, gangli-
osides are not considered for target therapy because they are also found in healthy tissues. Ex-
ceptionally, the ganglioside GD2 is highly expressed on the surface of NB cells, and its ex-
pression in normal tissue is limited at a relatively low level to neurons, skin melanocytes, and
peripheral nerve fibers. The precise function of GD2 is unknown, although it is thought to

promote tumor cell proliferation, cell adhesion mediator, motility, invasion, and migration

16



INTRODUCTION
(Nazha, Inal, and Owonikoko 2020). Intriguingly, based on the degree of expression, thera-

peutic impact, immunogenicity, and antigen specificity, the U.S. national institute classified
GD2 as the tenth most promising target out of 75 (Cheever et al. 2009). Moreover, GD2 is
expressed in the vast majority of NBs, regardless of the grade and staging of the tumor (Z.-L.
Wu et al. 1986; Schengrund 2020; Sariola et al. 1991). These characteristics make GD2 an

exciting target for immunotherapy.

Several anti-GD2 antibodies (GD2 Ab) have been developed. The most studied ones are mu-
rine 3F8 and 14.G2a. Initially, these two antibodies were employed singularly or in combina-
tion with cytokines in GD2-expressing (GD2%) tumors. However, significant cases of human-
anti mouse (HAMA) antibody development in the host were observed, leading to a decrease
in the therapeutical effect (N. K. Cheung et al. 1987). To circumvent HAMA, GD2 Ab were
humanized, replacing the mouse Fc region with the human one, generating chimeric antibod-
ies HuU3F8 (humanized 3F8) and ch14.18 (Humanized 14.G2a) (Nazha, Inal, and Owonikoko
2020). Many pathways are responsible for the efficacy of GD2 Ab, including (1) direct activa-
tion of cell death, (I1) Fc receptor (FCR)-mediated antibody-dependent cell-mediated cytotox-
icity (ADCC) by immune cells such as NK, macrophages, and neutrophils, and (I11) comple-
ment-dependent cytotoxicity (CDC) (Morandi et al. 2021). Currently, ch14.18 produced in
murine myeloma SP2/0 cell line (dinutuximab) and CHO cells (dinutuximab beta) are the on-
ly monoclonal antibodies approved by FDA and EMA for anti-GD2 immunotherapy in NB.
They are used in combination with granulocyte-macrophage colony-stimulating factor (GM-
CSF), interleukin-2 (IL-2), and 13-cis-retinoic acid (RA) for the treatment of high-risk NB pa-

tients who achieve at least a partial response to prior first-line therapy (Dhillon 2015).

However, several mechanisms of resistance have also been reported for his approaches, such
as the development of human anti-chimeric antibody (HACA) (Yamane et al. 2009) and hu-
man anti-human antibody (HAHA) (I. Y. Cheung et al. 2017). Unfortunately, the develop-
ment of antibodies anti-antibody is not the only described mechanism of resistance in anti-
GD2 immunotherapy. Other limiting factors in GD2 immunotherapy are probably due to the
molecular mechanisms regulating GD2 expression in NB that are not yet fully understood
(Richman et al. 2018; Moghimi et al. 2021; Schumacher-Kuckelkorn et al. 2017). Recent evi-
dence suggests that the enzymes involved in GD2 biosynthesis are controlled by another
druggable target in NB: HDACs activity. Kroesen and colleagues demonstrated that expres-
sion of GD2 is enhanced by HDACI vorinostat, pan HDACI givinostat, class-I inhibitor enti-
nostat, and an HDAC1,2-specific inhibitor. Their data highlighted that vorinostat induces

higher GD2 expression, increasing GD2 synthase protein levels without altering its mMRNA
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levels in the NB cell line, suggesting that HDACs may act at the post-translational level of

this enzyme (Kroesen et al. 2016). Moreover, the same research group found that cells that
were treated with vorinostat, together with the cell-permeable sialic acid Ac5Neu5Ac, in-
creased the expression of sialyltransferases ST3GALS and ST8SIAL, generating GM3 and
GD3 gangliosides, the necessary precursors for GD2 synthesis (van den Bijgaart et al. 2019).
The combined treatment with engineered sialic acid and HDACi may further increase the effi-
cacy of current and future GD2-targeted immunotherapy in NB patients.

The structural characterization of the 14G2a antibody-antigen complex led to the generation
of a specific single-chain variable fragment (ScFv), a useful tool for developing new biotech-
nological therapies (Horwacik et al. 2015). For instance, the anti-GD2 ScFv has been success-
fully employed to generate anti-GD2 CAR-T cells (Moghimi et al. 2021; Richman et al.
2018). ScFvs consists of a single polypeptide corresponding to the heavy and light chain of
the variable fragment of antibodies. Since ScFvs can be easily expressed as recombinant pro-
teins in bacteria, this solution appears much simpler and cheaper than the production of anti-
bodies (Ahmad et al. 2012).

M13 bacteriophage as a platform for targeted therapy

The M13 bacteriophage is a member of the group of filamentous phages known as Ff phages
(Rasched and Oberer 1986). Ff phages infect only Escherichia coli strains that express the F
pilus (O’Callaghan, Bradley, and Paranchych 1973). The M13 genome is a single-stranded
DNA (ssDNA) 6407 bases long, containing nine genes encoding eleven distinct proteins (van
Wezenbeek, Hulsebos, and Schoenmakers 1980). Five of these proteins are coat proteins,
whereas the other six are involved in phage replication and assembly (Table 2, adapted from
Ledsgaard et al., 2018). The virus’s envelope is composed of approximately 2700 copies of
the pVIII protein, while the remaining coat proteins, plll, pVI, pVII and pIX are present in
approximately five copies. The lifecycle of the M13 bacteriophage has been deeply investi-
gated during the past decades (reviewed in Ledsgaard et al., 2018). Infection in Escherichia
coli strains occurs once the plll protein interacts with the protein on the pilus, triggering
phage depolymerization and translocation of its genome inside the bacteria. Thus, the E. coli
DNA replication machinery drives the synthesis of the complementary DNA, and this dsDNA
is replicated by continuous rolling circle replication. In this process, pll protein plays a crucial
role, and then the pV proteins cover the entire genome exposing only the packaging signal. pl,
plV, pVII, pIX, pX, and pXI are involved in the phage assembly and translocation outside the

cell. plll and pVI cooperate to release the phage from the bacteria after the phage genome has
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been entirely coated with pVIII. However, if plll or pVI are absent, additional phage genomes

can be loaded, generating a significantly longer phage particle (Ledsgaard et al. 2018).

Gene Protein Function
| pl Assembly
pXI Assembly
1l pll Replication
pX Replication
1] plll Coat protein Adsorption and extrusion
W plV Assembly and extrusion
\ pV Replication
VI pVI Coat protein Infection and budding
VIl pVil Coat protein Assembly and budding
VIl pViil Coat protein
IX pIX Coat protein Assembly and budding

Table 2 List of the genes and proteins of the M13 phage with the associated function

M13 phage has been employed as a powerful tool for phage display by expressing the plll as
a fusion protein with proteins of interest. McCafferty et al. originally described antibody
phage display selection by fusing a library of sequences encoding a ScFv to gene Ill. This
method allowed for adequate antibody display on the virion, enabling the identification of an-
tibodies with high affinity for a specific antigen (McCafferty et al. 1990). Initially, the ScFvs
were cloned directly into the M13 genome. Later, the phage genome was split into two con-
structs: the phagemid and helper phage. The phagemid construct contains an antibiotic re-
sistance cassette for the selection of the plasmid, the fusion gene 11, and the region required
for phage replication. The helper phage contains all the remaining genes and a different anti-
biotic resistance cassette for double selection. Bacteria co-transformed and selected with these
two constructs leads to the generation of the whole recombinant phage (Hoogenboom et al.
1998). This method is particularly efficient for the production of recombinant phages on a
large scale, since the fusion gene Il might be driven by the LacO promoter, inducing the ex-
pression of the recombinant phage only after the induction with Isopropyl pB-D-1-
thiogalactopyranoside (IPTG). The M13 phage purification is an easier, unexpensive, and less
time-consuming process compared to antibody purification from animal serum or cells (Klutz
et al. 2016; Torres-Acosta et al. 2020). Several methods have been described, but the most
largely used is the polyethylene glycol (PEG) and isoelectric precipitation of the cultured me-
dia (Passaretti et al. 2020).

The shape and proportions of the M13 phage raise the interest for application in targeted ther-

apies for several pathologies, such as infectious and neurologic diseases (Messing 2016). In-
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deed, The M13 phage shows a spaghetti-like shape, with a length of ~900 nm and a width of

~6.5 nm (Berkowitz and Day 1976). Thus, they could be retargeted and conjugated with hun-
dreds of small molecules of interest. Moreover, they are safe, non-toxic, and well-tolerated by
the host. Recently proof-of-concept for the application of retargeted phages for photodynamic
therapy (PDT) for EGFR+ breast cancer has been described (Ulfo, Cantelli, et al. 2022; Bortot
et al. 2022). The strategy consists of treating cancer cells with retargeted phages conjugated
with photosensitizers, molecules that react with oxygen upon light irradiation, producing reac-
tive oxygen species (ROS) capable of triggering cytotoxicity in target cells. PDT is a two-step
treatment involving the administration of the PS, followed by its activation by a source of
light. The primary benefit of PDT is the capacity to focus irradiation at the targeted site of ac-
tion, so minimizing collateral injury to healthy tissues. Despite the benefits of photodynamic
therapy (PDT), its practical applicability in cancer treatment is restricted to superficial, endo-
scope- or surgery-accessible areas. This is primarily attributable to light's restricted depth of
tissue penetration. Thus, the quick depletion of the light dosage renders the therapy useless as
the tissue becomes denser (Agostinis et al. 2011). PS might be coupled to targeting mole-
cules that precisely bind to receptors overexpressed on tumor cells (active targeting), resulting
in enhanced internalization at the location of interest and decreased off-target effects (Ulfo,
Costantini, et al. 2022).
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AIM

Neuroblastoma is the most prevalent type of tumor in infants and the third-most common type
of cancer in children, behind leukemia and brain cancer. Despite several insights into genetic
alterations and gene expression deregulation, the molecular mechanisms underlying its devel-
opment and resistance to standard and tailored therapy remain elusive. This thesis aims to

shed light on NB's vulnerabilities on three levels.

Aim I: According to the current state of the art, the molecular mechanisms behind the NB’s
onset are largely unknown, and there is an urgent need to identify critical genes involved in
the malignant transformation of neural crest cells. MYCN amplification is accountable for the
large majority of high-risk cases of NB, but direct targeting of N-MYC remains a challenge
despite the enormous efforts of researchers in discovering MY C-specific therapies. Conse-
quently, identifying the genes necessary for MYCN function in tumor transformation could
circumvent this critical issue and lead to the discovery of new potential targetable molecular
pathways. Through comprehensive genetic screening, our collaborators Michelle Haber and
Murray D. Norris discovered a single-point mutation in the coding sequence of a gene capable
of suppressing the tumorigenic phenotype of the mouse model Th-MYCN. Considering the
lack of information about the molecular mechanisms in which this gene is involved, we aimed
to characterize the interactome of the encoded protein and its chromatin-bound regions in an
MY CN-amplified neuroblastoma cell line. Next, we focused on how the identified mutation

might impact its interactions.

Aim 11: In recent decades, the role of MYC in the cell cycle's dysregulation has been the sub-
ject of extensive research. Nonetheless, the role of its paralogue MYCN in the dysregulation
of the G1/S transition checkpoint remains unclear, especially in MYCN-amplified NB. Other
researchers have highlighted the hyperactivation of the CDK-RB-E2F pathway in NB, and
preclinical studies on a panel of NB cell lines indicate that MYCN overexpression correlates
with high sensitivity for the CDK4/6 inhibitor ribociclib. We discovered a positive correlation
between the expression of MYCN and E2F factors by analyzing a large dataset of RNAseq
from tumor samples. In the same dataset, we found that in the context of high expression of
E2F3, the high expression of its physiological inhibitor RB1 did not improve the patient's
prognosis. These results suggested that N-MYC might inhibit RB function, resulting in the
uncontrolled proliferation of MYCN-amplified NB cells. To test this hypothesis, we generat-
ed NB cell lines in which the expression of E2F3 and RB1 was modulated using the CRISPRi
technique and evaluated the cell behavior using cell biology assays and gene reporter genes.
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Moreover, we aimed to provide additional information about the cell pathway driving the sen-
sitivity of the NB to CDK4/6 inhibitors, asking whether the expression of RB1 might influ-

ence cellular response to the treatment.

Aim 111: Targeted therapy for NB includes a wide range of approaches. Immunotherapy, one
of the most recent treatments developed, showed promising results in terms of patient out-
comes. Unfortunately, in some cases, resistance mechanisms render the patients’ response to
classical immunotherapy ineffective. Most of these mechanisms are poorly understood, but a
significant portion is related to the host's immune system's inability to kill tumor cells. The
ganglioside GD2 is the most employed antigen for NB immunotherapy. Conjugating anti-
GD2 antibodies with chemotherapeutics and radiotherapeutics to achieve a high local concen-
tration of the drug was one of the approaches used to circumvent immunotherapy resistance.
However, given the small size of antibodies, the number of molecules that can be conjugated
without impairing antibody binding is relatively low. Further, a considerable number of side
effects have been reported. Thus, we aimed to produce M13 bacteriophage targeting GD2 as
an alternative platform to increase the number of molecules carried to the tumor. Moreover,

we tested the feasibility of using this vector for photodynamic therapy.
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The transcriptional co-repressor RUNXLT1 is necessary for MYCN-driven tumorigenesis in

neuroblastoma

Preliminary results: A single nucleotide mutation in RUNX1T1 suppresses NB

phenotype in Th-MYCN mouse

Th-MYCN mouse is a largely used rodent model to study MYCN-driven cancer. These mice
carry MYCN proto-oncogene under the control of the Tyrosine-hydroxylase promoter (Th) to
drive its expression in noradrenergic neurons during development. The tumoral phenotype has

100% penetrance and arises seven weeks from birth (Weiss et al. 1997).

In collaboration with Michelle Haber and Murray D. Norris laboratories of The Children Can-
cer Institute — Sidney, Australia, we used N-ethyl-N-nitrosourea (ENU) mutagenesis in a
large-scale forward genetic screening of Th-MYCN mice. The primary purpose of this screen-
ing was to induce mutations capable of suppressing the tumoral phenotype, potentially identi-
fying new genes/pathways associated with the development of MYCN-driven NB.

Of 1716 viable offspring screened, a founder mouse (1590) developed a tumor at 49 weeks of
age, an unprecedented delay compared to normal tumor development. The histopathological
analysis of the 1590 tumor was compatible with a teratoma rather than NB (data not shown).
Following further mating, the offspring of 1590 demonstrated Mendelian inheritance, with
half developing tumors typically by seven weeks of age (unsuppressed; n=11) and half dis-
playing no tumors over the monitoring period, except for a single mouse showing delayed

tumoral formation (suppressed; n=11) (Fig.1 A, B).

To map the chromosomal location of the mutation responsible for this phenotype, the 1590
line, which was on a 129/SvJ background, was backcrossed to BALB/c and C57BL/6 mice
bred to clonogenicity before whole-genome sequencing. From the whole genome sequencing,
the critical region was specifically narrowed to the proximal end of chromosome 4 in a 9.4-
43.07 Mb region. Further sequencing in this region demonstrated a single nucleotide change
of thymine to cytosine in one allele of the Runxl partner transcriptional co-repressor 1
(RUNX1T1) gene at co-ordinate chr4:13816819, resulting in an amino acid change of tyro-
sine to histidine (Y534H). This substitution occurred within the Nervy Homology Region 4
(NHR4), one of four highly conserved regions displaying homology to the nervy gene found

in drosophila. Protein modeling showed that the tyrosine at position 534 is buried in the core of
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the MYND motif. Substituting this amino acid with histidine would likely alter the nearby zinc

coordination centers and be highly disruptive to the function of this domain (Fig. 1C).
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Fig. 1 Y534H mutation in RUNX1T1 suppresses the tumoral phenotype in Th-MYCN mice. (A) Survival curve of the 1590’s off-
springs (N=22), monitored for 500 days to the medium palpable tumor. The p-value by the Mann-Whitney test is indicated. (B)
Beeswarm chart indicating time to small palpable tumors of 1590 direct progeny. The red triangles indicate offspring showing no
tumors at the end of the monitoring period. (C) Up: Aminoacidic alignment of the RUNX1T1 orthologues’ NHR4 Domains in six
representative species. Asterisk indicates the Y residue involved in the mutation. Down: protein modeling of the NHR4 domain
in wild-type and Y534H. Credits to Prof. Murrey D Norris and Prof. Michelle Haber.

RUNXI1T1 interacts with transcriptional repressors and TFs in BE(2)C neu-

roblastoma cell line

The human orthologue of RUNX1T1 (hRUNX1T1), also known as Myeloid Transforming
Gene chromosome 8 (MTG8) and Eight Twenty-One (ETO), belongs to the MTG protein
family together with MTGR1 e MTG16, sharing with them a high degree of homology (Ros-
setti, Hoogeveen, and Sacchi 2004). MTG family genes encode for transcriptional co-
repressors able to homo- and hetero- dimerize and tetramerize, forming large complexes in-
volved in chromatin repression. However, little is known about the molecular mechanisms by
which they exert this function (Hu et al. 2022). Given their ability to mediate multiple protein
interactions with TFs and histone deacetylases, the most supported hypothesis is that they can
recruit transcriptional repressors on regulatory genomic regions controlled by specific TFs

(Hu et al., 2022). For instance, hRUNX1T1 is involved in 8;21 translocation in a subtype of
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acute myeloid leukemia (AML), generating a fusion gene with the transcription factor AMLL.

The fusion protein RUNX1T1-AML1 presumably drives oncogenesis by repressing hemato-
poietic genes physiologically upregulated by AML1 (Rowley 1973; Downing 1999; Gelmetti
et al. 1998).

To investigate the molecular mechanisms in which RUNX1T1 is involved in NB, we charac-
terized its interactome by performing a Co-immunoprecipitation experiment coupled with
mass spectrometry (Co-IP — LC-MS/MS). First, we transfected the MYCN-amplified NB cell
line BE(2)C with a control construct (Empty vector, EV) or a construct encoding for 3xflag
tagged RUNX1T1. Next, we performed a flag-immunoprecipitation of the nuclear extracts;
we trypsinized the purified proteins and identified putative interactors by LC-MS/MS. From
the list of the interactors found in RUNX1T1 Co-IP, we filtered out the non-specific interac-
tors found in the EV condition. Given the molecular mechanisms in which RUNXL1T1 is pre-
sumably involved, in the context of the characterized interactors, we only focused on proteins
known to work as TFs or chromatin remodeling factors (Fig 2A). Firstly, we identified some
of RUNX1T1’s well-known interactors, such as HDAC1-3, TCF4, and TCF12 (Rossetti,
Hoogeveen, and Sacchi 2004), confirming the correctness of our approach. Interestingly, we
also identified new interactors that have never been described before: KDM1A, RCORS,
SSRP1, GSE1, HAND1, HAND2, and TWISTL. Intriguingly, the lysine demethylase
KDM1A, also known as LSD1, RCOR3, and HDAC1/2 are the trimeric core complex of the
Co-REST, which is involved in the repression of gene expression. This complex exerts its
function by de-acetylating and de-methylating, respectively, the H3K27ac and H3K4di/tri-
met of the histone tails of the nucleosome, achieving epigenetic transcriptional repression
(Milazzo et al. 2020) (Fig. 2B). Among the transcription factors identified, we focused on
HAND2, a well-known TF that drives differentiation of the noradrenergic lineage of the neu-
ral crest cells (Huber 2006).
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Chromatin
remodeling factors

Ng

CoREST Complex

Fig. 2 RUNX1T1 interactome in BE(2)C cell line (A) STRING analysis of transcription factors and chromatin remodeling factors
identified by Co-IP LC-MS/MS. BE(2)C were transfected with EV or 3xflag-RUNX1T1 constructs. 48h after transfection, nuclear
protein extracts were immunoprecipitated with flag antibody, trypsinized, and loaded in LC-MS/MS. Proteins with at least 2-fold
enrichment with p<0.05 were considered. The thickness of the connectors is proportional to the strength of the evidence (pre-
dicted or experimentally validated). Asterisks indicate RUNX1T1’s known interactors (B) Schematic illustration of the Co-REST
complex (Credits to Milazzo et al, 2020).

RUNX1T1, together with LSD1, HDAC1/2, RCOR3, and HAND2, binds to
regulatory regions of genes involved in the autonomic system development and

noradrenergic differentiation

Given the results obtained with the Co-IP-LC-MS/MS experiments, we hypothesized that
RUNX1T1 might form a transcriptional repressive complex together with the Co-REST core
complex (LSD1, HDAC1/2, RCOR3) and the TF HAND?2. To test this hypothesis, we per-
formed a ChIP-seq for RUNX1T1, RCOR3, and LSD1 in the MYCN amplified NB cell line
Kelly and intersected the obtained peaks with the already published ChlP-seq for HAND?2
performed in the same cell line (Durbin et al. 2018Db).

RUNX1T1 binding was found almost exclusively within intergenic regions of the genome ra-
ther than in TSS proximity (Fig.3A). From the intersection of the RUNX1T1 ChlIP-seq repli-
cates, we obtained 14062 peaks. By analyzing bound motifs through HOMER, we obtained

highly significantly enriched motifs, the top-scored ones aligned with known motifs for
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HAND2, PHOX2A, and TCF4 (Fig.3 B). Furthermore, 36% of RUNX1T1 ChlP-seq peaks
overlapped HAND2 ChlP-seq peaks previously identified in KELLY cells (Durbin et al.,

2018), suggesting that HAND2 might recruit RUNX1T1 to genomic locations controlled by
this transcription factor. To investigate this further, we performed additional ChIP-seq for
LSD1 and RCORS, intersecting the identified peaks with the RUNX1T1 ones. Interestingly,
we observed a high level of co-localization of RUNX1T1 peaks with LSD1 and RCOR3 (41%
and 43%, respectively) (Fig.3C).

Strikingly, analyzing the overall intersection between the ChlP-seq results, we found that 24%
of all RUNX1T1 peaks co-localized with HAND2, LSD1, and RCOR3, suggesting the exist-
ence of a unique complex composed by the identified proteins, regulating HAND?2 target
genes (Fig. 3D). Next, to identify the biological relevance of these data, we performed a Gene
Ontology analysis for the genes found in the nearby of the common peaks. Interestingly, high-
ly significant associations were observed with neuronal differentiation and development, in-
cluding autonomic nervous system development, sympathetic nervous system development,
noradrenergic neuron differentiation, nerve development, and neural crest cell migration (Fig.
3E).

Overall, these findings suggested that RUNX1T1 and the Co-REST complex proteins might
be involved in the repression of genes involved in neuroblast differentiation. This latter path-
way is thought to be altered virtually in all NBs, driving its undifferentiated phenotype
(Shendy et al. 2022).
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Fig. 3 RUNX1T1, LSD1, RCOR3, and HAND2 bind to chromatin regions associated with neuronal differentiation. (A) Distribu-
tion of RUNX1T1 peaks carried out from ChIP-seq performed in KELLY cell line. Results are shown as the number of peaks
identified in each independent replicate as a function of the distance from the genes’ transcriptional start site (TSS). (B) HOMER
motif-enrichment analysis of regions bound by RUNX1T1. P-value is indicated in red. (C) Venn diagrams illustrating overlapping
peaks between RUNX1T1 and HAND2, RUNX1T1 and RCOR3, RUNX1T1 and LSD1. (D) Venn diagram illustrating overlapping
peaks between LSD1, RCOR3, HAND2, and RUNX1T1. 3367 peaks correspond to 24% of RUNX1T1 peaks. (E) Gene Ontolo-
gy on the 3367 overlapping regions performed by Genomic Regions Enrichment of Annotations Tool (GREAT).
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The tumor-suppressor single-point mutation in RUNX1T1 abolishes the inter-

action with RCOR3

Once we identified the candidate interactors of RUNX1T1 and the chromatin-bound regions,
we validated the protein-protein interactions of this putative complex by performing Co-IP
experiments with RUNX1T1. Due to the high degree of overlapping genomic regions bound
by these interactors with RUNX1T1 ChlPseq peaks, we decided to validate LSD1, RCOR3,
HAND2, and HDAC1/2/3 as RUNX1T1 interactors. Moreover, we asked if the single point
mutation in RUNX1T1 capable of suppressing tumoral phenotype in Th-MYCN mice could
perturb these interactions. To address this question, we transfected HEK 293-T cells with the
EV control, 3xflag-RUNX1T1" or 3xflag-RUNX1T1™! plasmids together with the plasmid
encoding for one of the candidate interactors tagged with the HA epitope. Next, we immuno-
precipitated RUNX1T1" or RUNX1T1™! using the anti-flag antibody in the nuclear protein
extracts and assayed the co-immunoprecipitation of the HA-tagged proteins by western blot.

As expected, all the candidate interactors were correctly recovered with RUNX1T1", observ-
ing the co-immunoprecipitated protein in the RUNX1T1" IP lane and no bands in the EV
control IP lane. In the context of the Co-IPs between RUNX1T1™" and the candidate interac-
tors, we observed interaction with HAND2, LSD1, and HDAC1/2 (Fig. 4A, B, D, E). Of note,
introducing the single point mutation in RUNX1T1 (RUNX1T1™"), we observed a slight de-
crease in the co-immunoprecipitated proteins HAND2, HDAC?2, and HDAC3 (Fig.4A, E, F).
Interestingly, RUNX1T1™! completely abolished the interaction with RCOR3 (Fig. 4C). This
latter finding suggested a crucial role of the interaction between RUNX1T1 and RCORS3 for
MY CN-driven NB onset.
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Fig. 4 Western blots of the exogenous Co-Immunoprecipitations (Co-IPs) in the HEK-293T cell line. Cells were co-transfected with

empty vector (EV), 3xflag tagged RUNX1T1" or RUNX1T1™" plasmids together with the HA-tagged putative interactor encoding

plasmid. 24h after transfection, an anti-flag IP was performed on the nuclear protein extracts. Input refers to the 5% of the protein

extract used for the Co-IP. IP: FLAG refers to the anti-flag immunoprecipitated sample. Co-IP were performed transfecting (A) HAND2;
(B) LSD1; (C) RCORS; (D) HDAC1; (E) HDAC?2; (F) HDACS. Figures A-F are representative of three independent experiments.

RUNX1T1’s Nervy Homology Regions (NHRs) 2 and 4 are necessary for the

interaction with the Co-REST complex

RUNXZ1T1 contains four evolutionarily conserved domains called Nervy Homology Region
(NHR) 1-4 (J. N. Davis, McGhee, and Meyers 2003). NHR1 shares similarity with drosophi-
la’s TBP-associated factor 130 (hTAF 130), hTAF 105, and TAF 110. The small NHR2 do-

main contains a repeat of seven hydrophobic amino acids and is necessary for RUNX1T1 to

form homodimers and heterodimers with other proteins of the MTG family. Remarkably, it

has been demonstrated that the NHR2 domain is necessary to form homodimers and homo-

tetramers (Liu et al. 2006). The NHR3 and NHR4 domains interact with transcriptional re-
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pression complexes by recruiting N-CoR / SMRT and histone deacetylases (HDACs) (J. N.

Davis, McGhee, and Meyers 2003). NHR4 contains two zinc-finger motifs, one of type CxxC
7x CxxC and another of type CxxC 7x HxxC, highly conserved from nematodes to humans.

To better characterize the interactions between RUNX1T1 and the Co-REST core complex,
we wondered which of the highly conserved Nervy Homology Regions (NHRs) 1 to 4 are
necessary for interacting with HDAC1, HDAC2, LSD1, and RCORS3. To address this ques-
tion, we generated RUNX1T1 mutants by singularly deleting the NHRs domains in the
RUNX1T1" encoding plasmid by whole plasmid PCR (Fig. 5A).

Then, we co-transfected the HEK-293T cell line with the EV control, 3xflag RUNX1T1",
RUNXIT1™ or RUNX1T14NHRI4 nlasmids, along with a construct encoding the HA-tagged
Co-REST complex's proteins, and performed an anti-flag Co-IP. Interestingly, deleting the
NHR1 domain decreased the interaction with HDAC1 compared to the wild-type interaction.
The recovery of HDACL1 in the other samples suggested the dispensable role of the other
NHR domains for protein complex formation (Fig. 5B). Although we observed the preserva-
tion of the interaction between RUNX1T14NHR2 and HDACT, this mutant showed a decrease
in HDAC2 recovery (Fig. 5C). For what concerns the Co-IP between the RUNX1T1 mutants
and LSD1, we observed the complete lack of the interaction with the RUNX1T12NHR2 mutant.
However, LSD1 was wholly co-immunoprecipitated with the other mutants (Fig. 5D). Map-
ping the domains needed for the interaction with RCOR3 confirmed that RUNX1T1’s NHR4
domain was necessary for this interaction. As expected, we observed a lack of interaction with
RUNXI1T1™ and we obtained the same result in the Co-IP with RUNX1T12NHR4 Interest-
ingly, we also found that as RUNX1T1 needed the NHR2 domain for the interaction with
LSD1, the same domain was necessary for the interaction with RCOR3 (Fig. 5E).
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Fig. 5 Mapping the RUNX1T1’s necessary domains for interacting with the Co-REST complex. (A) Top: schematic representa-
tion of the RUNX1T1’s NHR domains. Bottom: schematic illustration of the interstitial deletions generated in the RUNX1T1"
plasmid used for the Co-IP experiments. (B-E) Western blots of the co-immunoprecipitations (Co-IP) between 3xflag-RUNX1T1
wt or mutants and the HA-tagged Co-REST complex’s proteins. Empty vector (EV) control plasmid, RUNX1T1wt, RUNX1T1™mu
or RUNX1T1ANHRs 1-4 \were singularly co-transfected in HEK-293T cells together with HA-tagged (B) HDAC1 (C) HDAC2 (D)
LSD1 (E) RCORS3. The anti-flag IP was performed on the nuclear protein extracts. Inputs refers to the 5% of the protein extract
used for the Co-IP. IP: FLAG refers to the anti-flag immunoprecipitated extract. Absence of co-immunoprecipitation in the IP:

FLAG EV lane confirms the specificity of the interaction. Figures B-E are representative of two independent experiments.

The Proline-rich domain of RCOR3 is necessary for the interaction with
RUNX1T1

To identify the RCOR3 region involved in the interaction with RUNX1T1, we searched for
information about features in common between RCOR3 and other interactors with whom
RUNX1T1’s NHR4 domain interacts. Interestingly we found that RUNX1T1’s NHR4 domain
forms a complex with NCoR and SMRT co-repressors by interacting directly with their pro-
line-rich motifs ‘PPPLI” (Liu et al. 2007).

RCOR3 contains five evolutionarily conserved domains: ELM2, SANT1, coiled-coil,

SANT2, and Proline-rich. Strikingly, we identified three motifs within the proline-rich do-
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main of RCOR3 with high homology to the NCOR2/SMRT’s motifs known to bind to the
NHR4 domain (Fig. 6A). Therefore, we hypothesized that RCOR3 might interact with the
same proline-rich motifs with RUNX1T1. Thus, we generated two HA-tagged RCOR3 encod-

ing constructs, one lacking an amino acid sequence from 471 to 515 (A1), including the three
‘PPPL’ regions, and another lacking just the ‘PPPLI> motif identical to NCOR2/SMRT (510-
515, A2) (Fig. 6B). These two constructs were co-transfected with 3xflag-RUNX1T1 into
HEK-293-T cells, and their interaction was evaluated using anti-flag Co-IP on nuclear ex-
tracts. The results showed that, unlike wild-type RCOR3 and A1 RCORS3, the mutant protein
A2 no longer interacts with RUNX1T1 (Fig. 6C). However, we observed a slight decrease in
Al RCORS3 recovery compared to the wild-type, suggesting the importance of this motif in
the stability of the interaction. Overall, these findings provide conclusive evidence that
RUNX1T1 and RCOR3 interact directly via their NHR4 and Proline-rich domains, respec-

tively.
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Fig. 6 RUNX1T1 and RCORS3 directly interact through their NHR4 and Proline-rich domains, respectively. A) Aminoacidic
alignment between SMRT, N-CoR, and RCOR3. Three PPPL motifs found in the RCOR3 Proline-rich domain are reported.
PPPL motifs are highlighted in yellow. B) Bottom: schematic illustration of HA-RCOR3 protein. Hemagglutinin tag (HA); Coiled-
coil domain (C.C). Top: schematic illustration of the two deleted proteins lacking a.a sequence 510-515 (A1) and 471-515 (A2).
C) Western blot of the flag Co-IP between RUNX1T1 and RCOR3. HEK293T cells were transfected with empty vector control
(EV) or 3xflag RUNX1T1 together with HA_RCOR3"™, HA_RCOR3”!, or HA_RCOR3*2, 24h after transfection, nuclear protein
extract was immunoprecipitated with the anti-flag antibody. Input refers to 5% of the extract before the Co-Immunoprecipitation.

RUNX1T1 is required for RCOR3 recruitment on the chromatin

To better elucidate the role of RUNXLT1 in the Co-REST complex assembly on the target
genes, we evaluated the binding of RCOR3 to the chromatin as function of RUNX1T1. Thus,
we employed the KELLY cell line expressing doxycycline-inducible shRNA anti-RUNX1T1
and assessed the RCOR3 binding to the chromatin by dual-step ChIP, analyzing four genomic
regions identified by the intersection of RUNX1T1, LSD1, RCOR3, and HAND2 ChlPseq.
This cell line was transfected with HA-RCOR3 construct and cultured in the presence or ab-
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sence of doxycycline. As sown in figure 7A, RUNX1T1 was correctly downregulated in the

presence of doxycycline. Performing an anti-HA dual-step ChIP for RCOR3, we found that
the four analyzed regions were bound by RCOR3 (~5-fold enrichment) only in the absence of
doxycycline, while non-significant enrichment was observed in the presence of doxycycline
(RUNX1T1 KD) (Fig. 7B). This result confirmed the crucial role of RUNX1T1 in the re-
cruitment of RCORS to the identified genomic regions.
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Fig. 7 RUNX1T1 is required for RCORS3 binding to the chromatin. Kelly cell line expressing doxycycline-inducible shRNA anti-
RUNX1T1 were transfected with HA-RCOR3 construct and treated 48h in the presence or absence of doxycycline. (A) Western
blot confirming the downregulation of RUNX1T1 and the expression of exogenous RCOR3. (B) Dual-step ChIP coupled with
gPCR on HA-RCORS3. Four randomly chosen sequences were analyzed for RCOR3 binding. Results are plotted as normalized

fold enrichment relative to a control region. Bars represent the mean + SD of two (N=2) independent experiments.
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Our discovery that Y534H mutation in RUNX1T1 suppresses the tumoral phenotype in Th-
MYCN animals is attributable to a lack of function of this nuclear co-repressor, given its abil-
ity to disrupt the NHR4 domain. Two alternative spliced variants encoding long and short mu-
rine RUNX1T1 isoforms were identified in preadipocyte cells (Zhao et al. 2014). In murine
3T3-L1 preadipocyte cells, the overexpression of the short isoform of RUNX1T1 promotes
adipogenesis, while the overexpression of the long isoform inhibits differentiation
(Merkestein et al. 2015; Zhao et al. 2014). The identification of Y534H point mutation in the
carboxy-terminal NHR4 domain of the long isoform implies that the full-length protein iso-
form is required for tumorigenesis and might help maintain a de-differentiated phenotype in
Th-MYCN mice.

Previous research revealed the existence of core regulatory circuitries (CRCs) in high-risk NB
cells that involve a limited group of master transcription factor genes associated with super-
enhancers participating in cell state maintenance (Boeva et al. 2017; Durbin et al. 2018b).
Although we could find no evidence from ChlPseq data indicating binding of RUNX1TL1 to
super-enhancer regions (data not shown), we found a high level of overlap of RUNX1T1
ChiP-seq peaks with previously reported HAND2 ChlP-seq peaks (Durbin et al. 2018b).
HAND?2 is a critical component of sympathoadrenal and mesenchymal CRCs, and plays an
essential role in neurogenesis and neural crest cell specification, particularly neural crest-
derived noradrenergic sympathetic neuron development (Hendershot et al. 2008). Here, we
showed that RUNX1T1 interacts with HAND2 and the Co-REST repressor complex involv-
ing the histone demethylase LSD1, RCORS3, and histone deacetylases HDAC1/2. It was
demonstrated that LSD1 plays a crucial role in neuronal differentiation and that its high ex-
pression is associated with a poor outcome. Importantly, its high expression was associated
with poorly differentiated NB tumors (Schulte et al. 2009). There are three known RCOR
proteins, all of which interact with LSD1 and are needed for its correct functioning (Milazzo
et al. 2020). However, according to our Co-IP LC-MS/MS data, only RCOR3 was found to
bind RUNX1T1. Remarkably, among the tested proteins, the interaction between RUNX1T1
and RCOR3 was the only one lost following mutation of the NHR4 domain. Based on this ev-
idence, we speculated that RUNX1T1 might drive the repression of genes involved in neu-

ronal differentiation by recruiting the Co-REST complex on those genes.

Furthermore, Co-IP experiments revealed that other than the RUNX1T1’s NHR4 domain, the
NHR2 domain was also necessary for the interaction with RCORS3. Interestingly, the NHR4
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domain was dispensable for the interaction with LSD1, while the NHR2 domain was neces-

sary. Given the NHR2 domain's potential to drive RUNX1T1 homodimerization (Liu et al.
2006), we hypothesized that dimerization of RUNX1T1 would facilitate the interaction with
the Co-REST complex. In this way, RUNX1T1I"YRUNX1T1™ dimers might form a non-
functional repressive complex in the absence of RCORS3. This latter hypothesis might explain
why the RUNX1T1 mutation acts in a dominant-negative way, suppressing the tumoral phe-
notype even in heterozygosis. Going deeper into the interaction between RUNX1T1 and
RCOR3, we found that their interaction is dependent on the Proline-rich domain of RCOR3.
If the role of this interaction in the initiation of the tumor phenotype is validated, our findings
will be helpful for further structural investigations to discover potential inhibitors of this in-

teraction.
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MYCN overexpression overcomes RB function leading to unconditional hyperactivation of

E2F in high-risk neuroblastoma

High expression of E2F3 correlates with poor prognosis despite RB1 levels in

NB patients

Recent studies showed that E2F proteins cooperate with N-Myc to drive the oncogenic pheno-
type (Kalkat et al. 2018; Strieder and Lutz 2003; H. Wang et al. 2022). Moreover, our recent
observations suggest that N-MYC and E2F transcriptional activators might establish a func-
tional axis relevant for cancer initiation/progression in NB diseases carrying MYCN amplifi-
cation (Ciaccio et al., unpublished data). The E2F gene family encodes for eight transcription
factors (E2F1-8), playing a crucial role in cell cycle progression. However, only E2F1, E2F2,
and E2F3 are formal transcriptional activators, and their principal role is to drive the transi-
tion from G1 to the S phase of the cell cycle. In fact, E2F1-3 activity is deregulated in most
cancers, mainly by their overexpression or RB1 mutations (Kent and Leone 2019).
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Fig. 8 High expression of E2F correlates with poor prognosis despite the RB1 levels. A) Spearman correlation between MYCN
and E2F1-3 in a cohort of 649 NB patients. The p-value by the Mann-Whitney test is indicated. B) Survival analysis of the
Kocak NB dataset as function of E2F3 and RB1 expression. E2F3 and RB1 expression were evaluated through Cox model
analysis and separated into four quadrants according to median expression levels of RB1 and E2F3. The colors of Kaplan Meier

curves match the colors of the quadrants. The p-value by the Cox model test is indicated.
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To shed light on the functional interaction between E2F and MYCN, we first analyzed the

MRNA expression correlation between E2F1-3 and MYCN in a cohort of 649 NB patients
(Kocak et al. 2013). As expected, E2F activators’ expression correlates with MYCN expres-
sion with high statistical significance (Fig. 8A). In the context of E2F activators, E2F3
showed the highest correlation with poor prognosis (Parodi et al. 2020; H. Wang et al. 2022).
Moreover, we recently found that the E2F3A isoform, not the E2F3B one, correlates with
poor prognosis (Ciaccio et al., unpublished data). Given the importance of E2F3 in NB prog-
nosis, we asked if the high expression of the E2Fs’ physiologic inhibitor RB1 was able to res-
cue the prognosis of the patients expressing high levels of E2F3. Surprisingly, we did not ob-
serve any relevant improvement in the survival rate, comparing the overall survival curve of
the high-E2F and high-RB1 expressing tumors with the high-E2F3 and low-RB1 expressing
patients (Fig. 8B).

E2F3A KD by doxycycline-inducible CRISPRI reduced colony formation of
CHP-134 cell line

To verify the pro-tumorigenic activity of E2F3 in the MYCN-amplified NB cell lines, we ana-
lyzed the colony formation ability of the MYCN-amplified CHP-134 cell line following the
conditional Knock-Down (cKD) of E2F3. Nevertheless, considering the prognostic value of
the E2F3A isoform, we needed to repress E2F3A selectively. Because of the high similarity
between the E2F3A and E2F3B mRNA sequences (Fig. 9A), we decided to KD E2F3A using
a CRISPR interference approach (CRISPRI) rather than RNAI. CRISPRi works with a nucle-
ase-deficient spCAS9 (dead-Cas9, dCas9) expressed as a fusion protein with the transcrip-
tional repression domains KRAB and MeCP2. When the dCas9 is co-expressed with a single-
guide RNA (sgRNA) targeting the cis- regulating region of a specific gene, it triggers the KD
of the target gene with high efficiency (Yeo et al. 2018).

In this way, we engineered the CHP-134 cell line to express a doxycycline-inducible HA-
tagged dCas9-KRAB-MeCP2 with a sgRNA targeting the TSS of E2F3A (CHP-134 E2F3
cKD). This latter element was driven by a constitutive promoter (Fig. 9B). Next, we checked
by western blot the expression of the dCas9 and E2F3A with or without the doxycycline addi-
tion, confirming its repression (Fig. 9C). Thus, we confirmed that the repression of E2F3A
did not perturb the expression of the other E2F activators by gRT-PCR. However, we ob-
served a significative upregulation of E2F3B (Fig. 9D). Lastly, CHP-134 E2F3 cKD cells
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were tested for colony formation. Interestingly, the KD of E2F3A induced a relevant reduc-

tion in colony formation (Fig. 9E).
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Fig. 9 E2F3A influences CHP-134 clonogenicity activity. (A) Schematic representation of the E2F3 isoforms. E2F3A and E2F3B
show different transcriptional start sites. (B) Schematic representation of the dCas9-KRAB-MeCP2 inducible system. The Pig-
gyBac transposon plasmid PB-TRE_dCas9-KRAB-MecP2 contains the dCas9-KRAB-MeCP2 expression cassette under the
control of the TRE3G promoter, containing seven repetitions of the TET-responsive element (TetO). A constitutive promoter
drives the expression of the trans-activator (rTtA)-T2A-HygroR cassette. The pLENTISgRNA lentiviral construct contains the sin-
gle-guide RNA (sgRNA) under the control of a constitutive promoter (p-U6). A second constitutive promoter (pEF1-a) drives the
expression of the Puro® cassette. In the presence of doxycycline, the complete dCas9-KRAB-MeCP2-sgRNA complex is recon-
stituted. (C) gRT-PCR on CHP-134 cKD cells after 72 hours of + doxycycline treatment. Data were normalized using the GUSB
housekeeping gene. The experiments were performed in triplicate (N=3) and plotted with the respective standard deviations.
Data are shown as the mean + SD of three independent experiments. Statistical analyses were performed using t-test. Error
bars represented SD. *, **, *** indicated P < 0.05, 0.01, 0.001, and 0.0001, respectively. (D) Western blots of CHP-134 cKD
scrambled (sg scr) or cKD E2F3A (sgE2F3A). Cells were incubated 72h with or without doxycycline. GAPDH was used as load-
ing control. (E) Colony formation assay of CHP-134 cKD scrambled or E2F3A. 250 cells were seeded in a 6-well dish, and a

picture was taken after 14 days. Left: representative pictures of the colony formation assay. Right: quantitative analysis of the
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colony formation assay. Data are shown as average normalized on the -doxy condition + SD of three (N=3) independent exper-

iments.

MY CN overexpression overcomes RB repressive activity

Several studies in rodent models showed cooperation between MYCN and loss of RB1 in ac-
celerating retinoblastoma formation (N. Wu et al. 2017). Strikingly, that effect can also be ob-
served in tumors carrying MYCN amplification in which RB1 is not mutated. For instance, a
small but significant percentage of retinoblastoma cases are genetically marked by MYCN
amplification in a wild-type RB1 background (Rushlow et al. 2013a; Zugbi et al. 2020). This
last evidence, together with the correlation between E2F3 expression and the poor outcome in
NB patients despite RB1 levels, lets us hypothesize that a high dosage of MYCN in the cell

may overcome RB function to promote an E2F-driven transcriptional activation.

To test this hypothesis, we evaluated the activity of the regulatory region of CDC6, a well-
known E2F-driven promoter (Bracken et al. 2004), depending on the RB and MYCN expres-
sion (Fig. 10A). Therefore, we engineered the MYCN non-amplified NB cell line SK-N-AS
to KD RB1 with the doxycycline-inducible CRISPRi system (SK-N-AS cKD RB1). Next, we
assessed the activity of the CDC6 promoter in the presence or absence of MYCN by dual-
luciferase assay. As expected, the CDC6 promoter was significantly upregulated (~50% in-
crease) when doxycycline was added to the media (RB1 KD) in the absence of MYCN
(P<0.001). Notably, when MYCN was transfected, we observed roughly the same increase in
luciferase activity compared to the EV - doxycycline condition (P<0.0001). On the other
hand, unlike the EV condition, no significant effect on the CDC6 promoter was observed with
the repression of RB (Fig. 10B).

In a complementary experiment, we assessed the repressive activity of RB in the presence or
absence of MYCN. Thus, we used the TET21, a widely employed cell line for studying mo-
lecular mechanisms dependent on MYCN. TET21IN is a NB cell line derived from the
MY CN-nonamplified cell line SHEP, carrying the MYCN transgene under the control of a
doxycycline-repressive promoter (TET-OFF) (Bell, Lunec, and Tweddle 2007; L. Chen et al.
2010; Gamble et al. 2012). TET21N cells were transfected with pGL3b control, the CDC6 lu-
ciferase construct (pGL3_CDC6), and E2F3A or E2F3A + RB". Furthermore, we also evalu-
ated E2F3A activity co-transfecting an RB’s hyperactive mutant (RB2°PK), lacking the 15
Ser/Thr residues substrate of the cyclin/CDK kinases activity leading to RB hyperactivation
(Narasimha et al. 2014) (Fig. 10C). Analyzing the -doxy and the +doxy condition separately,

the transfection of the CDC6 promoter together with E2F3A induced a strong upregulation of
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the promoter activity compared to the condition of the CDC6 promoter alone. Introducing

RB™, we observed the repression of E2F3A activity, and this effect was even stronger with
RBACPK_ Comparing the E2F3 + RB" samples in the + doxy experimental conditions, we ob-
served a significant decrease in E2F3-driven activity in the absence of MYCN (P<0.01). Tak-
en together, these findings strongly suggested that MYCN is involved in RB inactivation,

leading to its ineffectiveness in blocking the E2F3A function.
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Fig. 10 MYCN overcomes RB function in SK-N-AS and TET21N cell lines. (A) Schematic illustration of the CDC6 regulatory re-
gion. E2F consensus boxes are highlighted in green. (B) Up: dual luciferase assay in SK-N-AS cKD RB1 cell line. Cells were
incubated with or without doxycycline for 48 hours to induce RB1 downregulation, then were transfected with pGL3b,
pGL3b_CDCS6 + EV or pGL3b + MYCN. Constitutive promoter-driven Rr luciferase was used as internal control. Fold activation
values represent Pp/Rr luciferase activity relative to the pGL3b alone condition. Down: western blot of the same cells transfect-
ed with the indicated construct. B-Tubulin was used as loading control (C) Up: dual luciferase assay in the TET21N cell line.
Cells were incubated with or without doxycycline for 48 hours to induce MYCN downregulation, then were transfected as shown.
Constitutive promoter-driven Rr luciferase was used as internal control. Activation (%) values represent Pp/Rr luciferase activity
relative to pGL3b_CDC6 + E2F3A sample. Down: western blot of the same cells transfected as indicated. GAPDH was used as
loading control. Luciferase experiments results were shown as an average of three (N=3) independent experiments £SD. *, **,
*xx rxkkndicated P < 0.05, 0.01, 0.001, and 0.0001, respectively. Statistical analyses were performed with Two-way ANOVA.
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MY CN overcomes RB function by upregulating and downregulating CCNE1/2

and CDKN1A, respectively

Understanding how MYCN overcomes RB function might lead to new molecular targets for
high-risk NB. Groundbreaking studies on MYC, the MYCN paralogue, shed light on its rele-
vant role in cell cycle progression by upregulating cyclin genes and downregulating CDK in-
hibitors (Garcia-Gutiérrez, Delgado, and Ledn 2019; Ohtani, DeGregori, and Nevins 1995;
Ohtsubo et al. 1995). However, little is known about the role of MYCN in this context, and
further investigations are needed for NB.

In this scenario, we hypothesized that MYCN might abolish the RB1 function by indirectly
modulating its phosphorylation status. Thus, we analyzed the expression correlation between
MYCN and several genes involved in the Cyclin/CDK pathway during the G1/S transition in
the NB patients’ RNAseq database (Kocak et al. 2013). Interestingly, we found that cyclins E
(CCNE1/2) positively correlate with MYCN expression in the context of the analyzed genes
(R=0.4023 and 0.2497, respectively. p<0.0001). On the other hand, the CDKNZ1A gene en-
coding for Cyclin/CDK inhibitor p21 negatively correlates with MYCN (R=-0.3195,
p<0.0001) (Fig. 11A). This latter finding was consistent with previous results showing that
MYCN directly represses CDKNZ1A expression in NB cells (Amente et al. 2015).

Thus, we hypothesized that RB phosphorylation status might be affected by MYCN presence
by the aberrant upregulation of CCNE1/2 and downregulation of CDKNZ1A. For this purpose,
we analyzed the phosphorylation status of RB in TET21 cells in the presence or absence of
MYCN. Considering that in physiological conditions, RB is phosphorylated during the G1/S
transition and remains in this state for the rest of the cell cycle, we also assayed the RB phos-
phorylation status in cells synchronized in the G1 phase by serum withdrawal. We decided to
check the RB phosphorylation status by western blot using an antibody recognizing Thr 821
and Thr 826 dually phosphorylated, associated with its inactivated status (Rubin 2013; Sm et
al. 2005). As shown in Fig. 11B, TET21 cells were correctly synchronized by 18 hours of se-
rum starvation both in the presence and absence of doxycycline, and RB is phosphorylated
only in the absence of doxycycline. However, the MY CN-dependent phosphorylation of RB
is not evident in asynchronous cells (-FBS). Coherently with Pearson’s correlation analysis,
G1 synchronized cells showed a significant upregulation and downregulation of CCNE1/2
and CDKNZ1A, respectively (Fig. 11C).
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Fig. 11 MYCN induces RB phosphorylation in the G1 phase. (A) Pearson’s correlation between MYCN and CCNE1/2 or
CDKN1A in a cohort of 649 NB patients. The p-value by the Mann-Whitney test is indicated. (B) TET21 cells were incubated
with 1pg/mL of doxycycline for 48 hours to induce MYCN KD and seeded at low density in the presence or absence of fetal bo-
vine serum (FBS) for G1 synchronization. Left: After 18 hours, cells were harvested and stained with propidium iodide for cell
cycle analysis in flow cytometry. 2n and 4n indicate the relative amount of DNA. Right: Western blot of TET21N cells treated as
described. Results are representative of two (N=2) independent experiments (C) gRT-PCR on G1 synchronized TET21 cells in
the presence (-MYCN) or absence (+MYCN) of doxycycline. Data were normalized using the TBP housekeeping gene. The ex-
periment was performed in duplicate (N=3) and plotted with the respective standard deviations. Data are shown as the mean +
SD of two independent experiments. Statistical analyses were performed using Two-way ANOVA. Error bars represented SD. *,
** **x indicated P < 0.05, 0.01, 0.001, and 0.0001, respectively.

Endogenous RB replacement with RBA“PK triggers proliferation arrest and
differentiation in MY CN-amplified NB cell lines

To confirm the crucial role of MYCN in inducing RB phosphorylation and its subsequent in-
activation leading to aggressive NB phenotype, we assessed the cell proliferation phenotype
of MYCN-amplified cells where endogenous RB was replaced with its hyperactive mutant
(RBCPK), For this purpose, we engineered CHP-134 and KELLY cell lines to cKD RB1 by

CRISPRI. Therefore, we transduced these cell lines with a third construct carrying the tetra-
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cycline response element (TRE) upstream of RB™ or RBA“PK, A third cell line was produced

by transducing a construct containing only the TRE as control to study the cell behavior in the
only absence of RB (EV) (Fig.12A). With this approach, we were able to downregulate en-
dogenous RB1 and upregulate exogenous RB™ or RBA“PX by adding doxycycline to the me-
dia. Next, we measured the cell growth for 72 hours by taking pictures every 2 hours by live
imaging. Analyzing the growth curves, we observed that knocking down RB, as well as rein-
troducing it in its wild-type form, does not affect cell proliferation, consistent with the obser-
vation that RB is not functional in both cell lines carrying MYCN amplification. However,
when we replaced endogenous RB with its ACDK mutant, we observed a drastic decrease in
cell ratios (+doxy/-doxy) in 72 hours (Fig. 12 B, C). Moreover, observing the microphoto-
graphs of the cells after 72hours from the addition of doxycycline, we noticed that CHP-134
RBACPK expressing cells showed a strongly neuronal-differentiated phenotype compared to
the not treated control and the other experimental conditions (Fig. 12D). However, despite the
observed decrease in proliferation for KELLY RB“PX expressing cells, we were not able to
see the same differentiated phenotype (Fig. 12E).
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sample (Normalized cell number relative to -doxy). Down: Western blot ensuring the proper working of the system. (D, E)

Phase-contrast microphotographs of the cells employed for the assay after 72 hours from the doxycycline addition.

RB expression influences MYCN-amplified cell line sensitivity to CDK4/6 in-
hibitors

CDKA4/6 inhibition is a widely used cancer therapy for breast cancer subtypes (Goel et al.,
2018). To our knowledge, the only clinical trial performed for NB included a small patient
cohort without any eligibility criteria regarding cytogenetic features of the tumor, leading to
acceptable safety but unsatisfactory results in progression-free survival (B et al. 2017). How-
ever, previous preclinical results on a panel of NB cell lines treated with CDK4/6 inhibitor ri-
bociclib, showed that MYCN-amplified cell lines were several magnitudes more susceptible
to this drug compared to the MY CN-nonamplified cell line (Julieann Rader et al. 2013).

Given our results underlining the influence of MYCN on the RB inactivation promoting its
phosphorylation, we speculated that this effect might depend on RB1 expression. To prove
this hypothesis, we employed the CDK4/6 inhibitors palbociclib and ribociclib on CHP-134
and KELLY cell lines cKD for RB1, expecting to trigger their resistance by the downregula-
tion of RB1. Thus, we treated these cell lines with ribociclib and palbociclib ranging from
15nM to 10uM concentrations, assessing the cell viability through MTS assay after 72h
treatment in the presence or absence of doxycycline. Notably, CHP-134 acquired resistance to
both ribociclib and palbociclib when RB1 is downregulated (Fig. 13A). Moreover, the same
resistant phenotype was observed performing the assay with Kelly cKD RB1 in the presence

of doxycycline (Fig. 13B).
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Despite the recent advances in understanding NB biology and new insights into NB vulnera-
bilities, there is still a substantial unmet medical need for high-risk cases. According to inter-
national guidelines, high-risk patients are treated with a rigorous chemotherapy regimen of
cisplatin, vincristine, carboplatin, etoposide, and cyclophosphamide (COJEC). When possible,
resection surgery is performed with myeloablative therapy, hematopoietic stem cell reinfu-
sion, and local radiation therapy (A. D. Pearson et al. 2008). However, where these medica-
tions are unsuccessful, the rapid development of precision and personalized medicine raises
the opportunity to treat high-risk patients according to the molecular features of their tumors.
The primary limit in following this approach is NB’s extreme genetic and epigenetic hetero-

geneity, leading to an intricate matrix of possible approaches (Ciaccio et al. 2021).

This work aimed to shed light on how MYCN influences the proper working of the cell cycle
machinery, particularly in the G1/S transition, to find molecular targets specific for MYCN-
amplified NBs. MYCN amplification is a widely recognized negative prognostic factor for
NB high-risk cases, leading to advanced tumor stage, high aggressiveness, and poor outcome
(Matthay et al. 2016). We found that MYCN expression correlates with all the canonical E2F
activators in a cohort of 649 NB patients and that patients expressing high levels of E2F3
showed a poorer prognosis compared to the low-expressing ones. Furthermore, we verified
the crucial role of E2F3A isoform in maintaining the NB aggressive phenotype by selectively
repressing its expression in the MYCN amplified cell line CHP-134 by CRISPRi. When E2F3

was knocked down, the colony formation ability was drastically decreased.

Next, given the ability of RB to repress E2F-mediated transcriptional activation, in the con-
text of the patients showing high expression of E2F3, we compared the overall survival of the
RB1 high-expressing patients with the low expressing ones, expecting a rescue in overall sur-
vival. Surprisingly, the comparison showed no significant differences between these two co-
horts. These findings, together with previous insights showing that RB1 mutations are tenden-
tially mutually exclusive with MYCN amplifications in retinoblastoma (Rushlow et al.
2013b), let us hypothesize that MYCN might overcome RB function leading to unconditional
hyperactivity of E2F transcription factors. To prove that, we analyzed the activity of a well-
known E2F responsive promoter perturbing RB1 expression by CRISPRi and forcing the ex-
pression of MYCN in the MYCN non-amplified cell line SK-N-AS. Our results showed that
MYCN overexpression somewhat mimics the RB1 downregulation and that the downregula-
tion of RB1 had no effect when MYCN was transfected. Moreover, by modulating MYCN
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expression in the TET21N cell line, we observed a significant increase in RB repressing activ-

ity in the absence of MYCN, suggesting that MYCN negatively influences RB function, as
hypothesized.

Next, we investigated the mechanism driving this phenomenon by analyzing the expression of
G1/S transition genes as function of MYCN. Other researchers underlined the role of MYCN
in the NB cell cycle, demonstrating that N-MYC influences cell proliferation by upregulating
genes involved in G1/S phase progression, such as cyclin D2, E2Fs, CDK4/6, and CDC2
(Bell, Lunec, and Tweddle 2007; Caroline Bouchard et al. 2001; Woo et al. 2008). Cdk4/6-
Cyclin D, and later in G1 Cdk2-CycE, are responsible for RB phosphorylation and its subse-
quent inactivation. In fact, at the end of the G1 phase, E2F proteins are fully activated and
free to promote the expression of S genes and the progression of the cell cycle (Rubin 2013).
In agreement with this extensive literature, we found that MYCN upregulates the activity of
cyclin/CDK complexes by positively regulating the expression of cyclins E1/2 and negatively
regulating the CDK inhibitor CDKN1A (p21). In addition, we found that this MYCN-driven
effect is particularly efficient in cells artificially blocked in the G1 phase, leading to the aber-
rant phosphorylation of RB. Our results suggested that although RB1 is correctly expressed in
its wild-type form, its function seems to be abrogated by MYCN expression. The dispensable
role of RB in regulating cell proliferation in MYCN amplified cells is further sustained by the
observation that the RB1 repression by CRISPRi in CHP-134 and KELLY cell lines did not
substantially affect their growth curves. Additionally, the critical inactivation of RB by its
phosphorylation came out when we replaced the expression of endogenous RB1 with its non-
inactivable variant RBA“PX, Introducing this RB mutant, MYCN amplified cells showed a
drastic decrease in cell proliferation, while reintroducing its wild-type form has no relevant
effect on cell proliferation. Besides, CHP-134 cells showed a substantial increase in neurite

length, which corresponded to a highly differentiated phenotype.

Thus, we wondered: how might RB1 function be rescued in RB1-expressing MYCN ampli-
fied cells? The most logical answer to this question is to compensate for the MYCN’s positive
effect on cyclin/CDK complexes by treating NB cells with cyclin/CDK inhibitors. Preclinical
studies have already demonstrated the promising effects of CDK4/6 inhibitors on MYCN-
amplified NB, without going deeper into the possible mechanisms behind this observation
(Julieann Rader et al. 2013). In this work, we gave a possible explanation for this phenome-
non, and we demonstrated that the effect of CDK inhibitors palbociclib and ribociclib is pro-

portional to RB1 expression. Altogether, these findings encourage the employment of these
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drugs in NB patients without any other therapeutical alternatives, expressing both high levels
of MYCN and RB1.
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Retargeting M13 bacteriophage for drug delivery in GD2-expressing neuroblastoma

Characterization of GD2 expression in a panel of NB cell lines

Given the literature ambiguity for GD2 expression in NB cellular models, we analyzed a pan-
el of NB cell lines for the expression of crucial genes encoding for enzymes involved in GD2
biosynthesis. The pathway for GD2 biosynthesis requires four enzymes, B4GALTS,
ST3GALD5, ST8SIAL, and BAGALNTL, which converts GlcCer into LacCer, LacCer into
GM3, GM3 into GD3 and GD3 into GD2, respectively. Among these enzymes, ST8SIAL and
B4GALNT1 are directly involved in catalyzing GD2 synthesis (Fig. 14A).

According to RNAseq on the NB cell lines database provided by Maris et al. (Harenza et al.
2017), B4AGALT6, ST3GALS and BAGALNT1 were expressed in all cell lines. However, the
gene ST8SIAL, encoding for the enzyme involved in GM3 into GD2 conversion, was poorly
expressed in SK-N-AS, SK-N-SH, and SK-N-BE (2)C compared with the other cell lines.
These findings let us hypothesize that the latter cell lines could be GD2 negative (GD2°). To
test this hypothesis, we performed both GD2 immunofluorescence (IF) experiments to obtain
a qualitative evaluation of GD2 expression. As expected, GD2 IF showed that LAN-5, CHP-
134, IMR32, Kelly, and SH-SY5Y were GD2*, while SK-N-AS, SK-N-SH, and BE(2)C were
GD2" (Fig. 14B).
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Fig. 14 Expression of GD2 in a panel of NB cell lines. (A) Expression analysis of the genes involved in GD2 biosynthesis, based
on published available RNAseq database (Harenza et al. 2017). (B) IF for GD2 in eight NB cell lines.

M13cp2 specifically binds to GD2* cells

To deliver M13 bacteriophages on GD2* cells, we genetically modified it by fusing the pllI

protein to a single chain fragment variable (ScFv) anti-GD2 (M13cp2). The sequence of the

ScFv chosen for the M13GD2 production corresponds with the heavy and light chain’s varia-
ble region of the 14.G2a antibody. We chose the 14.G2a antibody since it is an FDA-

approved antibody that has been extensively used for GD2 targeting immunotherapy (Dhillon
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2015). For M13GD2 production, we co-transformed the DH5a E. coli strain with two plas-

mids. First, M13AplII helper: encoding all the minor and major structural proteins necessary
for M13 bacteriophage assembly except plll protein. Second, Phagmid: plll-ScFv anti-GD2:
encoding the plll protein fused with ScFV retargeting GD2 (Fig. 15A). The correct expres-
sion of the recombinant plll protein fused with scFv was checked by western blot, observing a

band of the expected molecular weight recognized by anti-M13 plll antibody (Fig.15B).

2

\V4 N

A v B & &
&W Ny ny’
N7/ N N
\W A\
Wﬂ/
W pvill
s&% 50 KDa- "= s
N
NNV
i§r’% M13-6p; (48.68 kDa)
NV

l - s;;t;:rx:zftcsgz S§%§ | plil C-terminal I ScFv (14G2a) anti-GD2 I
B N M13-WT-plil (44.66 KDa)

N\

pl ” I plll N-terminal I plll C-terminal |

—
—

SK-N-SH

Kelly

[M135p,] NM 1,660 0,166 0,016

Fig. 15 M13¢p, binds to GD2* cells selectively. (A) Schematic illustration of the M13 bacteriophage production (B) Western blot
on the purified phages. Phages were produced as described in the material and methods section. Next phages were loaded in
an acrylamide gel and blotted for the plll protein. M13 wt phage was used as control. (C) IF staining for the plll protein of SK-N-
SH and Kelly cells. Cells were seeded at low confluence and incubated with indicated concentration of M13gp, phages. Un-

bound phages were washed away, then IF on phagic plll protein was performed.

To determine the retargeting of M13gp2 of NB cell lines, we incubated different concentra-
tions (1.660 nM to 0.016 nM) of M13GD2 with GD2" cell line Kelly and GD2" cell line SK-
N-SH and tracked the phage with anti-pVIII antibody in IF. Our results showed that M13gp2
is bound to GD2" cells at all the tested concentrations. Strikingly, we also found that M13cp2
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bound only the GD2" cells with extreme specificity, whereas it does not bind to GD2" cells

even with the highest concentration of the phage (Fig. 15C). These results demonstrated that
our M13cp2 is a perfect platform for drug delivery on NB cells, potentially having no off-

target effects on GD2" cells.

M13cp2-ECBO04 | selectively binds and induces GD2* cell death

Given the rising interest in photodynamic therapy (PDT) efficacy and the recently developed
M13-associated PDT targeting Her2" cancers (Ulfo, Cantelli, et al. 2022), we decided to test
M13cp2 application in this context. For this reason, we chemically conjugated M13GD2 with
the recently developed PS ECB04 (M13cp2-ECBO04) (Cantelli et al. 2021). After the chemical
conjugation of M13GD2 with ECBO04, we analyzed its UV-vis absorption spectrum to provide
an accurate quantification for subsequent downstream experiments. As expected, the M13cp2
absorption profile was drastically affected after the conjugation with ECB04 (Fig. 16A).

The conjugation reaction involves €-amino functionalization of M13GD2 proteins. This pro-
found modification of M13GD2 molecules may lead to a loss of binding capacity to GD2*
cell lines. To check the retargeting of M13GD2-ECB04 on NB cells, we performed an IF on
cells treated with the engineered phages using an antibody against PVI1I protein. The staining
results indicated that M13gp2-ECBO04 firmly maintained its specificity for GD2" cells and no
binding to GD" cells (Fig 16B). Once the M13cp2-ECBO04 targeting moiety was confirmed, we
investigated the photodynamic activity of M13gp2-ECBO04 and its killing potential on the
GD2" cell line Kelly and GD2" cell line SK-N-SH. We incubate the aforementioned cell lines
with various concentrations of M13gp2-ECB04 (nM: 1.6, 0.8, 0.4, 0.2, 0.1). After washing
away the free phages, the cells were irradiated with white light, and controls were kept in the
dark. The survival rate was measured after 24 hours by MTT assay. Significant cell death has
been observed in irradiated cells in a dose-dependent manner, even with picomolar concentra-
tion of M13GD2-ECB04 compared with the dark condition. Remarkably, no killing has been
observed in GD2" cells upon irradiation, even with the highest concentration of M13gp2-
ECBO04 (Fig. 16 C). Altogether, these findings demonstrated that M13cp2-ECBO04 is highly

efficient in killing GD2" cells with extreme specificity.
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P < 0.05, 0.01, 0.001, and 0.0001, respectively.
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Gangliosides are carbohydrate-containing sphingolipids expressed by a wide range of tumors.
However, since they are ubiquitously expressed in both tumoral and healthy cells, they are
generally not considered a strategic target for tumoral therapy (Krengel and Bousquet 2014).
On the other hand, the disialoganglioside GD2 shows unique features in terms of tumoral ex-
pression specificity, and it is widely considered a tumor-associated antigen (Cheever et al.
2009). Indeed, GD2 is typically expressed only on the cell surface of fetal tissues and can be
barely detected in adult tissues. GD2 is expressed in the developing brains, particularly in the
cerebellum as well as peripheral nerve cells (Lammie et al. 1993). Several tumors express
GD2 on their cell membranes, such as NB, small cells lung cancer, Ewing sarcoma, melano-
ma, osteosarcoma, and breast cancer (Nazha, Inal, and Owonikoko 2020). However, GD2 ex-
pression is not a hallmark of all NBs. Thus, to study the effectiveness of anti-GD2 therapies in
vitro, there is a profound need to characterize NB cellular models showing this feature.

Firstly, our findings shed light on the expression of GD2 in a group of eight NB cell lines. By
doing so, we analyzed data on the expression of genes encoding enzymes involved in the GD2
pathway biosynthesis and performed IF for GD2. Among the cell lines tested, we found that
LAN-5, CHP-134, IMR32, Kelly, and SH-SY5Y were GD2*, while SK-N-AS, SK-N-SH, and
BE(2)C were GD2". This finding was coherent with the gene expression analysis showing that
the last three cell lines lack the expression of ST8SIAL, crucial for the biosynthesis of the
GD2 precursor, GD3.

Currently approved therapies for GD2-expressing tumors consist of administering a combina-
tion of the humanized anti-GD2 14.G2a (dinutuximab) antibodies and the immune-response
stimulators granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin (1L-2),
and retinoic acid (RA) (Dhillon 2015). The anti-neoplastic activity of dinutuximab is driven
by its cooperation with natural killer (NK) cells. Indeed, NK cells kill antibody-bound NB
cells via antibody-dependent cellular cytotoxicity (ADCC). However, this immune system-
related response could be circumvented by several mechanisms (reviewed in Keyel and
Reynolds, 2018). Thus, several strategies for targeting GD2 with host immune system-
independent mechanisms were developed, such as anti-GD2 CAR-T cells and the conjugation
of dinutuximab with anti-cancer drugs. However, given their ability to cross the blood-brain
barrier, CAR-T had considerable side effects in preclinical rodent models, and antibody con-
jugation with anti-cancer drugs leads to only ~ 4 molecules/antibody (Richman et al. 2018;
Kalinovsky et al. 2022). Compared with antibody production, M13 phage production in bacte-
56



DISCUSSION (Part I11)
ria is an attractive non-expensive alternative for drug delivery to cancer cells (Klutz et al.

2016; Torres-Acosta et al. 2020). Additionally, the M13 bacteriophage dimensions allow the
conjugation of hundreds of molecules per particle, drastically increasing the local concentra-
tion of the drug. Thus, we correctly engineered the M13 filamentous phage to express the
ScFv 14.G2a against GD2 as a fusion protein with the plll. Our data demonstrated that the
M13cp2 phage binds specifically to GD2" cells and that this specificity was not lost even after
the conjugation with the PS ECBO04. Regarding its carrying capability, our results showed that
our phage platform could carry an average of ~ 450 molecules without impairing its retarget-
ing specificity. Our phage-based drug delivery platform was correctly validated by incubating
M13cp2-ECB04 with a GD2" and a GD2 cell lines, showing specificity in Kkilling in a dose-
dependent manner. Although M13 bacteriophage can cross the blood-brain barrier (Staquicini
et al., 2020), potential side-effects might be overcome by the dual spatial specificity of our
proposed approach. Indeed, our results demonstrated that the selective killing of GD2* cells
elicited by M13cp2-ECBO04 is also light-dependent: no killing in cells kept in the dark was ob-

served.

Overall, we developed a promising anti-NB therapy with high killing activity and specificity.
However, further in vivo studies are needed to demonstrate its feasibility in clinical applica-

tion.
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Neuroblastoma is a neoplastic disease associated with poor survival in infants and children.
Despite the recent advances in understanding the molecular mechanisms driving its onset,
progression, and resistance to classical therapies, a consistent percentage of patients are still
receiving non-resolutive treatment. This work provided data about i) the role of an essential
gene involved in MYCN-driven NB onset; ii) the involvement of MYCN in the dysregulation
of the NB cell cycle iii) the generation of a new potential biotechnological drug capable of se-
lectively targeting NB cells.

Our results showed that RUNX1T1 is an essential gene involved in MYCN-driven NB’s on-
set. RUNXI1T1 exerts its function by interacting with the transcription factor HAND2 and re-
cruiting the proteins belonging to the Co-REST complex at its target genes. Moreover, we
mapped the interaction with the proteins of the Co-REST complex, providing structural in-
sights into the surface of interaction between RUNX1T1 and RCORS3. This latter interaction

might be necessary for NB onset and could be targeted by specific molecules in the future.

By studying the MYCN/RB1/E2F axis in NB, we found that E2F3 is an essential gene regu-
lating colony formation and that N-MYC overcomes the physiological function of RB to in-
hibit E2F-driven transcriptional activation. During the G1 phase, MYCN overexpression
drives the upregulation and the downregulation of Cyclin E1/2 and CDKN1A, respectively.
These events lead to the hyperphosphorylation of RB. Coherently, its replacement with a non-
phosphorylatable mutant drastically decreases cell proliferation, inducing differentiation in
MY CN-amplified NB cell lines. The employment of CDK inhibitors in MYCN amplified NB
has only begun to be explored, and the data presented in this thesis provided the rationale for
their administration to patients carrying MYCN-amplified tumors expressing relatively high
levels of RB1. In fact, the downregulation of RB1 increases the resistance of NB cells to these
drugs.

Lastly, we designed a new phagic platform to deliver photosensitizers to NB cells expressing
the disialoganglioside GD2. By fusing the ScFv generated from the FDA- and EMA-approved
dinutuximab to the phagic plll protein, we obtained an M13 phage binding selectively to
GD2" cells. It is known that immune system inefficacy drives NB resistance to standard im-
munotherapies in a large cohort of patients, and this new tool might be helpful in circumvent-

ing this issue.
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Cell culture

Neuroblastoma SK-N-BE(2)C, LAN5, IMR32, SH-SY5Y, SK-N-AS, TE21/N and HEK-
293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplied with
10% FBS and 2 mM of glutamine and antibiotics (penicillin, 100 U/ml; streptomycin, 100
ug/ml). Kelly, CHP-134, and SK-N-SH cells were cultured in Roswell Park Memorial Insti-
tute Medium (RPMI) 1640 supplemented with 10% FBS and 1% L-glutamine and 2 mM of
glutamine and antibiotics (penicillin, 100 U/ml; streptomycin, 100 pg/ml). All cell lines were
cultured in a humidified incubator Mycoplasma-free at 37 °C and 5% CO2. TET21/N, and
RB1 or E2F3A cKD cells were treated with doxycycline from Sigma-Aldrich (final concen-

tration: 1 ug/mL) for the indicated time reported in the results paragraph.

Plasmids

Relative to Results (Part 1):

RUNX1T1 was amplified from mouse cDNA using RUNX1T1_Fw: TTTAAGCTT-
GCGGCCGCAATATCTGTCA and RUNX1T1 _Rv: ACGACGCCTCGCTAGTTTCTAGA,
digested with Notl — Xbal and cloned into the pCM10 plasmid (Sigma Aldrich). RUNX1T1
and RCOR3 mutants plasmid were generated by whole-plasmid PCR on the
pCMV10_RUNX1T1 plasmid using the following divergent primers:

RUNXI1TImut FW: 5’-CACTGTGGCTCTTTTTGCCAGCAT-3’
RUNXI1TImut RV:5-CGGCTGTAACACGGCCCGA-3’
ANHR1 FW: 5’-CAGCTGCTTCTGGATGCCA-3’

ANHR1 RV:5’-ACCACAGGCTGGGGGC-3’

ANHR2 FW: 5’-GCGGACCGGGAAGAACTG-3’

ANHR2 RV:5’-ACGTGTGCCATGTAACCCC-3’

ANHR3 FW: 5’-GCGAAGAGGCAGGCAGCAGAAGATGC-3’
ANHR3 RV: 5’-CGGCACGTATCCAGACGCAGGCCTG-3’
ANHR4 FW: 5’-ATCTGTGGACAGACCCTGCAG-3’

ANHR4 RV: 5’-CTGCTGGTTGATGACTGCTAGAG-3’
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A2 RCOR3 RV: 5’-CTGGTTCAGAGTGGCAATAGGGG-3’

A1/2_RCOR3_FW: 5’-CGCCCTGCTAATTCCATGCCA-3’
Al RCOR3 RV: 5’-AGGCTGATTTAAAGTTGGCCGGG-3’

PCR products were thus ligated using T4-DNA ligase (NEB) and transformed in DH5a E.
Coli strains (NEB).

Relative to Results (Part 11):

For the generation of the constructs encoding the sgRNA, two complementary oligonucleo-
tides were annealed, phosphorylated, and cloned into the pLenti-sgRNA plasmid. The se-

quences used are reported below:

RB1sgl_fw: caccgCTGAGCGCCGCGTCCAACCG
RB1sgl Rv: aaacCGGTTGGACGCGGCGCTCAGc
sg_scrambled_Fw: caccgGCTTAGTTACGCGTGGACGA
sg_scrambled_Rv: aaacTCGTCCACGCGTAACTAAGCc
E2F3Asgl_Fw: caccgGAAATCCGAGTTTCGCGGGG
E2F3Asgl_Rv: aaacCCCGCGAAACTCGGATTTCc

For the generation of the TET-ON stable cell line expressing RB" or RBA°PK | the sequences
to clone were amplified from pCMV HA hRB-wt and pCMV HA hRb delta CDK using the
following primers: BamHI_Rb_Fw: CGAGGATCCATGTACCCATACGATGTTCCA,; and
Notl Rb_Rv: CCCGCGGCCGCGGTACCTCATTTC. Then, the PCR product was digested
using BamHI and Notl and cloned into the pLVX-TRE3G (Takara Bio, Cat n. 631193) plas-
mid in which the puromycine resistance cassette was replaced with a Geneticine resistant cas-

sette.

pCMV HA hRb delta CDK was a gift from Steven Dowdy (Addgene plasmid # 58906 ;
http://n2t.net/addgene:58906 ; RRID:Addgene_58906). pPCMV HA hRB-wt was a gift from
Steven Dowdy (Addgene plasmid # 58905 ; http://n2t.net/addgene:58905 ;
RRID:Addgene_58905). PB-TRE-dCas9-KRAB-MeCP2 was a gift from Andrea Califano
(Addgene plasmid # 122267 ; http://n2t.net/addgene:122267 ; RRID:Addgene 122267).
pLenti-sgRNA was a gift from Eric Lander & David Sabatini (Addgene plasmid # 71409 ;
http://n2t.net/addgene: 71409 ; RRID:Addgene_71409).
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Relative to Results (Part I11):

Optimized sequence for E. Coli expression encoding for the ScFv of the 14.G2a antibody
(Horwacik et al. 2015) was generated with NovoPro tool
(https://www.novoprolabs.com/tools/codon-optimization) and synthesized by Doulix Srl. The
sequence was amplified using 14.G2a_ Fw: GTTTTTGAGCTCGAAGTTCAGCTGC and
14.G2a_ Rv: GTTTTTACTAGTTTTCAGTTCCAGTTTAGTACC primers by PCR. The PCR
product was cloned in pPCOMB plasmid (Ulfo, Cantelli, et al. 2022) using Ncol / BamHI re-

striction enzymes.

All the plasmids were sequenced by Sanger method before proceeding with the experiments.

Lentiviral production and transduction

Relative to Results (Part 11):

Lentiviruses for sgRNA were produced in HEK-293 packaging cells by co-transfection of
pLenti-sgRNA (Addgene plasmid #71409) and helper plasmids psPAX2 (Addgene plasmid
#12260) and pMD2.G (Addgene plasmid #12259) After 72 h, viral media were collected and
used to transduce P.B. TRE dCas9-KRAB MeCP2 cell lines with a MOI of 0.5. The transduc-
tion agent used was Polybrene (Santa Cruz Biotechnology) as 10.000X. Positive cells were
selected with Puromycin (Sigma-Aldrich) at 1 pg/mL for 7 days. The same protocol was used
to produce stable cell lines for pLVX-TRE3G (Takara Bio) constructs (EV, RB"™, RBACPK),
After transduction, positive cells were selected with Geneticin (Gibco) 800 pg/mL until com-

plete death was observed in a non-transduced control plate.

Stable cell lines generation

Relative to Results (Part I1):

For the generation of the stable cell lines expressing doxycycline-inducible dCas9-KRAB-
MeCP2, we transfected CHP-134, Kelly and SK-N-AS cell lines with 0.4ug PB-TRE-dCas9-
KRAB-MeCP2 plasmid together with 80 ng of the Super PiggyBac Transposase Expression
Vector (SBI, cat. PB210PA-1) using Effectene (Qiagen) as transfection agent in a 10mm dish.
Next, we transduced lentivirus generated with pLENTI-sgRNA plasmid with a MOI of 0.5.
Cells were selected with puromycin (Thermofisher) at 1pg/mL, Hygromycyne (Thermofisher)
at 600 pg/mL. For the growth curve experiment, Kelly and CHP-134 cKD RB1 cells were
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transduced with pLVX_G418 RB"ACPK and selected with G418 (Thermofisher) at 800

pg/mL.

Transfections

Relative to Results (Part I):

The HEK-293T and SK-N-BE (2) C cell lines were transfected with the agent polyethylene-
imine (PEI). Cells were grown in a 10 cm diameter Petri dish until a confluence of about 70%
was reached (transfection point). The next day, two solutions were prepared for each transfec-
tion point, in which the first (DNA mix) contained 18 pug of plasmid DNA in 300 pL of
150mM NacCl and the second (PEI mix) contained 5.4 pL of PEI (0.3 pL of PEI per 1pg of
DNA) in 300ul of 150mM NaCl. The solutions were incubated for 15 minutes at room tem-
perature. Subsequently, the solutions were combined in a single tube and incubated for anoth-
er 30 ’at room temperature (transfection mix). The transfection mix was then brought to a
volume of 5 mL with DMEM medium with L-glutamine to complete the transfection medium.
The cells, previously washed with PBS, were treated with the transfection medium and incu-
bated for 4 hours. At the end of the incubation, the transfection medium was removed, and

complete culture medium was added.

Relative to Results (Part I1):

SK-N-AS and TET21N were transfected with an equimolar ratio of the indicated plasmids
with Lipofectamine 3000 reagent (Thermofisher) | a 24-well plate following manufacturer in-
structions. pPCMV10 EV was used to reach 1.5 ug of total plasmid per each transfection.

Co-IP

Relative to Results (Part I):

Three million HEK-293T cells were transfected with the indicated plasmids in equimolar ra-
tio. 24h after transfection, the cells were scraped and collected in tubes for nuclei isolation.
Samples were incubated with 500 uL of hypotonic buffer (HEPES 10 mM, NaCl 50mM, so-
dium pyrophosphate 1 mM, sodium orthovanadate 1 mM, sodium fluoride 1 mM) supplied
with Phenylmethanesulfonyl fluoride (Sigma) and Complete protease inhibitor (Roche) for 15
minutes at 4°C and next, NP40 was added up to 0,2% w/v final concentration and incubated

for 15 minutes. Nuclear pellets were obtained through 10 minutes centrifugation at 750g and,
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lysed in 100 pL of TNT buffer (Tris HCI pH 8.00 50 mM, NaCl 250 mM, sodium pyrophos-
phate 1 mM, sodium orthovanadate 1 mM, sodium fluoride 1 mM, Triton 1% w/v) supplied

with Phenylmethanesulfonyl fluoride (Sigma Aldrich) and Complete protease inhibitor
(Roche) for 30 minutes. Nuclear lysates were centrifugated at 20000g for 20 minutes to dis-
card insoluble material, and supernatants (nuclear protein fractions) were collected and quan-
tified with BCA method (Thermofisher) following manufactural instructions. Next, 220 pg
(1pg/pL) of lysate was added to 450pug of dried pre-equilibrated Dynabeads protein G (Ther-
mo Fisher Scientific) for 1h pre-clearing in rotation at 4°C. 20 pL of pre-cleared lysate was
collected as INPUT sample and the remaining 200uL were incubated with 1.5 pg of Anti-flag
antibody (#F3165 Sigma) for 1h immunoprecipitation at 4°C in rotation. Samples were added
to 450ug of dried pre-equilibrated Dynabeads protein G and were incubated in rotation at 4°C
for 1h for pull-down. The beads were washed 5 times in 200uL TNT buffer, eluted in
1XNUPAGE buffer (Thermo) 70°C for 10 min and stored at —-80°C until immunoblot analysis.

LC-MS/MS

Relative to Results (Part 1):

The co-immunoprecipitated proteins were incubated with four volumes of acetone overnight
at -20 ° C for precipitation. The protein pellet was washed with 1 mL of acetone at -20 ° C.
The sample was centrifuged and resuspended in 30ul of MS resuspension solution (6 M urea,
100 mM ammonium bicarbonate). 3 pL reduction solution (ammonium bicarbonate 10 mM;
DTT 0.15 mg / mL) were subsequently added for incubation at 56 ° C for 30 min. At the end
of the incubation, 1 pL of MS alkylation solution (Iodoacetamide 5.5 mM; ammonium bicar-
bonate 10 mM) was added to the samples for further incubation of 20 min in darkness. 0.6 pL
of inactivation solution (DTT 50 mM; ammonium bicarbonate 10 mM) was added to the sam-
ple. The sample was brought to 500 pL. with 10mM AmBIiC to dilute the urea to a final con-
centration of 0.36 M and left to pass through a 3K column previously washed with 400 pL of
H20. The sample was centrifuged for 10,000 g for 20 min until reaching a volume of about
250 pL. 250 pL of 10 mM AmBiC were added in order to bring the urea to a final concentra-
tion of about 0.24 M. The sample was centrifuged at 10000 g for 45 min to obtain a protein
sample of about 30-50 pL. The concentrated proteins were collected in a new tube and added
with 3 pL of trypsin (Sigma-Aldrich) [0.4 pg / pL] and incubated at 37 © C for 20h. 1/10 of
the volume of 5% formic acid was added to the trypsinized proteins, and the proteins were ly-
ophilized in SpeedVAC set to Dry-rate MEDIUM. The samples thus prepared were sent to the

Interdepartmental Center for Large Instruments (C.1.G.S) of the University of Modena e Reg-
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gio Emilia, which performed the LC-MS / MS mass spectrometry analyses providing a list of

identified peptides.

Dual-step ChIP

Relative to Results (Part I):

20 million cells were harvested and resuspended in PBS at a concentration of 1 million cells/
mL. Thus, disuccinimidyl glutarate (DSG, SantaCruz Biotechnologies) was added to reach
2mM final concentration starting from a freshly prepared 500mM stock in DMSO. Samples
were incubated at RT for 45 min, protected from light. Cells were washed three times in PBS,
formaldehyde was added to a final concentration of 1% and incubated 10 min at RT on a
wheel. To stop the cross-linking reaction, 0.5 mL of 2.5 M Glycine was added and the sam-
ples were incubated 5 min at RT on wheel at 12 rpm. Thus, samples were centrifuged 5 min at
1500rpm (350 x g) at 4 ° C and the pellet was washed three times in 10 mL of ice-cold PBS.
Next, the pellet was resuspended in 500 pl of ice-cold Cell Lysis Buffer for nuclei release
(Pipes pH8 5mM, KCI 85mM, NP40 0.5%, PMSF 1mM, Complete 1X, MilliQ Water) and
kept in ice for 10 min. Afterwards, the samples were centrifuged at 1700 g for 10min at 4 °
C, the supernatant was discarded and 200 pl of RIPA Sonic-Buffer (NaCl 150mM, NP40 1%,
PMSF 1mM, Complete 1X, SDS 0.5%, Tris HCI 50mM, MilliQ Water) was added for a fur-
ther incubation of 20 min. Nuclei were sonicated with 5X 10 cycles: 30 ‘ON - 45° OFF; High
Power. Add Ripa sonic buffer without SDS was added to each sample to bring SDS to a final
concentration of 0.18%, and BSA-coated protein Aor G sepharose beads (Thermofisher) were
added for 30 min pre-clearing. 1/10 of the sample was kept as input. The pre-cleared lysate
was incubated with 2 to 10 pg of antibody to each sample overnight. At this step, we used the
following antibodies depending on the target protein: RUNX1T1 (Cat. No. C15310197 diage-
node); LSD1 (C15410067 diagenode); Anti-CoREST3 / RCOR3 antibody (ab76921 Abcam);
HA-Tag (C29F4) Rabbit mAb#3724 - Cell Signaling Technology. The next day, 40 ul of
coated beads were added to the complexes and incubated in constant rotation for 1 hour at
RT. Next, complexes were washed five times with RIPA buffer; once with LiCl Wash Buffer
(NaDoc 1%, NP40 1%, 500mM LiCl, 100mM Tris HCI, MilliQ Water.); and twice with TE
buffer. Beads were resuspended in 70uL of TE buffer plus 10 pl (10pg/uL) of RNAse A
(Sigma-Aldrich). reaction was incubated for 45 *at 37. DNA was released in the solution by
adding 20 uL of Proteinase K Buffer 5X and 6uL of Proteinase K (19 mg / mL) and by incu-
bating overnight at 65 ° C. The purified DNA was extracted by adding 1 volume of a Phenol /

Chloroform method.
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ChlIPseq analysis

Relative to Results (Part 1):

ChlP-seq samples were sequenced using the NextSeq 500 platform, with reads 75bp single-
end and encoded in FASTQ files. The quality of the files was evaluated using the FASTQC
program, which did not reveal problems related to duplication of reads, presence of Illumina
adapters within the reads, over-representation of sequences at 5°. The alignment was per-
formed wusing Human_hg38 as the reference genome wusing Hisat2 software
(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4655817/). The alignment allowed to con-
vert FASTQ files into BAM aligned on the hg38 genome. Identification of the ChlP peaks for
each factor was conducted using MACS software
(https://genomebiology.biomedcentral.com/articles/10.1186/gb-2008-9-9-r137),  comparing
the ChIP signals with those of the “Input” sample. These files have been encoded in the BED
format, and the location with respect to the TSS of each peak and its distance, expressed in
kb, was analyzed through the ChIPpeakAnno pipeline on R software
(https://bmcbioinformatics.biomedcentral.com/articles/10.1186/1471-2105-11-237).  These
analyzes were conducted in collaboration with Prof. Federico Giorgi.

Peak intersection was performed by the BedSect tool (https://imgsb.org/bedsect/). 50bp over-
lapping was considered as a co-peak. GO was performed by GREAT
(http://great.stanford.edu/public/html/) using as input data the BED file relating to the inter-

section of the genomic regions considered.

Colony formation assay

Relative to Results (Part I1):

CHP-134 cKD E2F3A cells or scrambled were seeded in 6-well plates at a concentration of
500 cells/well and later treated with DMSO (vehicle treatment control) or Doxycycline (0.2
pg/ml). After ten days, colonies were washed twice with PBS, fixed and stained with crystal
violet solution (0.5% crystal violet, 50% methanol) for 30 min, washed with water and let dry
for three days. Pictures of the wells were taken via the ChemiDoc MP system (BioRad). The
total number of colonies was determined using ImageJ software. Colonies smaller than 50

cells were excluded from the analysis. Three replicates of the experiment were performed.
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Gene reporter assays

Relative to Results (Part 11):

Luciferase reporter activity was measured using the Dual Luciferase Assay System (Promega,
E1980). Chemiluminescence values for Firefly (Photinus pyralis, Pp) and Renilla (Renilla

reniformis, Rr) luciferases were measured using a GloMax 20/20 instrument (Promega).

TET21IN and SK-N-AS RB1 cKD were treated for 48 h with 1ug/mL doxycycline. 50.000
TET21N and 100.000 SK-N-AS were seeded in a 24-well plate, both — and + doxycycline.
The following day the cells were transfected in duplicate through Lipofectamine 3000 (Invi-
trogen) following manufacturer instructions. 24 h after transfection, the cells were washed
with PBS, Passive Lysis Buffer 1X (PLB) (E194A) was added to each well, in constant agita-
tion for 20 minutes. 15 pL of cells lysate was collected in a 1.5 ml tube and 35 pl of Lucifer-
ase Assay Reagent Il (LAR I1) were added, then Firefly luciferase activity was read. After-
ward, 35 pL of Stop & Glo were dispensed in the tube, and the Renilla Luciferase activity
was read. Data were represented as ratio of Pp/Rr activities and normalized on pGL3b ratio,

relative to the correspondent — or + doxycycline condition.

Flow cytometry

Relative to Results (Part 11):

For cell cycle synchronization, after 72h of treatment with 1pug/ml doxycycline, or not, 4 mil-
lion TET21N cells were seeded in a 10 cm dish in DMEM serum free media, for 18 h.

Thus, 1 million cells were resuspended in 1mL of PBS. Next, 2.5 mL of ethanol 100% was
added under continuous agitation to allow the fixation without forming cell clumps. Cells
were incubated overnight at -20 °C. Afterward, the cells were centrifuged for 5' at 300 g,
washed by PBS, and then resuspended in 500 pl of PBS and RNAse A 1 pug/mL (Sigma-
Aldrich). Cells were incubated for 30" at 37 °C and then kept on ice. DNA staining was per-
formed by adding 25 pL of Propidium lodide 1 mg/mL (Sigma-Aldrich). Fluorescence-
activated cell sorting (FACS) analysis was performed on a CytoFLEX (Beckman Coulter),
and the data were analyzed with FlowJo software. Cells singlet were gated as PE Area vs. PE

Width and histograms were generated as frequency we PE A.
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Growth curves

Relative to Results (Part 11):

3.000 CHP-134 cells and 10.000 Kelly cells (stable cell lines for pLVX TRE3G EV, RB",
RBACPK) were seeded in triplicate in a 96 well plate. Directly before the beginning of the
analysis, doxycycline 1ug/ml was added or not to the wells. The cells were incubated at 37°C
and 5% CO: in the Incucyte® S3 (Sartorius). Each well was analyzed every two hours for 72
h, taking two images at a 10x magnification on the phase contrast channel. Cell numbers were
counted by the Incucyte® analysis software, which determined the object count per mm? per

image, normalized on t0.

Western Blot

Total protein extract was obtained by adding to the cells RIPA buffer supplemented with pro-
tease inhibitor (PMSF, Sigma-Aldrich and cOmplete, Roche) and phosphatase inhibitor
(PhosSTOP, Roche). Protein concentrations were measured by BCA Protein Assay kit (Pierce
Biochemicals) following manufacturer instructions, and 50 pg of protein extract was electro-
phoresed on an 8% polyacrylamide gel and transferred on a nitrocellulose membrane (GE
Healthcare). Membranes were incubated with Clarity Western ECL (BIO-RAD) and then
scanned with ChemiDoc (BIO-RAD).

Relative to Results (Part I):

Primary antibodies: Flag (Sigma-Aldrich, F1804), HA (Cell Signaling, #3724). Secondary an-
tibodies: rabbit anti-mouse and goat anti-rabbit light-chain specific HRP (Jackson, 115-035-
174, 211-032-171).

Relative to Results (Part I1):

Primary antibodies: RB (Abcam, ab181616), Phospho-RB (SantaCruz, sc-271930), E2F3A
(SantaCruz, sc-56665), MYCN (SantaCruz, sc-53993), HA (Cell Signaling, #3724), GAPDH
(ProteinTech, 10494-1-AP), B-tubulin (ProteinTech 66240-1-1G), B-actin (Sigma-Aldrich,
A2228). Secondary antibodies: rabbit anti-mouse and goat anti-rabbit HRP (Jackson, 115-
035-003, 111-035-144).

Relative to Results (Part 111):
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Primary Anti-m13 plll monoclonal antibody (NEB, E8033S). Secondary antibody: rabbit an-

ti-mouse HRP (Jackson, 115-035-003).

gRT PCR

Total RNA was extracted with TRI Reagent (Sigma-Aldrich), 500 ul were added to a 1 cm
dish. Chloroform was added (0,2 ml/mL TRI Reagent), and after phase separation, the super-
natant was mixed 1:1 with isopropanol. RNA was precipitated by salting out, and the pellet
was resuspended in 50 pl of Molecular Biology Grade water (Sigma-Aldrich). 5pug of RNA
was treated with DNA-free Removal kit (Invitrogen). 1 pug of RNA DNA-free undergo retro-
transcription into cDNA with iSCript reverse transcription supermix kit (BIO-RAD). Quanti-
tative Real Time PCR was performed using SSOAdvanced Universal SYBR green supermix
(BIO-RAD) on 5 g of cDNA.

Relative to Results (Part 11):

Primer sequences: RB1: Fw: ACTCCGTTTTCATGCAGAGACTAA, Rv: GAG-
GAATGTGAGGTATTGGTGACA, E2F3A: Fw: ACTGCTAGCCAGCCCCG, Rv: GGAC-
TATCTGGACTTCGTAGTGCAGC; CCNE1: Fw: CAGACCCACAGAGA-CAGCTTG; Rv:
GCTCTGCTTCTTACCGCTCT , CCNE2: Fw: CGAGCGG-TAGCTGGTCTGG; Rv:
GGGCTGCTGCTTAGCTTGTA , CDKN1A: Fw: CAGACCAG-CATGACAGATTTCTAC;
Rv: TGTAGAGCGGGCCTTTGAGG. TBP: Fw: CCGCCGGCTGTTTAACTTC, Rv:
AGAAACAGTGATGCTGGGTCA.

M13 phage production

Relative to Results (Part 111):

Bacteria carrying 14G2a phagemid (pCOMB) and helper phage (m13ko7) were grown at
32°C overnight in culture containing ampicillin-kanamycin resistance and 0.4mM IPTG,
reaching an OD of 2.0. Expression of phagemid was induced under P lac promotor resulting
in a fusion of ScFv with plll. The culture was centrifuged 10000g for 20min at 4°C to pellet
bacteria. The supernatant was transferred to fresh bottles, and additional centrifugation was
carried out for 5 min to pellet the remaining bacteria, and the supernatant containing
M13GD2 was carefully transferred to fresh bottles. Next, final concentration NaCl 4% and
PEG 8000 3% were added to the supernatant and incubated for 90 minutes at 4°C for phage
precipitation. Supernatant containing M13GD2 /PEG 8000/ NaCl were centrifuged at 100009
68



MATERIALS AND METHODS
for 20 minutes at 4°C. Pelleted phages were resuspended in PBS followed by lowering the pH

to 4.2 with HCL 0.5M to reach phages isoelectric point (IEP), and centrifuged with 140009

for 15 min at 4°C followed by gentle resuspension of pellet in PBS. Phage concentrations
were checked by UV-Vis Spectrophotometer at 269nm, using an extinction coefficient of € =
3.84 uM.

Immunofluorescence

Relative to Results (Part 111):

Glass coverslips were placed in 6 wells plate and coated with collagen-containing 0.02% ace-
tic acid, leaving for one hour at Room Temperature (RT). Thus, the coverslips were washed
with Phosphate Buffer Saline (PBS) twice, followed by cells (LAN-5, CHP-134, IMR-32,
Kelly, SH-SY5Y, SK-N-AS, SK-N-SH, SK-N-BE(2)C) seeding at 80% confluency. Only for
the phage retargeting test, 1.66nM of M13GD2 phages were resuspended in DMEM and in-
cubated for 45 minutes at RT followed by twice washes with washing buffer (PBS+0.05%
tween 20). The day after, Culture media were aspirated and washed with PBS. Next, cells
were fixed with 4% Paraformaldehyde in PBS (Sigma-Aldrich) at RT for 15 minutes. After-
ward, cells were briefly washed with PBS-0.05% Tween 20 and blocked with normal donkey
serum (NDS) 4% for 45 min at RT and followed by primary antibody anti-GD2 14G2a over-
night incubation at 4°C. The next day, cells were incubated with secondary antibody conju-
gated with FITC (Jackson, 115-095-003) for one hour at RT, nuclear staining was carried out
with Hoechst 1ug/ml for 10 minutes, and coverslips were mounted in mounting media. Imag-
es were acquired by 40X, NIKON Eclipse Ti2 confocal microscope, and ImageJ were used

for analysis.

M13 phage conjugation

Relative to Results (Part 111):

Bioconjugation of ECB04 to M13 phages was performed via a cross-coupling reaction be-
tween the reactive NHS ester of the ECB04 and the amino acid amine groups present on the
surface of the M13 capsid. An ECB04 5mM solution was prepared in DMF. 50 pL of the
ECBO04 solution were added in a dropwise manner to 1 mL solution of M13 2.4-1013 viri-
ons/ml (40 nM) in sodium carbonate/bicarbonate buffer 100 mM (pH 9). The reaction was

incubated in the dark overnight at 25 °C under constant shaking at 700 rpm (ThermoMixer
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HC, S8012-0000; STARLAB, Hamburg, Germany) and then it was centrifuged for ten

minutes at 14000 g and 15 °C to remove the insoluble excess of nonconjugated ECB0O4. The
product was dialyzed versus PBS (pH 7.4) in regenerated cellulose membrane (14 kDa cut-
off) to change buffer, remove DMF and reaction byproducts and then it was centrifuged once
again with the same parameters as before to remove the remaining unreacted ECB04. The ab-
sorption spectrum of the purified Phage—ECB04 bioconjugate showed a red-shift in the ab-
sorption maximum, compared to the starting ECBO4. This modification in the absorption
spectra confirms the attachment of the dye to the phage. Considering the initial phage concen-
tration and a molar extinction coefficient of 26875 M-1cm-1 the ECBO04, approximately 400

molecules of ECB04 were conjugated per phage.

Viability assays

Relative to Results (Part 11):

After 72 h of pre-treatment with doxycycline 1pug/ml, 5.000 CHP-134 and 10.000 Kelly (both
RB1 cKD) were seeded in triplicate in a 96 well plate. Ribociclib (LEE001) and Palbociclib
(PD-0332991) (MedChemExpress) were resuspended in DMSO and added to the cells at dif-
ferent concentrations (10.935 uM, 3.645 pM, 1.215 pM, 405 nM, 135 nM, 45 nM, 15 nM, 0
nM), equivalent amounts of DMSO were added to each point to avoid DMSO cytotoxicity ar-
tifacts. After 72 h of drug treatment, cell viability was evaluated through MTS assay
(Promega) following the manufacturer's instructions. Absorbances were detected by Victor
microplate reader at 490 nm. Three independent experiments were performed for each cell

line.

Relative to Results (Part I11):

For PDT, we Kelly SK-N-SH cells were seeded for cell viability assay at density of
50000/well in 96 well plate and incubated in humidified incubator containing 5% CO2 at
37°C. After 24 hours, the medium was aspirated and washed with PBS. Subsequently, cells
were incubated with M13cp2-ECBO04 starting from a concentration of 1.66 nM with two-folds
serial dilution down to 0.026 nM in DMEM supplemented with 10% FBS, penicillin-
streptomycin 1% (100 U/ml) for 90 minutes. Following incubation, the cells were washed
three times with DMEM without red phenol (Sigma-Aldrich cat no. 21063029) to eliminate
unbound M13GD2-ECBO04. Further, the cells were irradiated with white light from a 30cm

distance for 15 min, and in the irradiation step, the cells were maintained in DMEM without
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red phenol to allow the light to flow through readily. Immediately after irradiation, the medi-

um was changed and placed in the incubator for 24 hours. Control experiments were conduct-
ed under the same conditions keeping cells in the dark.

Cell viability was determined using the 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) assays after 24 hours of post-PDT. The medium was aspirated from the 96-
well plate, and the freshly added medium contained a final concentration of MTT 0.5 mg/ mL.
Cells were placed for 90 minutes incubation in humidified incubation containing 5% CO2 at
37 ° C. After incubation, the insoluble product formazan produced by the reduction of MTT
by NADPH dependant oxidoreductases expressed in the live cell was solubilized in dimethyl
sulfoxide at RT and protected from light. The absorbance was then assessed at the wavelength
of 570 and 690 nm by the EnSpire Multimode plate reader (Perkin, Inspire, USA).

Statistical analysis

Experiments for statistical analysis were performed at least three times. Data analysis was
performed using Graphpad Prism 8 software and showed a mean + standard error or standard
deviation. Differences were examined for significance with a two-sided unpaired t-test for two
groups or ANOVA among groups. Expression correlations between MYCN, E2F1-3,
CDKN1A, and CCNE1/2 in human neuroblastoma tissues were tested using a two-sided Pear-
son’s correlation. According to Kaplan and Meier's method, survival was established from di-
agnosis until death or until the last observation if the patient did not die. Survival analyses
were performed using GraphPad Prism 8.0 software, and comparisons of survival curves were
performed using two-sided log-rank tests. A P-value of 0.05 or less was considered statistical-

ly significant. All statistical tests were two-sided.
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