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Abstract

Abstract

Neuroblastoma (NB) is the most prevalent extracranial solid tumor of the infancy and the
third most common childhood cancer. High-risk neuroblastomas (HR-NB) are very
aggressive and develop resistance to current therapies. Hence, HR-NB remain a major
obstacle for pediatric oncologists since there are no alternative curative options available.

ABTLO0812 is a novel first-in-class antitumor drug that is currently under phase Ib/lla
clinical trials in adult patients with advanced solid tumors, showing excellent tolerability
results. Previous studies described that ABTL0812 mechanism of action is based on the
disruption of the AKT/mMTOR pathway. Given that (1) constitutively enhanced
PI3BK/AKT/mTOR signaling correlates with poor prognosis and chemoresistance in HR-
NB, and that (2) the PIBK/AKT/mMTOR axis integrates relevant targets for HR-NB, we
sought to address whether ABTL0812 could be potentially used for the treatment of HR-
NB patients.

For the purpose of the study, the therapeutic potential of ABTL0812 was analyzed in a set
of clinical representative NB cell lines in vitro. All cell lines showed a similar sensitivity to
ABTLO0812 regardless of their genetic profile. Remarkably, ABTL0812 did not cause DNA-
damage or genotoxicity, thus indicating that fewer side effects would be expected.
Moreover, oral administration of ABTL0812 in HR-NB xenografts impaired tumor growth
and confirmed a good tolerability profile. Furthermore, our findings reveal that ABTL0812
induced NB cell death via long-term activation of the endoplasmatic reticulum stress and
the unfolded protein response. Interestingly, ABTL0812 also induced transcriptional
repression and destabilization of MYCN, a major oncoprotein in NB. Finally, ABTL0812
showed a good combination profile with other chemotherapeutic drugs, and a synergistic
effect when combined with the differentiating agent 13-cis-retinoic acid.

In conclusion, our results support that ABTL812 mechanism of action may represent an
alternative approach to provide safer and more effective anti-cancer therapeutic strategies
in pediatric tumors.






Resumen

Resumen

El neuroblastoma (NB) es el tumor sélido extracraneal mas comun en la infancia y el
tercer cancer mas comun en nifios. Los NB de alto riesgo (HR-NB) se caracterizan por
ser muy agresivos y desarrollar resistencias a terapia. Por ello, el HR-NB sigue siendo un
obstaculo para los oncélogos pediatras, ya que no existen opciones terapéuticas
efectivas.

El ABTL0812 es un farmaco antitumoral first-in-class que actualmente esta bajo ensayos

clinicos de fase Ib/lla para pacientes adultos con tumores sdlidos avanzados. Dichos
ensayos estan dando muestras de una excelente tolerabilidad por parte del ABTL0812.
Estudios previos han descrito que el mecanismo de accién del ABTL0812 esta basado en
la interrupcién de la via de sefializacion de AKT/mTOR. Dado que (1) esta via esta
constitutivamente activada en los HR-NB y correlaciona con mal prondstico y
quimioresistencia, y que (2) el eje PI3K/AKT/mTOR integra dianas terapéuticas
relevantes para el HR-NB, nos propusimos averiguar si el ABTL0812 podria usarse para
el tratamiento de los pacientes con HR-NB.

Para esto, se analiz6 el potencial terapéutico del ABTL0812 in vitro en un panel de lineas
celulares clinicamente representativas de NB. Todas las lineas exhibieron una
sensibilidad similar, independientemente de su perfil genético. Notablemente, el
ABTLO812 produjo sus efectos citotoxicos sin ser genotoxico o causar dafios en el DNA,
por lo que seria esperable una menor aparicion de efectos secundarios. Asimismo, la
administracion oral de ABTL0812 en xenografts de HR-NB inhibi6é el crecimiento tumoral
y demostré una alta tolerabilidad. Ademas, nuestros resultados desvelaron que el
ABTLO0812 inducia la muerte celular del NB a través de la activacion a largo plazo del
estrés de reticulo endoplasmatico i la respuesta a proteinas desplegadas.
Remarcablemente, el ABTL0812 también indujo la represién de la transcripciéon y
desestabilizacion de MYCN, una oncoproteina de gran relevancia para el NB. Finalmente,
el ABTL0812 exhibi6 un buen perfili de combinacibn con otros farmacos
quimioterapéuticos y un efecto sinérgico en combinacion con el agente de diferenciacién
13-cis-acido retinoico.

En conclusién, nuestros resultados sugieren que el mecanismo de accion del ABTL0812
podria representar una via de aproximacion alternativa para proporcionar terapias mas
seguras y efectivas a los pacientes con tumores pediatricos.
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Introduction
Neuroblastoma

1. Introduction
1.1 Neuroblastoma

From 1975, advances in childhood cancers treatments and supportive care have
substantially improved the overall 5-year survival rate to approximately 80%. For many
pediatric cancers, such progress has been made redressing treatment modalities
introduced decades ago with corrections made to improve disease-free survival while
minimizing treatment-related morbidity. However, such increase in average survival holds
on steady advances for some cancers, primarily leukemias and lymphomas, whereas
improvements for a number of solid tumors have halted in a plateau over the past
decades, which remain at very low rates of survival. Thus, unfortunately, cancer continues
being the second leading cause of death (following accidents) in children aged five to
fourteen years in the developed countries. Moreover, surviving patients still may remain at
risk of recurrence or progression of their primary cancer and at an increased risk of
developing subsequent long-term and late effects derived from aggressive therapies, such
as other malignancies, chronic diseases, and functional impairments. Considering this
scenario, better understanding of treatment-related toxicities is needed to guide the
design of more effective and safer treatments. Furthermore, it would also be essential to
delve into cellular pathways promoting cell growth and survival in childhood cancer,
increase the number of pediatric clinical trials and ease cooperation among national and
international childhood cancer research groups to achieve sustained progress in
childhood cancer management [1,2].

The most common childhood cancers include leukemias and lymphomas, central nervous
system tumors (CNS), neuroblastomas (NB), renal and bone tumors, soft tissue and
epithelial sarcomas and gonadal germ cell tumors (Figure 1). Among them, the most
diagnosed cancers in children are lymphoid leukemia, neuroblastoma and non-Hodgkin
lymphoma [2].

Cancerincidence rates for patients aged 0-14 years
(2011-2015)

H Leukemia
m CNS
H Lymphoma
B Soft tissue
H Neuroblastoma
H Renal
N Bone
H Epithelial
Germ cell
m Retinoblastoma
Liver
Other

Figure 1. Childhood cancer incidence rates (2011-2015). Age-adjusted and age-specific (0-14
years) SEER cancer incidence rates from 2011 to 2015 (US population).

25



Introduction
Neuroblastoma

NB is the third most common childhood cancer and the most prevalent extracranial solid
tumor of the infancy, representing 8-10% of all diagnosed childhood cancers in USA and
Europe, and represents ~15% of all cancer-related deaths in the pediatric population.
Despite being the most common malignancy diagnosed during the first year of life, NB is
considered an ultra-orphan condition, with less than one thousand new cases per year in
North America. Nearly 500 new cases are reported annually, and its incidence in North
America and Europe is 10.5 cases per million in children under fifteen years of age. With a
median age at diagnosis of approximately nineteen months, most patients are diagnosed
between birth and five years of age. Ninety percent of the cases are diagnosed before the
age of five, the 30% of which are diagnosed by the first year of age. Less than 10% of the
patients are diagnosed older than ten years of age. Although NB occurs rarely in
adolescents and young adults, outcomes are much poorer in this age group [3—6]. The
incidence of NB is slightly higher among boys than girls (1,2:1) and it occurs more
frequently in white populations (9,7 cases per million) than black populations (6,8 cases
per million), although individuals with African and Native-American heritage have a higher
prevalence of malignant phenotype and worse event-free survival than individuals from
European pedigree [7-9].

NB has a broad pattern of clinical presentation, behavior and outcome. Prognosis ranges
from spontaneous and complete regression to aggressive, drug-resistant, metastatic,
refractory tumors that make NB run for the highest morbidity and mortality rates among
childhood cancers. In general, outcomes in patients with NB have improved over the last
thirty years with 5-year survival rates rising from 52% to 74%. However, this progress is
mainly attributable to increased cure rates among patients with the more benign form of
the disease. While low-risk NB 5-year survival rates reach up to 92% of patients, the rates
among children with high-risk NB (HR-NB) remain below 50%, and less than 10% in those
patients that relapse, despite dramatic escalations in the intensity of therapy provided
[4,5,7,10,11]. This clinical course heterogeneity is characterized by many factors such as
age at diagnosis, stage of disease, and distinct biologic features of the tumor that predict
survival outcomes. In the following sections, the current understanding of NB biology,
clinical presentation, diagnosis and risk stratification, based treatments, novel therapies
and challenges of this disease will be exposed.
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1.1.1 Neuroblastoma origins

NB is an embryonic neuroendocrine tumor. Embrionary tumors arise during intrauterine or
early postnatal ages from an immature organ or tissue. In the case of NB, it is thought to
be originated in utero from the primitive neuroectodermal cells of the developing
sympathetic nervous system, probably from sympathoadrenal (SA) progenitor cells that
later on differentiate to sympathetic ganglion cells or adrenal chromaffin cells.

It is widely accepted that embryonic tumors initiate during a time frame of the tissue
maturation process when rapid cell expansion is quickly followed by an orderly transition
to a terminally differentiated state. At that point, the corresponding progenitor cells from
normal embryogenesis are tough to suffer a first hit that allows them to continuously over-
proliferate. Around/after birth, a second hit may confer these cells a mechanism for
surviving in the early postnatal environment, transforming them in pre-cancerous cells.
Finally, a third hit entailing genomic instability will sentence them to become cancer cells
(Figure 2). Thus, in the NB context, understanding the development of neural crest-
derived SA system can help comprehend and indentify pathways involved in tumor
initiation in neuroblasts.

Death resistance and embryonic Accelerated path to genomic

Normal embryogenesis ’ Proliferative excess cancer cell persistence instability
a o Birth U’”/ / - Loss-of function
@& L / /ﬂ" q ” mutations in tumor
@ 6 suppressor genes.
= e‘o “\ \\\ \\\ - Chromothripsis.
- Increased MYCN

expression.

Figure 2. Model of embryonal tumorogenesis. The embryonal-to-cancer cell transtition takes
place in early childhood. Malignant transformation of embryonal cells need three hits to develop: (1)
prenatal proliferative excess in the tissue of origin, (2) acquisition of mechanisms to survive in the
post-embryogenic and post-natal environment and (3) an accelerated pathway towards genomic
instability.

The neural crest (NC) is a transient embryonic cell population that arises between the
third and fifth week of pregnancy during gastrulation and neural tube formation (Figure
3A). During development, NC cells migrate extensively from the neural tube via epithelial -
to-mesenchymal transition and differentiate into diverse tissues, including much of the
craniofacial skeleton, sympathetic and peripheral nervous system, adrenal chromaffin
cells and melanocytes. Development, maintenance, and differentiation of this multipotent
cell population are highly complex processes that rely on spatially and temporally
regulated extrinsic signals. Mutations or imbalances during any of these processes may
generate tumor initiating neuroblasts [3,10].
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Figure 3. Neural crest formation, delamination and migration. (A) Dorsal view of a vertebrate
embryo at early gastrulation stage (3" pregnancy week). (B) Neural tube formation, neural crest
delamination and migration. (C) Principal NC cells migratory routes through the embryo. Figure
adapted from [12].

Primitive neural tube cells induction for NC specification is mediated by interconnected
BMP, WNT, FGF and Notch/Delta signaling pathways. Following the expression of NC
priming genes, another set of transcription factors is activated to maintain this NC in a
pluripotent state. It deserves to be mentioned that the main factors involved in progenitor
pluripotency maintenance are c-Myc and related MYCN. Of note, MYCN amplified NB are
typically high-grade, aggressive cancers, consisting of primarily undifferentiated or poorly
differentiated neuroblasts. Hence, as will be further discussed, MYCN amplification is one
of the most relevant markers of poor prognosis in NB [13].

A third wave of transcription factors coordinate NC delamination (also referred as
epithelial-mesenchymal-transition) and migration. Sox9, Sox10, FoxD3, Snail2 and Twistl
are transcription factors involved in this stage. Delamination enables NC cells to migrate
from the developing neural tube to many primitive anatomical structures for further
speciation and differentiation (Figure 3B). Migratory NC cells can be broadly subdivided
into four functional types: cranial, cardiac, sacral-vagal and trunk (Figure 3C). Trunk NC
cells are restricted to become SA precursors. They aggregate at the dorsal aorta to
develop into cells of the peripheral nervous system, including sympathetic ganglia and the
adrenal gland, the main sites in which NB arises. PHOX2B transcription factor and BMP
are key elements to prime NC cells to SA differentiation and acquire neuronal
characteristics [3,7,8]. Transient high expression of MYCN at this point is crucial to
regulate NC migration and expansion; then, after directing cells dispersion, MYCN protein
levels gradually decrease in differentiating sympathetic neurons [10,14]. The data
suggests that NB initiation may occur at an embryonic period during NC migration or SA
speciation due to continued MYCN expression. PHOX2B is another gene whose
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mutations and loci loss (4p13) are considered first hits in NB pathogenesis [6,15] (Figure
4).

The second hit is tough to happen during final stage of sympathoadrenal maturation,
when substantial cell death occurs to get rid of excessive cells generated during
embryogenesis. Local nerve growth factor (NGF) deprivation characterizes this
remodeling period of the nervous system. Embryonic cells which have already undergone
abnormal genetic changes would be able to persist and proliferate through cell death
signals in this prenatal and postnatal environment. Death resistance gain coupled to
aberrant continued MYCN expression represents a potential pathological step towards
cancer that will be consolidated with the acquisition of additional alterations leading to
postnatal malignant cells transformation [14].

These facts are consistent with the hypothesis, based on differentiation markers
expression patterns, that the earliest cell of origin for NB seems to be a trunk NC cell
which has not received or responded to factors that determine sympathetic ganglion or
chromaffin cell fate and neither responds to trophic factors withdrawal [14]. Nevertheless,
delamination, migration and differentiation of NC cells and final shaping of the SA nervous
system are regulated by a complex series of epigenetic and transcriptional programs, so
the totality or precise molecular hits that give rise to NB are still unknown.

Neural crest Sympathetic
D\Li_% ganglion cell
T
Neural tube
IS W/
& ) Y~ ¢
Migrating ». 3 0
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/ el == — * Transcription factor <
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& aorta ® e * Bone morphogenetic
/ precursor P \ \} (34 L
Migration and 0,00 %0
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Figure 4. Neural crest development and NB pathogenesis. During development, neuroblast
progenitors migrate from the NC around the neural tube to a region immediately close to the dorsal
aorta. At this site, they become SA precursors and undergo speciation into mature neurons of the
sympathetic ganglia or chromaffin cells of the adrenal medulla. Delamination, migration and
differentiation are tightly regulated by epigenetic events and expression of MYCN, BMPs and
Phox2b among other transcription factors. Alterations in this process like sustained expression of
the proto-oncogen MYCN or mutations on PHOX2B and ALK may bring on the first hit to transform
SA progenitors into neuroblastoma cancer cells. Figure adapted from [8,14].
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1.1.2 Neuroblastoma predisposition

There have not been identified any strong or consistent environmental or genetic risk
factors associated with NB. Nevertheless, although most cases of NB are sporadic,
familiar NB represents 1-2% of cases; these rare cases provide insight into NB genetic
etiology. Two autosomal dominant genes with incomplete penetrance have been
associated to hereditary cases of NB: PHOX2B and ALK. Loss-of-function mutations in
PHOX2B have been detected in patients with Hirchsprung disease and other
neurochristopathies, which co-segregate with syndromic NB. PHOX2B mutant proteins
appear to be oncogenic in a dominant negative manner and prevent appropriate NC
maturation. Germline gain-of-function mutations in ALK were identified in 2008 as the
main predisposing factor for familiar NB (Figure 5). However, the “second hit” mutation
(following Knudson’s “two-hit” model) has not yet been identified. Additional germline
mutations likely to predispose to NB can be either inherited or arise de novo, but no
accepted algorithm is available to determine who should be screened for germline
mutations or how to counsel families in which a child has a clear predisposition allele for
NB. The lack of mutations found in tumors at diagnosis and recurrent patterns of whole
chromosome or large segmental DNA copy number alterations suggest that NB
predisposition is genetically heterogeneous, and initiation of tumorigenensis could need
multiple alterations [6—8,16,17].
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Figure 5. Genetic predisposition to NB. ALK and PHOX2B mutations cause familial NB with high
penetrance. ALK and PHOX2B mutant alleles are very rare in the population and are inherited in an
autosomal dominant Mendelian manner. Other genes with rare damaging mutations in the germline
that can predispose to NB have been identified (TP53, NRAS, BRAC2, etc.), but the clinical
relevance of many of these mutations remain to be determined. Several common polymorphisms
(BARD1, LMO1, etc.) that individually have a relative small effect on tumor initiation can cooperate
to lead to sporadic NB tumorigenesis. Figure adapted from [8].
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Genome-wide-association studies (GWAS) have revealed germline genetic variants that
may predispose to sporadic NB and be associated with tumor phenotype. GWAS-defined
DNA variants suggest that the interplay between multiple common genomic variations,
which taken individually have a relatively modest effect on susceptibility, may influence
the initiation of tumorigenesis during neurodevelopment. Twelve highly significant and
validated single-nucleotide-polymorphisms (SNPs) associated with NB susceptibility have
been identified to date (Table 1 and Figure 5). Particularly, LIN28B has been found to
have a crucial role in neurogenesis controlling cell growth and maintenance of an
undifferentiated phenotype of neuroblasts. Polymorphic alleles within LIN28B that confer
protein overexpression correlate with increased MYCN levels and with the development of
HR-NB [18,19].

In addition, these studies have also shown that a relatively common copy-number
variation at 1g21.1, alterations in the locus 16p12-13, and constitutional chromosome
rearrangements or germline deletions on 1p36 and 11q14-23 locus are associated with
familial NB [4,6-8,11,20-23]. Several of these DNA variations have been found to
influence gene and protein expression and have potent oncogenic or tumor-suppressive
functions in tumorigenesis and disease progression. Therefore, further studies are
focusing on the translational potential of cancer susceptibility genes.

Table 1. SNPs related to NB susceptibility

Gene Location Risk group

DUSP12 1923

HSD17B12 11pll.2
Low

DDX4 5q11.2

IL31RA 5q11.2

FLJ22536 6p22

FLJ44180 6p22

CASC15 6p22

CASC14 6p22 _
High

BARD1 2035

LMO1 11p15.4

HACE1 6016.3

LIN28B 6q16.3
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1.1.3 Neuroblastoma genetic alterations

Many sporadic NB genetic features have been identified to correlate with clinical outcome
and have been used for patient risk stratification and treatment selection for more than
twenty years. The available data suggests that NB genetic aberration patterns fall into two
broad categories: (1) tumors with whole chromosome gains, lack of structural changes,
and hyperdiploid karyotype; and (2) tumors with segmental chromosomal aberrations
(SCAs) and diploid DNA content. While the formers are associated with favorable
prognosis, the latter tend to be associated with worse outcomes. SCAs include partial
losses and gains of chromosomal regions predicted to encode tumor suppressors and
oncogenes, respectively. Some of these cytogenetic changes are implicated in the
pathogenesis and aggressiveness of NB tumors (i.e. MYCN amplification) and have
proven to be useful in predicting clinical behavior [4,5,11,24].

1.1.3.1 Segmental chromosomal copy number alterations

Almost all high-risk neuroblastomas show recurrent segmental chromosomal aberrations.
SCAs can arise from unbalanced chromosome translocations or gains and losses of
smaller fragments due to defects in DNA maintenance or repair pathways. The most
frequent SCAs detected in NB are segmental losses at 1p, 3p, 4p, 11q and 14q; and 1q,
2p, and 17qg gains. The high frequency of SCAs coupled with the lack of recurrent
mutations in protein-coding genes led to the hypothesis that chromosome deleted regions
may contain tumor suppressor genes while the gained regions may harbor oncogenes.
Although SCAs in 3p, 4p, 14q and 2p are relatively common, the most found in high-
risk/stage 4 NB that behave as significant prognostic factors are 17q, 1p and 11q
[22,24,25]. Trisomy of 17q occurs in over 50% of NBs representing the most frequent SCA
in NB. Gain of 17q correlates with adverse clinical outcome, older age, MYCN
amplification, diploidy and commonly occurs with 1p deletion [26,27]. Deletion of 1p
occurs in 23-35% of NBs and is highly associated with MYCN amplification, HR-NB
clinical features and poor prognosis [28]. For its part, loss of 11q is detected in up to 30-
40% of NBs. Though they also correlate with poor prognosis, tumors with 11q deletion
generally lack 1p deletions and MYCN amplification. Thus, it has been suggested they
may represent a distinct tumor category in the subset of patients with advanced-stage
disease without MYCN amplification [29,30].

Recent studies demonstrate that the prognostic impact of segmental alterations is more
significant than the individual chromosome losses or gains. Comprehensive cytogenetic
prospective studies should further determine whether the presence of SCAs provide
valuable prognostic information to identify additional subsets of NB patients with aggressive
disease, particularly within the MYCN non-amplified tumors. Therefore, detection of SCAs
may become essential in the assessment of NB patients potentially replacing tests that
detect single-gene losses or gains [24,31].
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1.1.3.2 Tumor cell ploidy

DNA index (DI), DNA content or ploidy is the amount of DNA within the nucleus of tumor
cells. Changes of total DNA content presumably result from mitotic dysfunction. DNA
content has been used for risk assignment and is an important indicator of treatment
success. NBs with a higher DNA content (DI>1), i.e. hyperdiploid or near-triploid tumors,
carry whole chromosome copy number changes and are associated with lower tumor
stage, better response to therapy and an overall more favorable prognosis than diploid
tumors (DI=1). Diploidy and/or tetraploidy are more common in advanced-stage tumors
and correlate with SCAs, MYCN amplification, poor outcome and refractory disease.
Nevertheless, the prognostic value of ploidy on the outcome of NB is more accurate in
infants less than twelve months of age and patients with disseminated disease. This is
probably because older patients tend to have structural chromosome rearrangements
other than hyperploidy [32—34].

1.1.3.3 MYCN amplification

The MYCN oncogene (V-Myc avian myelocytomatosis viral oncogene neuroblastoma
derived homolog, so-called because of its identification in NB cells) is located at the distal
short arm of chromosome 2 (2p24.1). MYCN amplification (>10 copies per cell) was
identified in the early 80’s as a prognostic factor and is present in approximately the 20-
30% of NB tumors [35]. Although the exact mechanism by which amplification occurs is
unknown, it usually results in fifty to four-hundred gene copies per cell, leading to the
production of abnormally high levels of MYCN mRNA and protein [13,36]. The incidence
of MYCN amplification in high-risk tumors is about 50% [4,10]. Many studies have
demonstrated its strong correlation with rapid disease progression, poorly differentiated
tumors, invasive-metastatic behavior, resistance to treatment and significantly worse
outcome, independently of age and disease-stage at diagnosis. Thus, it remains one of
the strongest poor prognosis indicators in NB and is used as a biomarker for risk
stratification [6,11,13,37,38].

In addition to NBs, MYCN-amplification is observed in other tumors of the nervous system
like medulloblastomas, retinoblastomas, astrocytomas, meningiomas and glioblastoma
multiforme. Furthermore, it has been also described in the following non-neuronal tumors:
castration-resistant neuroendocrine prostate cancers, T-cell lymphomas, leukemias,
rhabdomyosarcomas, Wilms tumors, breast tumors, small-cell lung cancers, and
pancreatic tumors (reviewed in [39].

MYCN is a member of the MYC proto-oncogenes family together with MYC (encoding C-
MYC) and MYCL (encoding L-MYC). All three tumor-associated MYC genes have a
characteristic structure composed of highly conserved functional domains interspersed
with areas of diminished conservation. These subtle differences encode for discrete,
independent, domains of the individual MYC polypeptides, although overall MYC proteins
share similar functional roles [40-42]. MYCN is a master regulator of transcription
specifically expressed in neuronal precursor cells during normal embryonic development
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(until two-three months of age). Before this age, elevated levels of MYCN orchestrate cell
proliferation and expansion of the developing nervous system; when embryogenesis is
finished, MYCN levels diminish and allow cells to enter in a resting GO phase and
differentiate [10,43]. Clinical and experimental observations have shown that MYCN
misexpression in migrating neural crest cells is an initiating event of NBs. Studies in
transgenic mice exhibited that overexpression of MYCN is sufficient to drive neuroblast
transformation and development of NB [44]. This is due because MYCN amplification
turns MYCN into a proto-oncogene able to activate genes that affect cancer hallmarks
such as sustained growth and proliferation, vasculogenesis, metastasis, genomic
instability, ribosome biogenesis, metabolism, apoptosis; and repress genes that drive
differentiation and cell adhesion. Therefore, even though MYCN'’s short half-life, the
elevated MYCN steady-state levels in MYCN-amplified cells (over one-hundred times
higher than normal cells) forces cells to be permanently entering G1 phase, unable to step
out into GO [42,45,46].

MYCN encodes for a 60kDa nuclear transcription factor consisting of an N-terminal
transcription activator domain and a C-terminal DNA binding/protein interaction domain.
MYCN is activated by phosphorylation and can both promote and repress the expression
of its target genes. Phosphorylation is also important for the regulation of MYCN protein
stability [40,47,48]. The DNA-binding capacity of MYCN is mediated through a basic helix-
loop-helix (b-HLH) and a leucine-zipper motif (LZ) comprised in the C-terminal domain.
The b-HLH-LZ domain allows MYCN to interact and form heterodimers with the b-HLH-LZ
protein MAX in the nucleus. The resulting MYCN/MAX complex binds to DNA with high
affinity and specificity to CACA/GTG sequences (also termed E-box sequences) found in
the promoters of its target genes [42,49,50]. It is believed that E-boxes are present in
~25% of known promoters, which explains the great impact of MYCN overexpression in
the whole cell transcriptome. Although the presence of an E-box enhances MYCN
chromatin binding, recent publications demonstrate that E-boxes are not sufficient to
explain occupancy of promoters by MYCN/MAX complexes. Most likely, along with direct
DNA interaction, interplay with resident chromatin proteins and other players of the
transcription machinery, plus recruitment of nuclear transcription cofactors to its N-
terminal, seems to be essential to target MYCN/MAX to its chromatin binding sites and
assist transcription of specific genes. MYCN transcriptional repression activities are
supported by the recruitment of co-repressors, such as EZH2, Spl and MIZ1. Interaction
between MYCN and the EZH2 methyltransferase subunit of the polycomb repressor
complex 2 suggests that MYCN could be mediating genetic inhibition through methylation
of target promoters [51]. Concurrently, interaction with Spl and MIZ1 at promoters is
thought to silence gene expression via recruitment of the histone deacetylase HDAC1 [52]
(Figure 6). Adding further complexity to this system, there are evidence that MYCN
influence extends beyond its role as a classic transcription factor for individual genes.
MYCN also regulates miRNAs and long noncoding RNA expression, mRNA translation
and global transcription through re-organization of euchromatin by regulation of histone
acetylation/methylation or displacement of nucleosomes [41,47,53-55]. As a whole, MYC
proteins activate and repress transcription of approximately the 10-15% of the entire
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genome. This major regulation is held on the theory that MYC proteins act on a large
number of genes transcribed by all three RNA polymerases, yet only studies directly
situating MYCN at RNA polymerase Il promoters have been published. Genes targeted by
MYCN involve diverse cellular functions in malignancy: cell proliferation, differentiation,
DNA repair, apoptosis, metabolism, angiogenesis, nucleotide biosynthesis, ribosomal
assembly and cell adhesion and migration [45,56—60].
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Figure 6. Cellular processes controlled by MYCN transcriptional activity. (A) Transcription
activation by MYCN/MAX dimer binding to an E-box sequence. Recruitment of histone acetyl
transferases (P300/CBP and TRRAP-TIP60/TIP48/GCN5 complexes) leads to an open chromatin
state; while MYCN-promoted phosphorylation of the C-terminal domain of RNA polymerase Il
(through P-TEFb and TFIIH) stimulates transcriptional elongation. (B) MYCN/MAX-mediated
repression. Binding to co-repressors MIZ1 and Spl, recruitment of histone deacetylases (HDAC)
through the adaptor protein SIN3, and recruitment of DNA methylase 3a (Dnmt3a; not shown),
represses the chromatin and inhibits transcription of target genes. Figure adapted from [42].

1.1.3.4 ALK mutations or amplification

The anaplastic lymphoma kinase (ALK) (chromosome 2p23) encodes for a 200kDa cell-
surface tyrosine kinase receptor involved in nervous system development. Pathogenic
ALK gain of function mutations have been found in familial and sporadic NB tumors (~50%
and ~10% of cases, respectively). ALK abnormalities include copy number gain (2-3%)
and missense activating mutations (8-14%). ALK mutations in sporadic NB tumors are
observed in tumors from all clinical risk groups and are associated with poor outcome in
5-15% of cases. High ALK protein levels also correlates with poor outcomes independent
of mutation status [61-64]. ALK mutations are mainly concentrated in three residues from
the kinase domain: R1275, F1174 and F1245, which can be substituted by different
aminoacids (Figure 7). The common ALK™"" mutation has been found to be able to drive
NB in mice models, hence, ALK is considered an oncogenic driver of NB [65,66].
Furthermore, ALK amplification usually correlates with MYCN amplification, supposedly
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because both are closely located in chromosome 2p. Specially, F1174L mutation is highly
associated with MYCN-amplification. It is also estimated that ALK takes part in MYCN
overexpression by enhancing MYCN transcription and stabilization. Thus, patients
harboring both alterations have worse event-free survival expectations than patients with
none [67-69]. For all of this, ALKis considered a predictive biomarker and
therapeutic target for a selected group of NB patients. However, early-phase clinical trials
using targeted therapy against ALK in NB have been disappointing and further
investigations require patients stratification based on ALK alterations [67,70,71].

Besides NB, aberrant ALK protein activity has been described in other tumors such as
anaplastic large-cell Ilymphoma, diffuse large B-cell lymphomas, inflammatory
myofibroblastic tumors, non-small-cell lung cancer, squamous cell carcinoma, melanoma,
glioblastoma multiforme, retinoblastoma, rhabdomyosarcomas, Ewing sarcoma, some
subtypes of breast cancer, malignant fibrous histiocytoma and leiomyosarcoma (for a
review see [72-74].
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Figure 7. Schematic representation of ALK protein structure and mutations found in NB. ALK
is composed by an extracellular domain that contains two MAM domains and a low-density
lipoprotein domain, a transmembrane domain and an intracellular kinase domain. Mutations in the
residues R1275, F1174 and F1245 are three most common ALK mutations in NB (frequency
provided in brackets). Other low frequency mutations (>20) are noted with an asterisk. Figure
adapted from [71]

1.1.3.5 Other somatic genetic alterations

Over the past few years, some extra recurrently mutated genes have been identified in
NBs, although the general frequencies of mutations are low or restricted to a few
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subpopulations of patients. GWAS, whole exome, and whole genome sequencing studies
uncovered mutations in ATRX, TERT, ARID1A/1B, LIN28B, NTRK1, PTPN11, MYCN,
TP53, PTPRD and NRAS [18,21,75-80]. Below, some of the most remarkable candidates
are summarized.

a-Thalassemia/mental retardation syndrome X-linked gene (ATRX) encodes a RNA
helicase protein involved in chromatin remodeling, nucleosome assembly and telomere
maintenance. Otherwise, it is also thought to have a role in epigenetic regulation [81].
ATRX loss-of-function mutations are detected in approximately 10% of NB cases, but this
percentage increases up to 44% in the subset of children older than 12 years with
metastatic disease. Loss of ATRX expression correlates with chronic progressive chemo-
resistant disease, late recurrences and poor outcome. However, ATRX mutations are
usually mutually exclusive from MYCN amplification [4,76,82].

Other genes involved in chromatin remodeling that are thought to have a role in NB
pathogenesis are the polycomb complex genes AT-rich interactive domain 1A and 1B
(ARID1A/1B). Deletions and point mutations of ARID1A and ARID1B have been detected
in approximately 11% of NB tumors and are associated with early resistance to therapy
and low survival rates [78].

Recurrent genetic rearrangements in a region proximal to the promoter of telomerase
reverse transcriptase gene (TERT) were recently described in approximately 20-25% of
HR-NBs. Studies have shown that these mutations place TERT side to strong
transcription enhancers confiscating its activity to increase expression of TERT [75,83].
Intriguingly, MCYN positively regulates TERT transcription but TERT mutations are
usually not present in tumors with MYCN amplification. Thus, it is hypothesized that all
HR-NBs require a way to activate TERT either by MYCN signaling or mutation of the
proximal promoter region [8,76,82].

Finally, another gene that has been found mutated in NB is NTRK1, which encodes the
tyrosin kinase receptor A (TRKA) [79,84]. The TRK receptors regulate growth and
differentiation of the nervous system and are thought to have a role in NB pathogenesis.
High expression of TRKA is normally found in low risk NBs and has been reported to
indicate favorable prognosis [85-87], perhaps because it may mediate apoptosis or
differentiation in this tumors. In addition, MYCN appears to down-regulate TRKA by
deacetylation and/or methylation of NTRK1 promoter to induce a repressed chromatin
state [52,88,89]. On the other hand, high expression of TRKB (encoded by NTRK2) is
found in unfavorable tumors, particularly those with MYCN amplification, and might
provide a constitutive active autocrine survival pathway in HR-NB. It is assumed that the
pathways induced by TRKB are implicated in resistance to chemotherapy and up-
regulation of MYCN transcription [85,86,90].

37



Introduction
Neuroblastoma clinical presentation and diagnosis

1.1.4 Neuroblastoma clinical presentation and diagnosis

NB is a neuroendocrine tumor originated from the cells of the developing sympathetic
nervous system. About 50% of NBs arise in the adrenal medulla while the rest originates
along the paraspinal ganglia or other sympathetic ganglia, anywhere from the neck to the
pelvis.

Most patients are asymptomatic with tumors that are incidentally diagnosed on routinely
physical examinations. However, some patients do present clinical signs and symptoms
tightly dependent on the site of the primary tumor, extent of metastatic disease and
associated paraneoplastic syndromes. Approximately, half of patients present localized or
regional disease at diagnosis. Primary tumors can arise from anywhere in the sympathetic
nervous system but the majority does in the adrenal medulla (~50%). Primary site location
is associated with age and outcome, and tumors occurring at the adrenal medulla predict
poorer survival than tumors in other regions [4,91]. Whereas localized disease is often an
incidental finding, large abdominal tumors can cause hypertension, abdominal distension
and pain due to compression of abdominal viscera. Pelvic tumors may cause constipation,
bladder dysfunction and low extremity pain or weakness. Thoracic tumors are more
common in infants and can cause dysphagia, dyspnea, or rarely, thoracic outlet
syndrome. Tumors closer to the neck might damage the cervical ganglion causing Horner
syndrome, symptoms of which include ptosis, miosis, enophthalmos and anhidrosis.
Tumors arising in any of these locations can grow along spinal nerves towards the spinal
cord and invade the neural foramina, what can lead to spinal cord compression and
neurological deficits such as progressive paralysis [5,8].

Children with extensive metastatic disease tend to be quite unwell at presentation.
Regional lymph node spread is detected in 35% of patients at the time of diagnosis,
whereas distant metastatic disease is detected in approximately the 50% of cases [4,8].
Metastases are disseminated through lymphatic and hematologic routes, and the most
common sites include bone marrow and cortical bone. Nevertheless, infants can present a
different pattern of metastases characterized by blue subcutaneous skin nodules
(associated with a favorable prognosis) and massive liver infiltration, which might develop
with respiratory distress, coagulation disorders or renal impairment. Metastasis in other
organs can appear with bone pain, fever, weight loss, symptoms of anemia or
thrombocytopenia, and proptosis, periorbital ecchymosis and visual impairment in the
case of periorbital metastasis [92—94].

In a very rare phenomenon, NB can originate associated paraneoplastic syndromes.
When tumor cells secrete vasoactive intestinal peptide, “VIPomas”, this can lead to
intractable watery diarrhea in some patients [95]. Paraneoplastic presentation with
opsoclonus myoclonus syndrome (OMS) has also been reported in 2-3% of patients. OMS
is a rare neurological disorder associated with favorable NB tumors characterized by
opsoclonus (spontaneous, rapid, multidirectional eyes movements), myoclonus
(involuntary muscle twitching) and cerebellar ataxia. OMS neurologic symptoms are most
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likely attributable to an autoimmune process against anti-neuronal bodies that cross-react
with cerebellar tissue [96].

NB diagnosis requires a combination of laboratory tests, radiographic imaging and
histopathological assessment of the tumor tissue. Tumor stage, pathology and prognostic
molecular features are determined at diagnosis. According to these characteristics plus age
at diagnosis, patients will be stratified in different risk groups.

The median age at diagnosis of NB is between eighteen and twenty-two months.
Approximately 40% of patients are diagnosed at infancy (<1 year of age) and 90% of
patients under five years of age. Age at diagnosis is an important risk factor: patients aged
under eighteen months are more likely to have spontaneous regressing disease or to only
require surgical management; whereas children older than eighteen months tend to have
metastatic, life-threatening tumors, usually refractory to treatment. As for adolescents and
adults, they rarely develop NB (<5% of all cases) but the disease usually has poor overall
outcome in this age group [3-6,8,97].

The medical tests used to confirm diagnosis of a clinical suspicion of NB divide into five
further pillars: complete blood works, urine and serum laboratory tests, radiographic imaging
and metastatic evaluation, pathology assessment and tumor genomic characterization.
Initially, a complete blood count, prothrombin and partial thromboplastin time, and levels of
uric acid, electrolytes, creatinine and liver function indicators, should be tested. Urine
composition should also be analyzed. Nearly all NB patients have increased levels of
catecholamines or its metabolites (dopamine, homovanillic acid and vanillyimandelic acid) in
the urine. The amount and ratios of chatecolamine metabolites detected correlate with the
differentiation grade of tumor cells and is associated with biologically unfavorable disease
[98]. Additionally, detection of larger neuron-specific enolase, lactate dehydrogenase or
ferritin in serum has been described as NB unfavorable prognostic markers, even though
they are not disease-specific [99-101] (Table 2).

NB imaging by computed tomography scan (CT) or magnetic resonance imaging (MRI) is
used to determine extent of primary disease and evaluate the spread of regional or distant
metastatic deposits. Radiographic imaging is a useful tool to delimit surgical excision and
specify tumor staging as it reveals the presence of image-defined risk factors (IDRFs) [102].
In case of metastatic disease, 123iodine-metaiodobenzylguanidine (123I-mIBG) positron
emission tomography/computed tomography scan (PET/CT) ensures localization of
metastatic disease in soft tissues, bone and bone marrow (Table 2). ***I-mIBG uses
radiolabelled mIBG, a norepinephrine analogue that selectively concentrates in sympathetic
nervous tissue. However, in NB patients non-avid for **’I-mIBG (~10%) it can be substituted
for '®F-fluorodeoxyglucose or *’technetium bone scintigraphy. Nevertheless, complete
staging and diagnosis of metastatic disease would require tissue biopsies and bone marrow
aspirates for histological examination [103—-106].
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Table 2. Medical tests for neuroblastoma diagnosis
Laboratory tests
Complete blood test

Prothrombin time and partial thromboplastin time

Electrolyte, creatinine, uric acid and liver function levels

Urine dopamine, HVA and VMA lewels and ratios

NSE, ferritin and lactate deshydrogenase levels

Tumor imaging

CT or MRI of primary site, chest, abdomen and pelvis

CT or MRI of the head and neck if clinically involved

123 mIBG scan

18F_fluorodeoxyglucose scan for 2°l-mIBG non-avid tumors
Pathology tests

Tumor biopsy with IHC (differentiation grade, MKI, stromal content)
Bone marrow aspirate and/or metastatic tissue biopsy with IHC
Molecular tests

MYCN FISH

aCGH or other study for SCAs

DNA ploidy

Optional: genomic sequencing for relevant mutations

HVA, homovanilic acid; VMA, vanillyimandelic acid; NSE, neuron-
specific enolase; IHC, immunohistochemistry; MKI, mitosis-karyorrexis

index; FISH, fluorescent in situ hybridization; aCGH, array comparative
genomic hybridization; SCA, segmental chromosomal aberration.

Tumor histological characterization and the grade of neuroblastic differentiation are
essential for NB diagnosis (Table 2). They are two of the major criteria to classify tumors
into favorable and unfavorable categories as they are compelling risk factors proven to
predict outcome. Additionally, the presence of stromal Schwannian cells and the mitosis-
karyorrexis index (MKI) are other important histological features taken under consideration.
Based on the histological evaluation, the International Neuroblastoma Pathology
Classification (INPC) differentiates peripheral neuroblastic tumors in four categories with
different  clinical behavior:  neuroblastoma, ganglioneuroblastoma intermixed,
ganglioneuroblastoma nodular and ganglioneuroma (Table 3). The neuroblastoma category
is further divided into three subtypes (undifferentiated, poorly differentiated and
differentiating) depending on the grade of neuroblastic differentiation. Most NBs are
undifferentiated tumors composed of immature small round blue cells (neuroblasts) with
hyperchromatic nuclei that positively stain for neuron specific enolase, tyrosine hydroxylase,
synaptophysin, and NB84. On the other hand, ganglioneuroblastomas (GNB) show partial
histological neural differentiation, while ganglioneuromas are the most differentiated tumors,
consisting of mature neurons clusters surrounded by a dense Schwannian cells stroma
[7,107].
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Table 3. International NB Pathology Classification

Category and subtype Stroma development Prognostic MKI Age (years)

Neuroblastoma

Undifferentiated Schwannian-poor (0 or <50%) Unfawourable  Any Any

Poorly differentiated = Schwannian-poor (0 or <50%) Unfavourable >4% Any
Unfawurable Any >1,5
Favourable <4% <15

Differentiating Schwannian-poor (0 or <50%) Unfawurable  Any >5
Unfawurable >4% <1,5
Unfavourable >2% 1,5to5
Fawvourable <4% <15
Fawourable <2% 1,5t05

GNB nodular Schwannian-rich/dominant/poor Unfawourable/favourable
GNB intermixed Schwannian-rich Fawvourable
Ganglioneuroma Schwannian-dominant Fawourable

GNB, ganglioneuroblastoma; MKI, mitosis-karyorrexis index.

Tumor molecular biology is also assessed at diagnosis because it provides additional
information to allocate tumor risk classification. MYCN amplification, diploidy and 17p, 17q
and/or 11q SCAs are associated with poor prognosis. MYCN amplification is frequently
determined using fluorescent in situ hybridization (FISH), but, in spite of this technique,
determination of a MYCN genetic expression signature or increased MYCN protein levels
might also correlate with poor outcome in tumors without MYCN amplification. For its part,
ploidy and 17p, 17q and/or 11g SCAs are respectively assessed by flow cytometry and
array comparative genomic hybridization (aCGH). Incorporation of next generation
sequencing techniques to NB diagnosis would facilitate simultaneous assessment of
amplifications, deletions, SCAs and other relevant mutations (i.e. ALK and/or RAS
pathway proteins) from a single small tumor biopsy sample, allowing patients to early
benefit from precision therapy [8,36,76].
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1.1.5 Neuroblastoma staging and risk stratification

The International Neuroblastoma Staging System (INSS) has been the most widely
accepted standard criteria for NB staging used for the past three decades. The INSS was
principally based on the feasibility of surgical resection and metastases [108]. In 2009, the
International Neuroblastoma Risk Group (INRG) task force (formed by the major
international pediatric cooperative groups) published their recommendations for a new
staging and risk group stratification system, the INGRSS. The INGRSS was designed to
homogenize NB pretreatment risk groups to facilitate the comparison between risk-based
clinical trials conducted by different cooperative groups internationally, hence providing
insight into the best treatment strategies. Unlike the previous INSS, the INRGSS stratifies
patients according to pre-treatment tumor characteristics that have been found to
influence outcome in patients, being NB INGR stage one of them. The INRG stage is
determined by radiological imaging based on the extent of disease at the time of diagnosis
and image-defined risk factors (IDRFs). IDRFs identify elements that represent a life-
threatening condition for the patient and/or threats for surgical resection (Table 4). Thus,
IDRFs are predictive of worse event-free and overall survival.

Table 4. Imagine-defined risk factors in neuroblastoma
All sites

Tumor size

Tumor fragility

Tumor extension within two body compartments
Intraspinal tumor extension

Infiltration of adjacent organs/structures

Neck

Encasement of carotid, vertebral artery and/or jugular vein
Encasement of brachial plexus roots
Compression of the trachea

Extension to base of skull

Thorax

Encasement of subclavian vessels

Encasement of aorta and/or major branches
Lower mediastinal tumor

Compression of trachea and/or principal bronchii
Abdomen

Encasement of celiac axis

Encasement of superior mesenteic artery, aorta or vena cava
Encasement of iliac or hypogastric vessels

Compromise of kindey or ureter

Pelvis tumor crossing the sciatic notch
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There are four INRG stages: local stages L1 and L2; and metastatic stages M and MS. L1
tumors are locally restricted to one body compartment and do not meet criteria for any
IDRFs. L2 are locorregional tumors with the presence of one or more IDRF. Patients
classified as M have distant metastasis; and MS stage describes a subset of patients
under eighteen months of age with metastatic disease restricted to the liver, skin and/or
bone marrow.

Together with the INGR stage, the whole of the tumor characteristics considered by the
INGRSS classification are: INGR stage, patient age, histologic category, grade of tumor
differentiation, MYCN amplification status, segmental chromosomal aberration events and
DNA ploidy. Depending on the presence or absence of these prognostic factors, patients
are stratified into very-low-risk, low-risk, intermediate-risk or high-risk groups, what aids
clinicians to assign the treatment plan (Table 5). Very-low-risk is defined as an EFS of
>85%, low-risk EFS is 75-85%, intermediate-risk EFS is 50-75% and high-risk EFS is
<50% [109-111].

Table 5. Modified international neuroblastoma risk groups

INGR stage Age (months) Histologic category Grade of differntiation MYCN Genomic profile Ploidy Risk group
L1 Any GNB nodular, NB Any - Any Any Very-low
L1/L2 Any GN, GNB intermixed Any - Any Any Very-low

L2 <18 GNB nodular, NB Any - Fawourable Any Low

L2 218 GNB nodular, NB Differentiating - Fawourable Any Low

MS <12 Any Any - Fawourable Any Low

L2 <18 GNB nodular, NB Any - Unfavourable Any Intermediate
L2 218 GNB nodular, NB Differentiating - Unfavourable Any Intermediate
L2 218 GNB nodular, NB Poor or undifferentiated - Any Any Intermediate
M <18 Any Any - Any Hyperdiploid Intermediate
M <12 Any Any - Unfavourable and/or diploid Intermediate
MS 12-18 Any Any - Fawourable Any Intermediate
MS <12 Any Any - Unfavourable Any Intermediate
L1 Any GNB nodular, NB Any + Any Any High

L2 218 GNB nodular, NB Poor or undifferentiated + Any Any High

M 12-18 Any Any - Unfavourable and/or diploid High

M <18 Any Any + Any Any High

M 218 Any Any - Any Any High

MS 12-18 Any Any - Unfavourable Any High

MS <18 Any Any + Any Any High

Actualization of the INRG pre-treatment classification (first published in [111]) with emergent
genomic data and current treatment approaches. INRG, International Neuroblastoma Risk Group;
GN, ganglioneuroma; GNB, ganglioneuroblastoma; NB, neuroblastoma; +, amplified; -, non-
amplified; Favorable corresponds to absence of SCAs; Unfavorable corresponds to presence of
SCAs.
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1.1.6 Neuroblastoma clinical management

Two major international cooperative groups have been historically leading the
establishment and introduction of therapeutic strategies for the treatment of NB, the
Children’s Oncology Group (COG) in the USA and the International Society of Pediatric
Oncology European Neuroblastoma (SIOPEN) in Europe. COG and SIOPEN treatment
guidelines depend on the patients’ specific risk category. Successful patient tailoring
according to risk stratification has been improved in the last few years thanks to the better
understanding of NB biology and pre-treatment prognostic risk. This deeper knowledge
has resulted in the INGRSS classification. The INRGSS provides the optimal management
strategy, trying to minimize or avoid treatment in low/intermediate-risk patients. Since the
efficacy and safety of less interventionist regimens in NB with favorable biology has been
demonstrated, there has been a move towards less aggressive chemotherapeutic and
surgical therapy [112-115]. However, as risk group population increases, treatment
intensifies and becomes more aggressive. The treatment of NB is multimodal and can
include a wide range of therapies ranging from only observation to surgery,
chemotherapy, myeloablative chemotherapy with autologous stem cell rescue (AHSCT),
radiotherapy, differentiation therapy, immunotherapy or targeted therapies.

> Observation /surgical resection >
> Chemotherapy >> Surgical resection >
S Induction Surgical - Differentiation therapy
LU TR >chemotherapy>> resection>> RS ST >>Rad|at|on>> +immunotherapy

Figure 8. NB treatment overview by risk classification. Patients with asymptomatic very-low and
low-risk disease are managed with surgical resection or observation alone, with tumors likely to
spontaneously regress. Intermediate patients are treated with 2-8 cycles of chemotherapy,
depending on response, as well as primary tumor surgical resection. High-risk patients are treated
with intensive multimodal therapy, including chemotherapy, surgery, myeloablative therapy (MAT)
with autologous hematopoietic stem cell transplantation (AHSCT), radiation to tumor bed,
immunotherapy and differentiation maintenance therapy.

1.1.6.1 Very-low-risk and low-risk neuroblastoma

Very-low-risk and low-risk NB (Table 5) account for nearly 50% of all diagnosed NB. In
this subset of patients, cooperative group trials from the COG and SIOPEN evaluating
reductions in therapy demonstrated that a five-year OS greater than 90% could be
achieved with minimal therapy [8,112,116].

For patients with very-low-risk or low-risk disease without clinical symptoms, surgery
alone could be sufficient (Figure 8). Even if resection is not complete, residual disease is
not considered a risk factor for relapse and patients can be safely observed without going
through chemotherapy. Minimal chemotherapeutic intervention in low-risk patients is
indicated only for symptomatic or progressive patients. Still, the number of chemotherapy
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cycles should be limited to the resolution of clinical symptoms or until >50% tumor volume
reduction is achieved [112,113,115,117,118].

In addition to this guidelines, infants <6 months of age who present small adrenal masses
can remain under observation without any treatment. Unless the tumor grows or spreads,
the only requirement would be serial monitoring with physical exams, ultrasound tumor
imaging and analysis of VMA/HMA urine ratio. These very-low-risk tumors often regress
spontaneously and patients have excellent survival outcomes. Together with the fact that
any surgical problem at this age may cause serious side effects, non-medical intervention
has been established as the standard. Furthermore, some authors argue that this protocol
could be extended to older patients [115,119]. The observation protocol was reported in a
COG pilot study by Nuchtern and colleagues (NCT00445718) [119]. It is worth mentioning
that despite the general excellent prognosis of this patients, the standards set by the COG
prospective trial recommend a move from observation to surgical resection if there is a
50% increase in tumor volume, a 50% increase in above catecholamines baseline levels,
or if abnormal catecholamine ratios or levels do not return to baseline within a period of
six-twelve weeks, respectively.

Nevertheless, the data collected supports continuous attempts to reduce surgery and
chemotherapy exposure for most low-risk asymptomatic patients.

1.1.6.2 Intermediate-risk neuroblastoma

This cohort comprises INGR stage L2 tumors MYCN non-amplified but either
undifferentiated or with unfavorable genomic features, and stage M tumors <18 months
and MS tumors <12 months diploid DNA index or unfavorable histopathological features
(Table 5). The scheduled treatment for intermediate-risk patients is moderated multi-agent
chemotherapy plus surgical resection. Intermediate-risk chemotherapy consists of two to
eight cycles of carboplatin, cyclophosphamide, doxorubicin and etoposide regimen
depending on the response to treatment. The drug doses given to these patients are less
intensive than those prescribed to high-risk patients. Total surgical resection of the
residual primary tumor is indicated when possible, but complete resection is not essential
(Figure 8). Survival following surgical resection and chemotherapy is higher than 90% for
children [114,120,121]. However, treatment with chemotherapy alone for patients older
than one year with unresectable disease and unfavorable features might not be enough.
These tumors have an estimated overall 5-year survival of 70% and should be given a
more intensive regimen including local radiotherapy [122,123].

Moreover, adaptation to a chemotherapeutic regimen reduced in length and intensity is
being evaluated for specific subsets of intermediate-risk patients depending on response
to therapy, genomic profile and histology. Thus far, two prospective COG trials
(NCT00003093 and NCT00499616) have reported excellent OS rates when patients were
treated for a shorter time and with lower doses compared to previously used regimens.
Ongoing COG study for non high-risk disease NCT02176967 and SIOPEN LINES trial
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NCT01728155 for low- and intermediate-risk NB are supposed to determine the impact of
further decrease or even elimination of chemotherapy for intermediate-risk patients with
favorable histology and genetic features.

1.1.6.3 High-risk neuroblastoma

Approximately, more than 80% of patients with HR-NB are children older than eighteen
months of age with INRG stage M disease, and patients from twelve to eighteen months
with stage M disease and unfavorable tumor biological features (MYCN amplification,
unfavorable genomics and/or diploid). The remaining HR-NB patients are either older than
twelve months with stage MS and unfavorable genomics or patients with MYCN
amplification regardless of age or any other characteristic (Table 5) [111]. The 5-year
overall survival probability for patients with HR-NB has improved over the last twenty
years from less than 30% (patients diagnosed from 1990 to 1994) to the current 50%
(patients diagnosed from 2005 to 2010) [124]. Continuous evolution of treatment regimens
to more intense therapies are at the base of this progress. Nevertheless, long-term
survival rates remain poor and further advances in treatment are imperative, specially
focusing on sharpening chemotherapy regimens and complementing it with targeted
therapies.

Consolidation Post-consolidation

PBSC harvest
- Immunotherapy +
>Chemotherapy>> Surgery >> MAT > AHSCT Radiation > isotretinoﬁlpy >

COG regimen: CEM: 20-36Gy ~ Chl4.18
Vincristin Carboplatin GM-CSF
Doxorubicin Etoposide IL-2
Cyclophosphamide Melphalan 13-cRA
Topotecan (+ Thiotepa-cyclophosphamide)
Cisplatin
Etoposide BuMel:

Busulphan
Rapid COJEC: Melphalan
Doxorubicin
Cyclophosphamide
Cisplatin
Etoposide
Carboplatin

Figure 9. Overall treatment strategy for HR-NB. Current standard-of-care treatment approach for
HR-NB consists of three treatment blocks. (1) Induction therapy includes combination
chemotherapy, peripheral blood stem cells harvest (PBSC) and cytoreductive primary tumor
resection after 23 cycles of chemotherapy. (2) In consolidation therapy, high-dose MAT with AHSCT
are used to eliminate remaining disease, followed by radiotherapy to the primary tumor bed. (3)
Post-consolidation therapy for minimal residual disease includes anti-GD, antibody, cytokines and
isotretinoin.
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Current treatment for HR-NB is multimodal and encompasses three sequential phases
(Figure 9). Phase | consists of induction chemotherapy and local control. The aim of
induction treatment is to improve surgical resectability by reducing tumor size in primary
and metastatic sites using a combination chemotherapy regimen. Induction chemotherapy
regimens change between centers, but in general the North American induction regimens
(COG standards) consist of four cycles of combined administration of vincristine,
doxorubicin, cyclophosphamide and, more recently, topotecan, alternated with 2 cycles of
cisplatin and etoposide, accounting for a total of 6 chemotherapy cycles delivered every
21 days [125,126]. In Europe, the SIOPEN uses a time-intensive regimen termed “rapid
COJEC” (SIOPEN HR-NBL-1) whereby cycles are delivered at 10 day intervals. Rapid
COJEC comprises two courses of vincristine (O), carboplatin (J), etoposide (E); four
courses of cisplatin (C) and vincristine; and two courses of vincristine, etoposide and
cyclophosphamide (C) [127,128]. Nearly at the end of induction therapy, or at least after
three chemotherapy cycles, delayed surgical resection of the primary tumor is scheduled
to remove the residual cancer bulks [129,130]. Following surgical operation, any
remaining induction chemotherapy cycles are completed. Response to induction therapy
is an important prognostic indicator as patients achieving a complete or very good partial
remission at the end of induction chemotherapy have significantly greater EFS than
patients who have not so good results [131-135].

Phase Il or consolidation therapy is meant to eliminate any residual disease following
induction chemotherapy and surgical local control. It consists of high-dose myeloablative
therapy (MAT) supported by autologous hematopoietic stem cell transplantation (AHSCT)
near the end of induction chemotherapy, although several trials have shown it can be
done after only two induction cycles [125,126]. Furthermore, for some years now,
autologous stem cell rescue from peripheral blood is a reality.

The North American MAT standard of care consists on high-myeloablative doses of
carboplatin, etoposide and melphalan (CEM). However, the COG’s NCT00567567 clinical
trial is studying the upgrade of MAT regimen using high-dose thiotepa-cyclophosphamide
followed by CEM (supported by AHSCT after each myeloablative conditioning) [136-138].
On the other hand, the SIOPEN trial NCT01704716 settled busulfan and melphalan
(BuMel) combination as the European standard of care for MAT over the traditional CEM
regimen [139]. In any case, the addition of intense myeloablative chemotherapy followed
by autologous stem cell rescue to HR-NB treatment has meant a significant improvement
in EFS [140,141]. Following AHSCT recovery, consolidation therapy generally embraces
local external radiation to primary tumor bed.

Finally, phase Il or post-consolidation maintenance therapy is meant to eradicate minimal
residual disease (MRD) to prevent relapse. Maintenance therapy consists of
administration of isotretinoin (13-cis-retinoic acid, 13-cRA) in combination with the anti-
ganglioside 2 (GD,) antibody ch14.18 (dinutuximab, or the European biosimilar
ch14.18/CHO) and cytokines such as GM-CSF (granulocyte-macrophage colony-
stimulating factor) and IL-2 (interleukin-2) [7,8,124,142-145]. Isotretinoin is an oral non-
cytotoxic differentiation treatment that has been shown to mediate tumor cell
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differentiation and reduce proliferation of NB cells in vitro. On its behalf, GD, is a
disialoganglioside expressed on neuroectodermal tumors, including NB, but limited to
neurons and skin melanocytes in non-transformed cells. The addition of isotretinoin
treatment and immunotherapy after intensive induction chemotherapy and MAT+AHSCT
has demonstrated to significantly improve the 5-year EFS of HR-NB patients
[134,146,147].

1.1.6.4 Relapsed neuroblastoma

Although the outcome for patients with HR-NB has improved over the last decades thanks
to therapy improvements, survival remains poor, with less than 50% of children likely to
achieve long-term cure [7,109]. The main factor of disease progression is related to
conventional chemo- and radiotherapy mechanism of action. While chemo- and
radiotherapy exert its anti-tumoral effect through induction of DNA damage to trigger the
apoptotic program, the majority of childhood malignancies (including HR-NB) present
dysfunctional cell cycle arrest and apoptosis regulation, what leads to treatment failure.
Resistance to chemotherapeutics can be intrinsic (selective pressures permit a pre-
existing minor population of resistant tumor cells to predominate over time) or acquired
(cells become resistant after exposure to chemotherapy). The molecular mechanisms
implicated in drug resistance range from stochastic mutation of drug targets during the
course of treatment to various adaptive responses, such as increased expression of
therapeutic targets, increased rates of drug efflux, alterations in drug metabolism,
diversion through compensatory signaling pathways, constitutive activation of survival
pathways and/or inactivation of programmed cell death pathways [148,149]. For example,
relapsed NB tumors usually show mutations predicted to hyperactivate the RAS-MAPK
signaling pathway that were not present in the primary tumors. Thus, apparently cell
subclones with mutations associated with therapy-resistance expand over time, possibly
under the selective pressure of chemotherapy [150]. Epigenetic changes, tumor
microenvironment factors and/or presence of tumor cells “hidden” in sites of low-drug
penetration (relapses often arise in the bone or bone marrow) have also been identified as
important contributors to chemoresistance [151,152]. HR-NB cells have been shown to
carry many alterations in apoptotic proteins, such as defective p53 [153], overexpression
of BCL2 [154,155] and MCL1 [156,157], deletion or epigenetic methylation of CASP8
[158,159], BIN1 [160], MYCN overexpression [161,162], and others (Table 9).

The acquisition of drug resistance mechanisms often takes place during induction phase.
If the resistant tumor cells are not eliminated at the end of myeloablative and maintenance
therapy, there’s a high probability of disease progression or relapse months to years after
treatment from residual cells refractory to further therapy [8,163-165]. Although there are
manageable cases in which prolonged disease stabilization after tumor recurrence is
possible, relapsed patients rarely live more than one or three years without disease
progression or death [7,8].

The most effective current salvage treatments for relapsed HR-NB are combinations of
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the chemotherapeutic drugs topotecan, irinotecan, temozolomide and cyclophosphamide;
and the radioiodinated metaiodobenzylguanidine therapy (**'I-mIBG). Topotecan and
irinotecan are camptothecin derivatives able to block DNA and RNA synthesis by
inhibiting topoisomerase | activity. They have demonstrated activity as single agents in
clinical studies and are commonly used in the relapse setting because of their efficacy and
acceptable toxicity profile [166,167]. Phase Il clinical trials that included topotecan showed
efficacy in combination with vincristine and doxorubicin (TVD regimen) [168,169],
cyclophosphamide [170,171], etoposide plus cyclophosphamide [172] and temozolomide
[173]. From those, the TVD has been established as standard backbone chemotherapy
regimen as it has been incorporated to the SIOPEN frontline trial for patients failing to
achieve a complete response with induction chemotherapy (HR-NBL-1/E-SIOP treatment
protocol). Furthermore, despite TVD, the combination topotecan plus temozolomide
(TOTEM) is also commonly used as second-line treatment for patients with progressive
NB. Temozolomide is an Oe—guanine alkylating agent that has determined efficacy and
moderate tolerability profile in phase Il studies [174]. The rationale to combine
temozolomide and topotecan was based on the hypothesis that methylation of Oe—guanine
by temozolomide would lead to topoisomerase | recruitment, increasing the probability of
inducing camptothecin-mediated DNA damage [175,176]. The same logic was applied to
clinical trials that combine irinotecan and temozolomide. Phase I/ll studies demonstrated
efficacy and low toxicity of irinotecan plus temozolomide in refractory/relapsed NB
patients [177,178], what contributed to its regular use as second-line regimen mainly in
North America.

On the other hand, ™'I-mIBG therapy, a norephrine analogue taken up by NB cells, is
widely accepted as salvage treatment too. It has proven to be one of the most effective
therapies for HR-NB with a high response rate of 30-40% in refractory and relapsed
disease [179-182]. Since NB tumors are generally radiosensitive, current New
Approaches to Neuroblastoma Therapy (NANT) clinical trials are focusing on the
combination of '*I-mIBG with radiosensitizers and additional anticancer agents in
recurrent/relapsed patients (NCT02035137) [183]. Moreover, **'I-mIBG radiation is also
being tested in phase | trials during induction (NCT01175356, NCT03126916) or
consolidation therapies (NCT00798148, NCT03061656) [184].

Targeted therapies for refractory/relapsed neuroblastoma

Nevertheless, despite current salvage therapies can grant partial or even complete
response, chemotherapy-refractory and relapsed NB remains a major obstacle for
pediatric oncologists and there are no alternative curative options available. The
combination of a resistant disease, a decreased bone marrow reserve and an impaired
function of critical organs, due to previous chemotherapy and radiotherapy, severely limits
the implementation of further therapeutic regimens. The urgent need for alternative
clinically effective options for the recurrence/relapse setting has led to the progress of an
expanding variety of new agents and combinations of targeted therapies with
chemotherapy (Table 6). Targeted therapies involve treatments aimed to interfere with
molecular targets that have a unique expression within the tumor cells while are usually
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absent in normal body cells; and have prospered during the past several years since
progressive genomic sequencing technologies have provided the tools to discover new
tumoral molecular aberrations and therapeutic targets.

Molecular guided therapies

Collaborative programs as the Therapeutically Applicable Research to Generate Effective
Treatments (TARGET) are collecting large datasets on common genetic alterations in
primary and relapsed NB with the aim to integrate them into an individualized clinical
management in a future. To mention some achievements of these proposals, molecular
guided therapies like the use of ALK inhibitors like crizotinib (NCT01606878,
NCT02034981), ceritinib (NCT02780128), lorlatinib (NCT03107988) and entrectinib
(NCT02650401) are being tested in patients with somatic activating ALK mutations or
translocations. Crizotinib had previously reported to have good tolerability and antitumor
activity in children harboring ALK translocations (NCT00939770) [185]. Other examples of
molecularly guided therapies in clinical trials include the study of NTRKs inhibitors
(NCT03155620), the MEK inhibitor trametinib, the p53-MDM2 inhibitor HDM201, the
CDK4/6 inhibitor Ribociclib (NCT02780128 for the last three) and the TrkB inhibitor
lestaurtinib (NCT00084422, [186]) (Table 6).

HDAC inhibitors

Histone deacetylase inhibitors (HDAC) and hypomethylating agents decitabine, vorinostat
and depsipeptide, have also completed at least phase | clinical trials for
refractory/relapsed HR-NB. While alternative strategies of combining decitabine should be
explored to reach its therapeutic threshold [187], the phase | NANT trial NCT01208454
found that high doses of vorinostat on an interrupted schedule in combination with
isotretinoin was tolerable and prolonged stable disease in MRD patients, what warrants
further investigation [188]. Besides, a phase Il is already underway to analyze clinical
activity of vorinostat combined with **'1-mIBG compared to **'I-mIBG monotherapy and
3_mIBG/vincristine/irinotecan (NCT02035137) [183]; and broader combination studies
using vorinostat are ongoing (NCT02559778) to identify HR-NB patient populations that
may have improved responses. On the other hand, phase | COG trial NCT00053963
demonstrated that biologically-relevant doses of depsipeptide (Romidepsin) are well
tolerated in children with refractory or recurrent solid tumors or leukemia, what will
eventually led the way to a phase Il [189]. Lastly, fenretinide is a synthetic retinoid
analogue proven to cause apoptosis in multiple NB cell lines, even those resistant to other
retinoids. Phase | trials of a novel formulation of fenretinide delivered in an oral
powderized lipid complex (LXS) have shown improved bioavailability and promising
results with administration of fenretinide/LXS alone (NANT’s NCT00295919) [190] or in
combination (NCT02163356) (Table 6).
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PI3K/AKT/mTOR inhibitors

Rapalogs and AKT inhibitors are targeted therapies that deserve a particular mention.
Signaling through mTOR pathway (PI3K/AKT/mTOR) is constitutively activated in NB and
is crucial for tumor growth and survival. Supporting preclinical observations where
treatments with mTOR inhibitors hinder NB xenografts growth [163,191,192], several
clinical trials were designed to test the efficacy of PIBK/AKT/mTOR pathway inhibitors in
refractory/relapsed NB (Table 6). Starting from the pathway’ top, the safety and tolerability
of the pan-PI3K inhibitor SF1126 have been put to test in a NANT’s phase | clinical trial
for children with relapsed NB (NCT02337309). Phase 1b expanded arm of the oral AKT
inhibitor perifosine (NCT00776867), from the Memorial Sloan Kettering Cancer Cener
(MSKCC), confirmed the safety and tolerability of therapeutic serum levels of perifosine
and demonstrated promising prolonged disease stabilization in relapsed NB patients
[193]. Ongoing phase Il trials in refractory/relapsed NB include the combination of
metronomic administration of sirolimus (also known as rapamycin, an mTOR inhibitor) and
dasatinib (a tyrosin-kinase inhibitor) with irinotecan and temozolomide (NCT01467986,
from Regensburg University); and sirolimus metronomic administration in combination
with celecoxib, etoposide and cyclophosphamide (NCT02574728, from Emory University).
Discouragingly, although rapamycin analogs and AKT inhibitors were expected to deliver
promising therapeutic results, the majority of them failed in phase Il trials. One of the
reasons underlying rapalogs’ limited scope for action is that oncogenic
PISBK/AKT/mTOR activation usually stems from diverse redundant pathways, what hinders
clinical efficacy of these inhibitors as monotherapies. Furthermore, mTOR inhibition can
activate AKT due to negative feedback loops, leading to activation of compensatory
pathways or rebounded activation of uninhibited isoforms [194,195]. All of these have
been associated to shorter time to progression in clinical trials [145,196]. For example, a
COG’s phase | trial showed good tolerability of temsirolimus (sirolimus derivative) in
combination with irinotecan and temozolomide in children with relapsed or refractory solid
tumors (NCT01141244), so phase Il was launched [197]. However, in phase Il
(NCT01767194) the combination did not meet protocol-defined criteria to be selected for
further study, as only 1 out of 18 patients achieved partial response [198]. In a like
manner, a follow-up phase Il of temsirolimus in children with advanced NB (NCT00106353
by Pfizer) neither did reach primary criteria standards for efficacy [199].

Other target inhibitors

The Aurora A kinase inhibitor MLN8237 or alisertib (NCT01601535) [200] and the VEGF
inhibitor Bevacizumab (NCT02308527) are two examples of targeted therapies under
clinical trials in  combination with  systemic = chemotherapy. Moreover,
difluoromethylornithine (DFMO) is an inhibitor of the ornithine decarboxylase (rate-limiting
enzyme in polyamine synthesis and downstream target of MYC) being studied as targeted
therapy in combination with chemotherapy and immunotherapy (Table 6) (NCT03794349,
NCT02139397, NCT02030964, NCT01059071) [201].
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Other treatments currently in phase | or phase Il studies include the use of Zometa and
Nifurtimox (Table 6). Bone metastasis and progressive osteoclasts degradation are
aggravating circumstances that substantially contribute to the morbidity and mortality of
HR-NB. Because of it, the NANT has designed a clinical trial using a bisphosphonate
(zoledronic acid, Zometa), which is administered in adult malignancies to prevent bone
loss. One phase | clinical trial combining Zometa and metronomic cyclophosphamide
(NCT00206388) has shown a tolerable toxicity profile and prolonged disease stability
[202]. These data prompted a successive study by the NANT consortium adding the
antiangiogenic agent Bevacizumab (NCT00885326). Nifurtimox is an anti-parasitic agent
used to treat Chagas disease currently being assessed in phase Il clinical trials for
refractory/relapsed NB or medulloblastoma administered along with topotecan and
cyclophosphamide (NCT00601003).

Immunotherapy

Multiple phase | or phase Il studies combinations of monoclonal anti-GD, antibodies in
combination with standard chemotherapy regimens (NCT01767194, NCT01183897,
NCT01183884, NCT01183416) [198] or betaglucan adjuvant (NCT02743429) are
ongoing. Remarkably, the prospective phase Il trial NCT00072358 by the MSKCC already
demonstrated significant efficacy of the mouse anti-GD, antibody 3F8 plus GM-CSF and
13-cRA in patients who were treated for relapsed NB [203]. Other immunotherapeutic
strategies in development include immune checkpoint inhibitors [204], immune insulin-like
growth factor inhibitors (IMC-A12) (NCT00831844), anti-GD, vaccines (NCT00911560,
NCT00703222, NCT01192555), cytolytic CD8" T lymphocytes engineered to express
chimeric antigen receptors directed against GD, (NCT00085930, NCT02761915,
NCT02765243, NCT02919046, NCT03373097, NCT02173093) [205] and infusion of
haploidentical NK cells alone (NCT02100891) or combined with anti-GD, antibody therapy
(NCT01576692, NCT02573896, NCT02650648, NCT03209869, NCT03242603) [206]
(Table 6).

Table 6. Open trials for refractory and relapsed NB

Title Drug/agent Mol. target Therapeutic class Enrollment  Phase Sponsor NCT id.

A phase 1 study of -crizotinib
(IND#105573) in combination with
conventional chemotherapy for
relapsed or refractory solid tumors or
anaplastic large cell lymphoma

Molecularly guided
ALK, c-Met therapy and systemic 65 | COoG NCT01606878
chemotherapy

Crizotinib, topotecan,
cyclophosphamide

AcSé CRIZOTINIB: secured access to
crizotinib for patients with tumors
harboring a genomic alteration on one
of the biological targets of the drug

Molecularly guided
Crizotinib ALK, c-Met therapy and systemic 246 I UNICANCER NCT02034981
chemotherapy

Phase | study of lorlatinib (PF-

06463922), an oral small molecule Lorlatinib, topotecan, Molecularly guided

inhibitor of ALK/ROS1, for patients with i N ! ALK therapy and systemic 40 | NANT NCT03107988
. cyclophosphamide

ALK-driven relapsed or chemotherapy

refractory neuroblastoma

Children's

Next generation personalized ~ Ceritinib, trametinib, ALK, MEK1/2, HDM2,  Molecularly guided .
neuroblastoma therapy (NEPENTHE) HDM201, Ribociclib CDK4/6 therapy 105 ! Ho?;pnal Of_ NCT02780128
Philadelphia
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Title Drug/agent Mol. target Therapeutic class Enrollment  Phase Sponsor NCT id.

A phase I/lb, open-label, dose-
escalation and expansion study of
entrectinib (RXDX-101) in children and
adolescents with recurrent or refractory
solid tumors and primary CNS tumors,
with or without TRK, ROS 1, or ALK
fusions

Hoffmann-La
Roche

Molecularly guided

therapy 190 !

Entrectinib TRKA/B/C, ALK, ROS1 NCT02650401

Ensartinib, erdafitinib,
larotrectinib, olaparib,
palbociclib,
LY3023414,

NTRKs, FGFRs, EZH2,
SMARCB1, SMARCA4,
TSC1, TSC2, mTOR,
MAPK, ALK, ROS, BRAF
selumetinib sulfate, V600, ATM, BRCAL,
tazemetostat, BRCA2, RAD51C,
ulixertinib, vemurafenib RAD51D, Rb

NCI-COG pediatric MATCH (Molecular
Analysis for Therapy Choice) screening
protocol

Molecularly guided

1000 I NCI
therapy

NCT03155620

Phase I/l study of MLN8237 in
combination  with irinotecan  and
temozolomide  for  patients  with
|relapsed or refractory neuroblastoma

MLN8237, irinotecan,
temozolomide

Aurora A kinase

Targeted therapy and
systemic chemotherapy

1]

NANT

NCT01601535

Activity study of bevacizumab with
temozolomide  + irinotecan  for
neuroblastoma in children (BEACON)

Bevacizumab,
temozolomide,
irinotecan, topotecan

VEGF

Targeted therapy and
systemic chemotherapy

University of
Birmingham

NCT02308527

A phase Il randomized study of
irinotecan/temozolomide/dinutuximab
with or without eflorithine (DFMO) in
children with relapsed, refractory or
progressive neuroblastoma

Irinotecan
hydrochloride,
temozolomide,
dinutuximab,
sargramostin, DEMO

oDC

Targeted therapy,
systemic chemotherapy,
immunotherapy

95

COoG

NCT03794349

A phase I/l trial of DFMO in
combination  with  bortezomib in
patients with relapsed or refractory
neuroblastoma

DFMO, bortezomib

ODC, proteosome

Targeted therapy

38

]

Spectrum
Health
Hospitals

NCT02139397

N2012-01: phase | study of DFMO and
celecoxib with
cyclophosphamide/topotecan for
patients with relapsed or
refractory neuroblastoma

DFMO, celecoxib,
cyclophosphamide,
topotecan

oDC

Targeted therapy,
systemic chemotherapy,
immunotherapy

30

NANT

NCT02030964

Randomized phase Il Pick the Winner
Study of *4-MIBG, *'-MIBG with
vincristine and irinotecan, or B MmIBC
with vorinostat for resistant/relapsed
neuroblastoma

3. MIBG, vincristine,
irinotecan, vorinostat

HDAC, NET

Targeted therapy,
systemic radiotherapy,
systemic chemotherapy

105

NANT

NCT02035137

Phase | study of fenretinide (4-HPR,
NSC#374551) Lym-X-Sorb (LXS) oral
powder plus  ketoconazole plus
\vincristine in patients with recurrent or
resistant neuroblastoma

Fenretinide,
ketoconazole,
vincristine

N/A

Targeted therapy and
systemic chemotherapy

42

South Plains
Oncology
Consortium

NCT02163356

Prospective, open label, randomized
phase |l trial to assess a multimodal
molecular targeted therapy in children,
adolescent and young adults with
relapsed or  refractory  high-risk
neuroblastoma

Dasatinib, rapamycin,
irinotecan,
temozolomide

mTOR

Targeted therapy and
systemic chemotherapy

114

University of
Regensburg

NCT01467986

AflacST1502: a phase Il study of
sirolimus in combination  with
metronomic chemotherapy in children
with recurrent and/or refractory solid
and CNS tumors

Sirolimus, celecoxib,
etoposide,
cyclophosphamide

mTOR

Targeted therapy and
systemic chemotherapy

60

Emory
University

NCT02574728

NCI-COG pediatric MATCH (Molecular
Analysis For Therapy Choice)- phase 2
subprotocol of Ly3023414 in patients
with solid tumors

LY3023414

mTOR

Targeted therapy

144

NCI

NCT03213678

A phase Il trial of Nifurtimox for
refractory/relapsed neuroblastoma or
medulloblastoma

Nifurtimox, topotecan,
cyclophosphamide

ROS

Systemic chemotherapy

100

Spectrum
Health
Hospitals

NCT00601003

3F8/GM-CSF immunotherapy plus 13-
cis -retinoic acid for primary refractory
neuroblastoma in bone marrow: a
|phase Il stud:

3F8/GM-CSF, 13-cRA

Immunotherapy

31

MSKCC

NCT01183897

Phase Il study of monoclonal antibody
ch14.18/CHO continuous infusion in
patients with primary refractory or
relapsed neuroblastoma

Ch14.18/CHO

Immunotherapy

40

University
Medicine
Greifswald

NCT02743429

Phase | study of oral yeast B-glucan
and intravenous anti-Gp, monoclonal
antibody 3F8 among patients with
n neuroblastoma

3F8, B-glucan

Immunotherapy

45

MSKCC

NCT00492167

Phase Il study of anti-Gp, 3F8 antibody
and GM-CSF for high-risk
neuroblastoma

3F8/GM-CSF

Immunotherapy

340

MSKCC

NCT00072358
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Title

Drug/agent Mol. target Therapeutic class Enrollment  Phase Sponsor NCT id.

Phase I/l trial of a bivalent vaccine with
escalating Doses of the immunological
adjuvant OPT-821, in combination with
oral B-glucan for high-risk
neuroblastoma

Adjuvant OPT-821 in a
Gp2L/GDj3 vaccine Gp2 Immunotherapy 260 i1} MSKCC NCT00911560
linked to KLH, B-glucan

A phase I/ll study of immunization with
lymphotactin and interleukin 2 gene
modified neuroblastoma tumor cells

SKNLP, SINB-JF-IL2, Baylor College

N/A I h 7 I NCT00703222
after high-dose chemotherapy and SJNB-JF-Lptn v mmunotherapy / of Medicine CT00703:
autologous stem cell rescue in patients
with high-risk neuroblastoma
A phase VIl study using allogeneic
tumor cell vaccination with oral SKNLP, SINB-JF-IL2, Immunotherapy and Baylor College

N/A 11 I NCT01192
metronomic cytoxan in patients with SJINB-JF-LTN V systemic chemotherapy / of Medicine CT01192555
high-risk neuroblastoma (ATOMIC)

Administration of peripheral blood T-
cells and EBV specific CTLs
. . Baylor College
transduced to express Gp, specific EBV specific Gp,-CTLS Gp2 Immunotherapy 19 I of Medicine NCT00085930
chimeric T cell receptors to patients
with neuroblastoma
A Cancer Research UK phase | trial of
anti-Gp, chimeric antigen receptor Cancer
(CAR) transduced T-cells (IRG-CART) 1RG-CART/m? Gp2 Immunotherapy 27 | Research UK NCT02761915
in patients with relapsed or refractory
neuroblastoma
Anti-Gp, 4th  generation chimeric
antigen  receptor-modified T Cells i o caRT Goz Immunotherapy 30 g Zhdiang NCT02765243
(4SCAR-Gpy)  targeting  refractory Hospital
and/or recurrent neuroblastoma
Phe.xse Il study of an“TGDZ chlmer!c Bambino
antigen receptor-expressing T cells in Ges Hospital
pediatric patients affected by high-risk Gp2-CARTO1 Gp2 Immunotherapy 42 111l and Research NCT03373097
and/or relapsed/refractory Institute
neuroblastoma
Treatment of neuroblastoma and Gp,
positive tumors with activated T cells | 5 & BiaaTC GM- University of
armed with OKT3 X humanized 3F8 ' ' Goz Immunotherapy 40 U Virgina Y NCT02173093
bispecific antibodies (GD2Bi): a phase
I/l study
Phase 2 solid tumor immunotherapy .
trial usin, HLA-haploidentical ~Allogeneic HCT and Medical
9 P 9 N/A Immunotherapy 20 Il College of NCT02100891
transplant and donor natural killer cells:  donor NK cells infusion . .
N Wisconsin
the STIR trial
A phase | dose escalation study of
autologous expanded natural killer (NK) Ch14.18, donor NK
cells for immunotherapy of cells infusion, Gp2 Immunotherapy 24 I NANT NCT02573896
relapsed/refractory neuroblastoma with lenalidomide
dinutuximab +/- lenalidomide
Phase | study of the humanized anti- Cyclophosphamid
- . yclophosphamide,
Goz antibody HU3FS and allogeneic o '\ cells infusion, Goz Immunotherapy and 36 I MsKcc NCT02650648
natural  killer cells for high-risk systemic chemotherapy
HUF8, riL-2
neuroblastoma
Treatment of relapsed or refractory
neuroblastoma with ex-vivo expanded Donor NK cells infusion University of
. . . Gy I thy 6 | . ! NCT03209869
and activated haploidentical NK cells and HuF8 2 mmunotherapy Wisconsin
and Hu14.18-IL.2
. . Singapore
Pilot study of anti-G d ded, . . N
I:-] fz y (: a|n |I<-||Dz an” ~ef>;p?n efo’ Anti-Gp antibody and G Immunotherapy 5 yy National NCT03242603
i natural killer infusion for -
:gu\rﬁb?as(oamuaa er ce sto donor NK cells infusion o2 University
Hospital

Mol. target, molecular

target; NCT id., National Clinical Trial identifier number; ODC, ornithine

decarboxylase; ROS, reactive oxygen species; NET, norepinephrine transporter; HDAC, histone
deacetylase; COG, Children’s Oncology Group; NANT, New Approaches to Neuroblastoma
Therapy; MSKCC, Memorial Sloan Kettering Cancer Center.

1.1.6.5 Accelerating drug development for neuroblastoma

Despite all these new selected agents and targeted therapies under study, further
advances in the understanding of HR-NB molecular biology are urgently needed in order
to enhance the identification of tumor specific genetic alterations and biomarkers that may
harbor therapeutic potential, as well as to define patients at greatest risk of treatment

failure or recurrence.

Thanks to the improvements in technology, it is expected that future
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studies will move toward more refined risk classifications and treatments based on
precision tailored therapies.

However, for the moment, in order to accelerate the development of new alternative drugs
for patients with HR-NB and promote their introduction into clinical trials, the Innovative
Therapies for Children with Cancer (ITCC), the European Network for Cancer Research in
Children and Adolescents (ENCCA) and the International Society of Pediatric Oncology
Europe Neuroblastoma Group (SIOPEN) established in conjunction the New Drug
Development Strategy (NDDS) project in 2012. The aim of the NDDS is to accelerate the
development of new targeted-drugs for patients with NB and promote their introduction
into clinical trials. In agreement with the NDDS, the selection of therapeutic targets for
drug development must be subjected to tumor biology, tumor-specificity and must have
been validated to be essential for tumor progression. Based on pre-clinical efficacy data,
potential combinations and availability of biomarkers, the prioritized targets for NB were:
ALK, MEK, CDK4/6, MDM2, MYCN, BIRC5 and CHK1 [207]. Drugs targeting MYCN were
ranked as high priority as its expression has been found to be selectively confined on the
tumor tissue in several pediatric solid tumors with poor outcome [38,39,208,209].
However, the majority of the compounds being developed to target MYCN are still in
preclinical studies or in adult cancer clinical trials. Only one CHK1 inhibitor, one
methylating agent and some drugs that hamper MYCN stability are being tested in
pediatric cancer clinical trials. Isotretinoin is the only being used in therapy [39,210].
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1.2 Lipid analogs as alternative cancer therapies

It is almost imperative to find additional options for cancer therapy based on selective
agents that target specific characteristics and/or deregulated pathways in cancer cells.
These agents are considered to have better tolerability and fewer side effects than non-
specific chemotherapeutic drugs. According to this strategy, one therapeutic alternative is
the use of lipid analogues. Lipid analogues are small synthetic derivatives from natural
lipids characterized for having low toxicity profile in animal models but high citotoxicity in a
broad spectrum of human tumor cell lines in vitro. Lipid-derived drugs are designed to
modify membrane lipid structures of cells and/or internal organelles to induce alterations
in the propagation of disease-specific signaling cascades and/or hamper phospholipid
homeostasis [211]. Therefore, unlike conventional chemotherapy/radiation, they do not
interact directly with DNA hence should be regarded as a safer option.

The development of lipid analogues for its clinical use against cancer is at an early but
promising stage. However, relatively few have made it through phase I/ll studies because
of the incidence of side effects. For example, selective inhibitors of prostaglandin
synthase COX-2 have shown antitumor efficacy in vitro and in vivo in several cancer
models [212-214], but its association with increased cardiovascular risk in long-term
clinical trials has discouraged from doing further research [215-217]. Similarly, besides its
extensively reviewed anticancer activity, clinical development of
synthetic alkylphospholipids (ALPs) was limited at first due to systemic toxicities found
during clinical trials. Nevertheless, continuous structural ALPs modifications have
succeeded in producing compounds with fewer toxic side effects that still maintain its
cytotoxic activity against a variety of cancer cell lines. This achievement enabled the
revival of this strategy and warrants further ALPs clinical investigation [218-221]. For
instance, the AKT inhibitor perifosine is under clinical trials for recurrent pediatric solid
tumors (including NB) as single-agent (NCT00776867) and in combination with
temsirolimus (NCT01049841) [222].

Monounsaturated and polyunsaturated fatty acid analogues are other lipid-derivatives that
have demonstrated antitumoral activity. It has been reviewed that addition of free fatty
acids into membranes or alteration of phospholipids composition changes many
biophysical parameters of the membranes, produces membrane microdomain alterations,
destabilizes the lamellar phase and influences cell signaling through modulation of the G-
proteins, adenylyl cyclase, Ras-MEK-ERK and protein kinase C intracellular pathways
[211]. Thus, fatty acids lipid therapy has been proposed to pharmaceutically reform the
activity of disease-specific protein/lipid signal cascades. Besides, hydroxylation of fatty
acids hinders fatty acid metabolism and enlarges its therapeutic time window inside the
cell, a characteristic largely used for their molecular design [223].
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1.2.1 ABTLO0812, a first-in-class anti-cancer polyunsaturated fatty acid derivative

ABTLO0812 is a novel and first-in-class antitumor drug encompassed in the chemically
modified fatty acids category. ABTL0812 is the sodium salt formulation derivative from 2-
hydroxy-linoleic acid, an essential polyunsaturated w6 fatty acid made up of eighteen
carbons (chemical name: sodium 2-hydroxylinoleate). Previous pre-clinical studies have
demonstrated that ABTL0812 is able to induce cell death in a broad panel of cancer cell
lines without affecting viability of non-tumoral cells. Moreover, ABTL0812 also proved to
reduce tumor growth both, administered alone or in combination with chemotherapy in
human lung, endometrial, pancreatic, glioblastoma, cholangiocarcinoma and breast tumor
xenografts with an excellent safety profile in comparison to other targeted anticancer
therapies [224,225,unpublished data]. Moreover, toxicology studies in animals have
shown that ABTL0812 is well tolerated and does not increase toxicity when administered
in combination with chemotherapy. Based on this promising pre-clinical data, ABTL0812
moved to clinical stage and in 2016 a phase I/Ib first in human as single-agent in adults
with advanced solid tumors (NCT02201823) was successfully completed demonstrating
its safety and tolerability. No dose-limiting toxicities were detected, maximum tolerated
dose was not achieved and no clear dose-related trends in the incidence of adverse
events were detected, illustrating the high safety and tolerability of ABTL0812. In addition,
several long-term disease stabilizations were achieved indicating potential signs of
efficacy. Three patients with colorectal cancer had stable disease for fourteen (two
patients) and nineteen weeks (one patient), one patient with endometrial cancer was
stable for fifty-nine weeks and one patient with cholangiocarcinoma was stable for
seventy-eight weeks [226,227]. These promising results allowed further clinical
development of ABTL0812 and led to an ongoing phase Ib/lla clinical trials in adult
patients with advanced solid tumors. It is being tested as first-line therapy combined with
paclitaxel and carboplatin for patients with advanced endometrial cancer and squamous
non-small cell lung cancer (NCT03366480). To date, the phase Ib part has been
successfully completed, demonstrating that ABTL0812 does not increase the toxicities of
chemotherapy [228]. The phase Il part started in May 2018 and is currently ongoing. In
addition, a phase I/ll study will start in September 2019 using ABTL0812 as first line
therapy in combination with gemcitabine and nab-paclitaxel (Abraxane) in patients with
advanced metastatic pancreatic cancer.

ABTLO0812 mechanism of action has been described [224]. ABTL0812 binds to PPAR
receptors subsequently inducing the up-regulation of the pseudokinase TRB-3, which can
interact with AKT and prevent its phosphorylation by upstream kinases. Thus, AKT
phosphorylation levels were measured in platelets as a pharmacodynamic biomarker in
the phase | trial NCT02201823, detecting a dose-dependent inhibition that reached a
maximum of 90% of AKT inhibition in the cohort 5 (ABTL0812 at 1300mg three times a
day) compared to cohort 1 (500mg once a day). This observation confirms the mechanism
of action of ABTLO0812 in patients. Given the fact that enhanced PI3K/AKT/mTOR
signaling pathway is crucial for NB tumor growth, survival, metabolism, angiogenesis,
chemoresistance and correlates with poor prognosis; we hypothesized whether disruption
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of the PIBK/AKT/mTOR axis via ABTL0812 could be clinically effective for the treatment of
HR-NB patients [229-233]. Moreover, the PI3K/AKT/mTOR axis integrates all the NDDS
prioritized targets for HR-NB and directly regulates active MYCN stabilization [234,235].

Besides, as well as the expected impact on tumor cell growth, Erazo and colleagues also
noticed that ABTL0812’ blockage of AKT activation by upstream kinases PDK1 and

mTORC2 inhibited the activation of the mTORC1 complex and brought with it the
induction of autophagic cell death (Figure 10).
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Figure 10. ABTL0812 mechanism of action. Schematic representation of ABTL0812 mechanism
of action described by Tatiana Erazo et al. ABTL0812 would induce the pseudokinase TRB-3, which
prevents AKT activation by upstream kinases, resulting in an inactive form of AKT. Because
AKTmodulates the activation of mMTORCL1 by phosphorylating and inactivating the mTORCL1 protein
repressors TSC2 and PRAS40, ABTL0812-mediated inhibition of AKT results in reduced
phosphorylation of PRAS40 and TSC2, impairing mTORC1 activity and inducing autophagy.



Introduction
Autophagy

1.3 Autophagy

Autophagy is a homeostatic and evolutionary conserved process that degrades cellular
organelles, proteins, lipids, carbohydrates and nucleic acids and maintains cellular
biosynthesis during nutrient deprivation or metabolic stress. By digesting the unnecessary
or dysfunctional cellular components, autophagy helps to prevent the accumulation of
toxic cellular wastes and to outlast periods of nutrient deprivation by recycling the
degraded content. However, several studies have set fort autophagy implication in a
broader list of biological processes such as development, aging, microorganisms’
clearance, tumor suppression, metabolism, immunity, inflammation, cell death and
differentiation and a number of pathologies [236].

Autophagy is considered to be a dynamic process that comprises three sequential steps:
(1) formation of double membrane vesicles known as autophagosomes, (2) the fusion of
autophagosomes with lysosomes and (3) degradation of autolysosomes [237]. Stress,
nutrient deprivation, growth factor depletion, increases in the AMP/ATP ratio and hypoxia
are the most typical stimulus to trigger autophagy through mTOR inhibition. The mTOR
transduction pathway is a master regulator of cell homeostasis that integrates growth
factor, amino acids, glucose and energy status signals [238].
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Figure 11. Regulation of autophagy via mTOR signaling. Diverse signals like amino acids,
growth factors, energy status and stressors activate mTORC1, which negatively regulates
autophagy. (1) Insulin and growth factors act through the PISK/AKT/TSC/mTORC1 pathway by
binding to their cell-surface leading to inhibition of TSC1/2, thereby allowing Rheb to activate
mTORCL1 and inhibit autophagy. In addition, activated AKT inhibits FoxO3-mediated transcription of
autophagy genes. (2) Influx of amino acids activates the Rag/mTORCL1 pathway recruiting mTORC1
on the lysosomal surface where Rheb causes its activation, leading to suppression of autophagy.
Lysosome-localized activated mTORCL1 also sequesters TFEB to prevent its nuclear translocation
and transcription of autophagy and lysosomal genes. (3) Energy status and stress signals act
through the AMPK/TSC/mTORCL1 pathway to modulate autophagy. High ATP/AMP ratio, NO or
cytoplasmic p53 inhibits AMPK, thereby preventing TSC1/2 activation that causes Rheb to activate
mTORC1 and inhibit autophagy. Active AMPK also triggers autophagy through Raptor inhibition and
direct ULK1 phosphorylation. The ULK1-ATG13-FIP200 complex regulates autophagosome
synthesis downstream of mTORC1. Figure adapted from [239].

In physiological conditions, amino acids stimulate the Rag-GTPase proteins, which shift
MTORCL1 into the same compartment where is its direct activator Rheb [240,241].
Otherwise, insulin induces mTORC1 through parallel pathways. Insulin triggers the
PIBK/AKT pathway leading to phosphorylation of the AKT substrates PRAS40 and TSC2.
Phosphorylation of these targets negatively regulates their activity, allowing mTORC1
dissociation from PRAS40 and bond to Rheb-GTP thanks to TSC2 inhibition [242,243].
Therefore, amino acid or glucose depletion abrogate mTOR signaling and contribute to
autophagy initiation. On the other hand, expression of AMPK during energy shortage
leads to TSC2 phosphorylation on distinct serines from those targeted by other kinases
(such as p-AKT), stimulating TSC2 inhibition of mTOR [244]. Moreover, AMPK also
phosphorylates and inactivates the mTOR partner Raptor, and engages autophagy
through directly phosphorylation of ULK1 [245-247] (Figure 11).

Once the cell has sensed there is an imbalance in cellular homeostasis, mMTORC1
dephosphorylation causes dissociation and activation of the ULK1 kinase complex (ULK1,
FIP200, ATG13 and ATG101), which controls initiation of autophagy in mammals.
Following ULK1 activation, an expanding cup-shaped structure originates from the
endoplasmatic reticulum (ER) membrane, giving rise to the formation of autophagosome
precursors, or phagophores. The process encompassing phagophore lengthening and
maturation is called nucleation. Nucleation is regulated by other ATG proteins (autophagy
related proteins) encompassed in the PI3K class Il complex (PI3KC3), recruited by the
ULK1 complex to the phagophore formation sites on the ER. The PI3KC3 complex is
composed by Beclin 1, VPS34, VPS15 and ATG14L, which mark the sites where the
double-membranes will fuse. After nucleation, expansion and growth of the phagophores
is controlled by ATG9 lipid supply from the Golgi and other organelles, and the ubiquitin-
like conjugation system ATG12-ATG5-ATG16, which dissociate when the phagophore
develops into an autophagosome. The ubiquitin-like system promotes the recruitment and
conversion of cytosolic-associated protein light chain 3 (LC3-1) to the membrane-bound,
lipidated form LC3-1l1 (LC3-I conjugated to phosphatidylethanolamine, PE). LC3 lipidation
is critical for proper autophagic vesicle formation and expansion. Moreover, LC3-Il recruits
autophagy-related adaptor/receptor proteins such as sequestosome 1 (SQSTM1/p62),
which is able to recognize and tag substrate proteins, protein aggregates, and damaged
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organelles, and allows cargo recruitment into the autophagosomes. The late events in
autophagy involve the final maturation and fusion of autophagosomes with lysosomes to
form an autolysosome. While ATG proteins are retrieved from the autophagosome
membrane after maturation, LC3-1l remains on mature autophagosomes until after fusion
with lysosomes. Hence, LC3-I/LC3-1l conversion is the most common marker used to
monitor autophagy from induction to autophagosome breakdown. The autophagic circuit is
completed when the autolysosome digestive machinery degrades the luminal content of
the vesicles and the remaining components are recycled back to the cytosol [248-250]
(Figure 12).
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Figure 12. Autophagosome formation and the autophagic cycle. Autophagy initiates with the
progressive segregation of cytoplasmic material by double-membrane structures commonly known
as phagophores or isolation membranes. The ULK1-ATG13-ATG101-FIP200 complex regulates
autophagosome synthesis downstream of the mTOR signaling pathways. The PI3KC3 complex,
comprising VPS34, Beclin-1, ATG14L and VPS15, regulates the nucleation phase of the
autophagosome synthesis. Phagophores nucleate from the ER, Golgi apparatus, plasna membrane,
mitochondria and recycling endosomes. Expansion and elongation of the phagophores are
controlled by the ubiquitin-like conjugation system ATG5-ATG12-ATG16. The ubiquitin-like
conjugation system is also involved in the LC3-PE conjugation (LC3-Il). Autophagic cargo consisting
of non-specific or specific substrates such as p62, aggregation-prone proteins or mitochondria, is
degraded in the autolysosomes and recycled. Figure adapted from [239].
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1.3.1 The mTOR-independent ER stress-related autophagy

Intracellular Ca®* signaling controls a plethora of cellular processes, including gene
transcription, metabolism, regulation of the cell's energy status and cell death; thereby
impacting on cell function and survival. The major intracellular Ca**-storage organelle is
the ER. In homeostatic conditions, basal and constitutive Ca®* release from the ER to the
mitochondria sustains mitochondrial bioenergetics through NADH production and ATP
synthesis, and regulates essential processes for the cell growth such as the synthesis of
tricarboxylic acid intermediates, nucleotides, lipids and proteins [251,252]. Therefore,
imbalances in the Ca®* flux compromises the ATP production and generates metabolic
stress, which induces the pro-survival autophagic flux as an energy saving mechanism
[253,254]. As the ATP production decreases, the AMP-activated protein kinase (AMPK) is
activated. AMPK is a fast highly conserved sensor of the AMP/ATP ratio levels that
switches on catabolic pathways when the cellular energy status is disturbed. Stimulation
of AMPK actively phosphorylates TSC2 and Raptor, what is followed by mTOR
inactivation and consequently ULK1 dissociation [255-257]. Moreover, AMPK can trigger
autophagy not only through inactivation of mTOR but also by direct phosphorylation of
ULK1 and Beclin 1 [245,246,258]. In addition, feedback signaling from AMPK further
inhibits MTOR, resulting in increased activated ULK1 levels [259].

The most sensitive organelle to disturbances on the cell’s physiological conditions is the
ER. The term “ER stress” reflects a situation where proper ER functioning is impaired,
what can be caused by a variety of physiological and/or pathological insults, such as
disturbances in the Ca®* levels, glucose deprivation, infections, toxins, hypoxia, oxidative
stress, hypoglycemia, aberrant protein expression, aging and an excessive increase in
protein synthesis [259]. As an adequate ER Ca2+-filling is essential for protein folding and
post-translational modifications performed on the ER, ca” stores depletion induces ER
stress and triggers various Ca2+-regulated autophagy pathways. As it has been exposed,
abnormal Ca** release from the ER stimulates the activity of AMPK, initiating the
AMPK/TSC2/mTOR autophagy cascade [260-262]. Moreover, besides triggering
autophagy via AMPK signaling, the ER can activate autophagy through diverse Ca*'-
independent mechanisms under stress conditions. Eukaryotic cells sense and cope with
ER stress inducing the unfolded protein response (UPR) signaling pathways. The UPR is
composed of three branches, each one triggered by a highly conserved sensor-protein
located on the membrane of the ER: (1) the inositol-requiring enzyme-1a (IRE1), (2) the
protein kinase RNA-like endoplasmatic reticulum kinase (PERK) and (3) the activating
transcription factor 6 (ATF6) [259,263—-266]. These three canonical sensors can regulate
autophagy through different pathways during ER stress (Figure 13). The IRE1 target c-Jun
N-terminal kinase 1 (IJNK1, also termed MAPKS8) triggers autophagy by direct
phosphorylation of the Bcl-2 proteins Bcl-2 and Bcl-x.. In normal conditions, the Bcl-2
proteins inhibit autophagy by sequestering Beclin 1, as while Beclin 1 is bound to Bcl-2 it
is unable to activate the PI3K complex. Therefore, phosphorylation of Bcl-2 proteins by
JNK1 disrupts their interaction with Beclin 1 and allows proceeding of the autophagic
pathway [262,267,268]. In addition, Beclin 1 is transcriptionally up-regulated by JNK1 and
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spliced XBP1, a transcriptional regulator downstream IRE1 [269]. On the other hand,
several studies have highlighted the role of the PERK in autophagy induction during ER
stress [262,270,271]. Activation of the PERK/elF2a/ATF4/CHOP axis results in
downstream expression of TRB-3 (tribbles homolog 3), a protein that positively regulates
autophagy via inhibition of the AKT/mTOR pathway [266,272]. Furthermore, the
PERK/elF2a/ATF4 pathway up-regulates transcription of ATG12 and ULK1 [273,274].
Finally, despite being ATF6 the least characterized UPR branch in the context of
autophagy, it has been well established that ATF6 signaling triggers autophagy through
up-regulation of the death-associated protein kinase-1 (DAPK1), which phosphorylates
and activates Beclin 1, thus promoting autophagy [275,276].
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Figure 13. Mechanisms connecting ER stress and autophagy. The three UPR branches
regulate different signal pathways that lead to autophagy activation. ATF6 up-regulates DAPK1,
which phosphorylates Beclin 1 promoting its dissociation from Bcl-2, which also promotes its
dissociation from Beclin 1. PERK signaling can lead to autophagy through ATF4-dependent
increased expression of ULK1 and ATG12. Alternatively, ATF4 promotes the up-regulation of the
pseudo-kinase TRB-3, which causes the inhibition of the AKT/mTORCL1 axis to stimulate autophagy.
Figure adapted from [262].
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1.3.2 Autophagy in cancer

Defects in autophagy are frequently associated with cancer, thereby suggesting a
potential tumor-suppressive role. The tumor-suppressing role of autophagy would involve:
(1) maintenance of genetic/genomic stability; (2) degradation of oncogenic/damaged
proteins, lipids, organelles and toxic cellular waste products; (3) limitation of cellular
growth; (4) control and reduction of reactive oxygen species (ROS) production, which can
cause DNA damage; (5) reduction of chronic inflammation; (6) regulation of
immunosurveillance systems and (7) control over the induction of senescence and
autophagic cell death [277,278] (Figure 14A). Strengthening this hypothesis, monoallelic
loss of the autophagy gene Beclin 1 has been found in 40-75% of human breast, prostate
and ovarian cancers; and Beclin 17~ mice have shown to develop lung cancers, liver
cancers, and lymphomas [279]. In addition, mosaic loss of ATG5 in mice produces chronic
liver and pancreas inflammation and promotes the development of benign tumors
[280,281]. It has been suggested that one link between defective autophagy and
tumorigenesis may be the accumulation of the autophagy-aggregates p62, which have
been found to inhibit tumor suppressor genes and promote oncogene activity [282].
However, whether autophagy-induced mechanisms are protective or carcinogenic is
context-dependent. For example, while suppression of genome instability or chronic
inflammation could be considered anti-tumorigenic actions on non-pathologic scenarios,
they could help to create a favorable environment for cancer initiation. Therefore, although
the previously mentioned reports confirm the role of autophagy in prevention of malignant
transformation, genetic or pharmacological inhibition of autophagy has proven to restrict
tumor viability and trigger apoptotic or necrotic cell death in other preclinical models [283—
285].

Among the several evidence sustaining that autophagy is a highly plastic and dynamic
process that can either repress the initial steps in carcinogenesis but also maintain tumor
survival, there is the finding that autophagy constitutes a mean to cope with intracellular
and environmental stress in the later stages of tumor progression [283,286,287]. In
established tumors, stress is mostly caused by the conjunction of a high metabolic
demand coupled to limited supplies of oxygen and nutrients on account of insufficient
vascularization in regions distant to blood vessels. In this condition, autophagy promotes
the degradation of intracellular components to provide enough substrates to support
excessive cellular proliferation in the absence of extracellular nutrients (Figure 14B).
Chemotherapy and/or radiation are other sources of stress in cancer cells. Treatment-
related stress might activate autophagy and turn residual cells into a state of dormancy
that may contribute to tumor resistance with eventual recurrence (Figure 14B) [288,289].

Evidence indicates that the elevated levels of autophagy lay the foundation of cancer
cell’s ability to tolerate the hostile tumor microenvironment and proliferate. Consistently,
advanced tumors are often “addicted” to autophagy recycling pathways to maintain their
metabolism [285,287,290,291]. As a proof of concept, the knockdown of essential
autophagy genes has shown to confer or potentiate the induction of cell death in tumor
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cells [250,292,293]. Moreover, it has been demonstrated that autophagy plays a crucial
role in disabling anti-tumor immunosurveillance and facilitating the secretion of pro-
tumorigenic factors, thus favoring tumor growth and dissemination (Figure 14B) [294,295].
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Figure 14. Oncosuppressive vs. tumor-supporting functions of autophagy. (A) Autophagy has
been proposed to suppress malignant transformation by several mechanisms, including: control of
cell growth, maintenance of normal bioenergetic functions and autophagic cell death; degradation of
oncogenic/damaged proteins, lipids, organelles and toxic cellular, bacterial and viral products;
control over optimal activation of senescence/stemness; preservation of genetic/genomic stability;
control of inflammation; disposal of ROS; and execution of anticancer immunosurveillance. (B) In
established tumors, autophagy is believed to promote tumor progression and resistance to therapy
through conferring resistance to hypoxia and nutrient deprivation; inducing cancer cells to a state of
dormancy/senescence in response to therapy; disabling anti-tumor immunosurveillance; and
facilitating EMT transition and dissemination. CTL, cytotoxic T lymphocyte; APC, antigen-presenting
cell: TP53™" mutant tumor protein p53; BCR, breakpoint cluster region; ABL1, ABL proto-oncogene
1; PML, pro-myelocytic leukemia; RARA, retinoic acid receptor alpha; RIG; retinoic acid inducible
gene; BCL10, B-cell CLL/lymphoma 10; STING, stimulator of interferon genes; RHOA, Ras homolog
family member; EMT, epithelial-to-mesenchymal transition. Figure adapted from [278].

Accordingly, autophagy inhibition has been proposed as an anti-cancer therapeutic
alternative. Pharmacological inhibitors of autophagy include 3-methyadenine, wortmannin,
LY294002, the anti-malarial drugs chloroquine (CQ) and its derivatives
hydroxychloroquine (HCQ) and Lys05, bafilomycin Al, monensin, clomipramine, anti-
schistome agent lucanthone and the newly developed ULK1/2 inhibitors SBI-0206965
MRT67307 and MRT68921 [250,296]. Among them, HCQ is the most clinically advanced
molecule. HCQ has been shown to suppress tumor growth by disruption of autophagic
flux and cargo degradation in multiple in vivo models, and is currently being tested in
different phasel/ll clinical trials to study patients’ responses to a HCQ based-therapy
combined with a variety of anticancer regimens (reviewed in [297].

On the other hand, autophagy has been taken for a double-edge sword since it may play
a role in mediating cell death in certain cellular contexts. The onset of this impression was
the observation of morphological autophagy features in dying cancer cells, such as
extensive cytoplasmic vacuolization and accumulation of large autophagosomes and
autolysosomes coupled to an increased autophagic flux; what suggested that
hyperactivation of autophagy may promote cell death [298—-300]. Remarkably, many
experts warned about the fact that autophagy frequently interacts or occurs concurrently
with various types of cell death, making it difficult to distinguish between cell death really
just orchestrated by autophagy and other forms of cell death activated by persistent
autophagy [301,302]. To avoid misconception, the Nomenclature Committee of Cell Death
defined autophagy-dependent cell death (ACD) as a form of regulated cell death that
mechanistically exclusively depends on the autophagic machinery. Hence, genetic or
chemical inhibition of autophagy would have to prevent cell death [263,303].

Nowadays, substantial evidences reinforce the theory that over-activation of autophagy
can lead to cell death via autolysosomes self-digestion [298,302,304]. This type of cell
death has been designated type-Il cell death, as opposed to type-I, apoptosis, and type-
I1l, necrosis. Apparently, the dichotomy between protective and detrimental autophagy is
related to the cellular context and the stimulus length and strength. When the extent and
duration of autophagy surpass a certain threshold that guarantees cell recovery, the
pathway resolution may change from survival to death. This has been found to be
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particularly relevant in apoptosis defective cells, like many HR-NB cell lines which harbor
deleted or non-functional apoptotic genes and proteins (Table 9) [158,159,305,306].
Unlike to what happens in apoptosis, neither caspases activation, DNA degradation nor
nuclear fragmentation are apparent in ACD. Instead, ACD is distinguished by degradation
of intracellular membranes, mitochondria, polyribosomes, Golgi apparatus, endoplasmic
reticulum and other cytoplasmic material before nuclear destruction. Therefore, an
accepted presumption is that sustained autophagy might lead to excessive consumption
and disintegration of essential cellular components until the “point of no-return” is crossed
and the only possible outcome is death. However, it remains to be determined if the
primary cause of ACD is unspecific bulk degradation of cytosolic organelles or selective
removal of specific substrates or survival factors [298,304].

Given the fact that excessive autophagy can impair cell viability, induced over-activation
of the pathway may offer an attractive strategy for cancer therapy, even though the
consequence of promoting autophagy in tumor cells is still an incompletely understood
process. Nevertheless, pro-autophagic drugs have emerged as a novel tool to sensitize
cancer cells to conventional therapy or to directly kill them exploiting caspase-
independent programmed cell death pathways, a particularly relevant feature when cancer
cells display resistance to apoptosis. In the following, prototypic examples of ACD upon
anticancer treatments will be discussed.

ACD was shown to be behind the cytotoxic activity of arsenic trioxide in T-lymphocytic
leukemia and malignant glioma cells, which are resistant to many types of therapy
including radiation, chemotherapy and a broad range of drugs. Thanks to these results,
arsenic trioxide is now in clinical trials for the treatment of resistant malignant gliomas
[307,308]. BH3-mimetics, which antagonize the anti-apoptotic BCL-2 family proteins, have
been reported to engage ACD. For example, the BH3-mimetic gossypol has been
reported to induce ACD in apoptosis-deficient malignant glioma and prostate cancer cells,
while obatoclax has been shown to engage ACD in pediatric acute lymphoblastic
leukemia, including glucocorticoid-resistant cases [309-312]. Tetrahydrocannabinol, the
main active component of cannabinoids, and the cannabinoid agonist JWH-015 have
been proven to respectively stimulate ACD in hepatocellular carcinoma and glioblastoma,
both in vitro and in vivo [272,313]. The vitamin D3 analog EB1089 (Seocalcitol) has been
shown to arrest tumor growth and sensitize breast cancer cells to radiation therapy
through induction of ACD [314,315]. The results of Seocalcitol treatment in phase Il
clinical trials for advanced pancreatic and hepatocellular carcinoma patients suggests it
may have a cytostatic activity with minimal side-effects and encourage the study of
Seocalcitol as an adjuvant therapy in minimal disease states [316,317]. Moreover, several
vitamin D3 analogs are now in clinical trials for the treatment of many tumors. The
competitive BCR-ABL tyrosine-kinase inhibitor imatinib (widely used for the treatment of
chronic myelogenous leukemia and other malignancies) is also supposed to work by
induction of autophagy, even in multi-drug resistant tumor cells [318]. Although the anti-
cancer properties of the natural mMTORCL1 inhibitor rapamycin were initially attributed to
down-regulation of the AKT signaling, mTOR was found out to be a negative regulator of
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autophagy. Since then, a growing collection of evidence suggests that rapamycin (and
analogues) exert their tumor-suppressor activity by the stimulation of apoptosis-
independent ACD. Among them, the dual mTOR inhibitors have demonstrated to be the
most potent inducers of autophagy and significantly suppress tumor growth. mTOR
inhibitors are in clinical trials for the treatment of different advanced solid tumors and
hematologic malignancies [319-323]. Furthermore, mTOR inhibitors sensitize various
tumor cells to radiation therapy [324—-326].

Histone deacetylase inhibitors (HDACI) represent another class of anticancer agents
shown to engage ACD in chondrosarcoma, glioma, cervical and hepatocellular carcinoma.
The HDACI suberoylanilide hydroxamic acid (SAHA) is currently in clinical trials as it
demonstrated to be effective in the treatment of hematologic and solid tumors, most likely
through stimulation of autophagy via AKT/mMTOR pathway inhibition [327-331]. Other
autophagy-stimulating agents with tumor-suppressor activity include fluoxetine (a
serotonin re-uptake inhibitor) and maprotiline (a norepinephrine re-uptake inhibitor) [332].
The tricyclic antidepressant imipramine and the anticoagulant ticlopidine have also been
shown to synergistically trigger cell-lethal autophagy in an in vivo model of glioblastoma
[333]. Finally, several conventional chemotherapeutic drugs have been reported to
engage autophagy. Nonetheless, the common believe is that autophagy is induced after
chemotherapy treatments as a cytoprotective response to the cellular stress imposed by
the drugs.

The extensive evidence strengthening the notion that ACD could be exploited for cancer
therapy makes critical to achieve a greater understanding of the pathways regulating
autophagy, as well as the consequences of their activation in different tumoral contexts
and the improvement in the identification of molecules which selectively regulate the pro-
death branch of autophagy. The multifaceted nature of autophagy, its multilayered cross-
talk with other forms of cell death and the outcome dependency on the genetic landscape
and environmental factors of every cell are major challenges to determine when to
administrate autophagy-inducer drugs. Thus, determination of a set of biomarkers to
select when to apply which treatment to which patient would be essential to expand the
use of autophagy in fighting cancer.
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2. Hypothesis and objectives

Although the outcome for patients with NB has improved over the last decades, survival
for high-risk patients remains poor, with less than 50% of children likely to achieve 5-year
overall survival. The main factors of treatment failure and disease progression are the
resistance mechanisms present in NB cells towards conventional chemo- and
radiotherapy regimens. These chemotherapy-resistant NB still have not any curative
options, what positions research on advances in treatment as a high-priority. Owing to the
multiple alterations present in HR-NB cells that cause dysfunctional cell cycle arrest and
apoptosis, newly developed targeted agents able to trigger alternative cell death pathways
should be considered for this disease. In addition, the implementation of targeted
therapies is encouraged to refine treatments to exclusively act in cancer cells, thus
minimizing the side effects of non-selective chemotherapeutic drugs.

ABTLO0812 is a first-in-class synthetic chemically modified polyunsaturated fatty acid which
has been found to be cytotoxic in several cancer cell lines through the activation of
autophagic cell death, what would provide an alternative pathway to overcome anti-
apoptotic alterations present in HR-NB cells. Moreover, ABTL0812 mechanism of action is
based on disrupting the AKT/mTOR signaling pathway, which is crucial for NB tumor
growth, survival and chemoresistance. In addition, the PISBK/AKT/mTOR axis integrates all
the New Drug Development Strategy (NDDS) prioritized targets for HR-NB. In light of this
situation, we hypothesized whether ABTL0812 could be clinically effective for the
treatment of HR-NB patients. The high tolerability and favorable results of ABTL0812 in
adult clinical trials reinforced us to study ABTL0812 effects on HR-NB.

Our hypothesis will be evaluated through the following objectives:

Objective 1: Study the impact of ABTL0812 treatment in HR-NB models both in vitro and
in vivo.

Objective 2: Characterize the mechanism of action of ABTL0812 in HR-NB.

Objective 3: Study ABTL0812 combination efficacy with current neuroblastoma therapies.
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3. Materials and methods
3.1 Reagents
Reagents, working concentrations and suppliers used in this study are listed on Table 7:

Table 7. Reagents

Reagent Description Working concentration Supplier
Cytotoxic or differentiating drugs
ABTL0812 Polyunsaturated fatty acid derivative  20-50uM-120mg/kg (mice) Ability Pharma.
cis-Diammineplatinum(ll) dichloride DNA crosslinking agent 25uM-2mg/kg (mice) Sigma-Aldrich
Doxorrubicin hydrochloride (Adriamycin) Topoisomerase Il inhibitor 0,15-0,35uM Selleckchem
SN-38 (Irinotecan) Topoisomerase | inhibitor 4-16uM Selleckchem
Topotecan hydrochloride Topoisomerase | inhibitor 0,5-2uM Selleckchem
Cyclophosphamide monohydrate DNA crosslinking agent 1-2mM Selleckchem
13-cis -retinoic acid (Isotretinoin) Dopamin B-hydroxylase activator 5-20uM Selleckchem
Inhibitors
E64d Cysteine-catepsines inhibitor 10pM Sigma-Aldrich
Pepstatin A Aspartic-proteases inhibitor 10ug/ml Sigma-Aldrich
QVD-OPh Pan-caspase inhibitor 20uM Sigma-Aldrich
MG132 Proteasome inhibitor 0,5uM Sigma-Aldrich
Stains
Crystal violet Cell proteins and DNA dye 5mg/ml Sigma-Aldrich
Hoechst 33342 Nucleic acid dye 0,05pg/ml Sigma-Aldrich
Propidium iodide DNA intercalating dye 2,5uM Thermo-Fisher
Solvents
DMSO Polar and non-polar solvent Sigma-Aldrich
Ethanol absolut Polar and non-polar solvent PanReac
Glycerol Polar and non-polar solvent Sigma-Aldrich
PBS Polar solvent Thermo-Fisher
DEPC-treated water Polar solvent Thermo-Fisher

Supplier Headquarters
Ability Pharmaceuticals Cerdanyola, BCN, Spain
PanReac AppliChem Castellar del Vallés, BCN, Spain
Sigma-Aldrich St. Louis, MO, USA
Selleckchem Houston, TX, USA
Thermo-Fisher Scientific Waltham, MA, USA
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3.2.1 Cell culture and cryopreservation of cell lines

Materials and methods

Methods

The following cell lines and their corresponding medium were used for this study (Table 8
and 9). Cell cultures were maintained at 37°C in a humidified atmosphere with 95% air
and 5% CO,. NB cells were tested for mycoplasma contamination periodically.

Table 8. Cell lines and medium

RD
Ewing sarcoma
TC-71

SK-ES-1

Hepatoblastoma
HEPG2
Medulloblastoma

RES196

penicillin-100pg/ml streptomycin + 5pg/ml plasmocin

IMDM + 10% FBSi (Wv) + 1% insulin-transferrin-
selenium supplement (v/v) + 100U/ml penicillin-100pg/ml
streptomycin + 5ug/ml plasmocin

MEM + 10% FBSi (V) + 2mM glutamine + 100U/ml
penicillin-100ug/ml streptomycin + 5ug/ml plasmocin

MEM + 10% FBSi (V) + 2mM glutamine + 100U/ml
penicillin-100ug/ml streptomycin + 5ug/ml plasmocin

DMEM, high glucose, pyruvate + 10% FBSi (VV) +
100U/ml  penicillin-100pug/ml  streptomycin  + 5pg/ml
plasmocin

Dr. Beat Schéfer

DSMZ

ATCC

ATCC

Cell line Medium Supplier Headquarters
Neuroblastoma
CHLA-90 COG Lubboc, TX, USA
SK-N-BE(2) PHECC Salisbury, UK
LA1-5s IMDM + 10% FBSi (Wv) + 1% ins.ul.iq-transferrin— PHECC Salisbury, UK

selenium supplement (v/v) + 100U/ml penicillin-100pg/ml

SK-N-AS streptomycin + 5pg/ml plasmocin ATCC Manassas, VA, USA
SH-SY5Y ATCC Manassas, VA, USA
IMR-32 ATCC Manassas, VA, USA
Alveolar rhabdomyosarcoma
RH30 MEM + 10% FBSi (vV) + 2mM glutamine + 100U/ml ATCC Manassas, VA, USA
(o] penicillin-100pg/ml streptomycin + 5ug/ml plasmocin ATCC Manassas, VA, USA
Embrional rhabdomyosarcoma
HTB-82 MEM + 10% FBSi (V\) + 2mM glutamine + 100U/ml ATCC Manassas, VA, USA

University of Zirich, Switzerland

Braunschweig, Germany

Manassas, VA, USA

Manassas, VA, USA

Seattle Children's Hospital
Research Insititute, WA, USA

Medium components

Supplier

Headquarters

IMDM

MEM

DMEM

FBS

ITS
Penicillin-streptomycin
Glutamine

Plasmocin

Thermo-Fisher Scientific
Thermo-Fisher Scientific
Thermo-Fisher Scientific
Thermo-Fisher Scientific
Thermo-Fisher Scientific
Thermo-Fisher Scientific
Thermo-Fisher Scientific
InvivoGen

Waltham, MA, USA

San Diego, CA, USA

IMDM, Iscove’s Modified Dulbecco’s Medium; MEM, Minimum Essential Medium; FBSi, heat-
inactivated fetal bovine serum; ITS, insulin-transferrin-selenium supplement; COG, Children’s
Oncology Group Cell Culture and Xenograft Repository; PHECC, Public Health England Culture
Collections; ATTC, American Type Culture Collection.
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Table 9. Patient and derived NB cell lines characterization
Cell line Age Stage Metastasis Origin Treatment MYCN status ALK status Caspase-8 11q p53
CHLA-90 8years 4 Bone marrow Unknown + Non amplified F1245V Mut + + E286K Mut, NF
SK-N-BE(2) 2years 4  Bone marrow Unknown + Amplified WT + + C135F Mut, NF
SK-N-AS 8years 4 Bone marrow Adrenal medulla + Non amplified WT - - Exon 9b AS, NF
LA1-5s 2years 4 Bone marrow Unknown + Amplified F1174L Mut + + C182X Mut, NF
SH-SY5Y 4 year 4 Bone marrow Thorax + Amplified PA, WT - - WT, functional
IMR-32 1 year 4 Unknown Abdomen Non amplified F1174L Mut - + WT, functional

PA, partial amplification; WT, wild type; Mut, Mutated; -, lack of expression/loss of heterozigozity; +,
expression; AS, alternative splicing; NF, non functional.

To maintain a continuous stock of cells, all cell lines used in the frame of this thesis were
amplified, cryopreserved and stored. For long-term storage, early passages of cells were
cryopreserved in liquid nitrogen to abrogate cellular processes. To ensure the cell integrity
during the cryopreservation process, cells were frozen in cellular media supplemented
with 10% of dimethyl sulfoxide (DMSO) and cryovials were placed into propanol-filled
cooler before storage in a liquid nitrogen tank. Upon resuscitation, cells had to be thawed
quickly with cellular media and re-suspended in 10 times media volume to dilute the
DMSO. Then, cells were centrifuged and the supernatant was replaced for fresh media to
seed them in appropriate culture dishes.

3.2.2 Cell death and viability assays
3.2.2.1 Cell proliferation assay (crystal violet)

Cells were seeded in 96-well plates at low density (nh=6/condition) and left in standard
culture conditions. Twenty-four hours later, the medium was aspirated and cells were
treated with the indicated drugs diluted in the corresponding culture medium
supplemented with 0.5% FBS. At the indicated times, cells were fixed with 1%
glutaraldehyde (Sigma-Aldrich) and washed with PBS to remove the excess of
glutaraldehyde. Then, wells were stained with 0.5% of crystal violet for twenty minutes.
After that, an extensive washing with distilled water was performed to remove the
excessive dye and plates were let dry. When violet crystals were dried, they were
dissolved in 15% of acetic acid (Thermo-Fisher Scientific) and optical density was
measured at 590nm using Epoch Microplate spectrophotometer (Biotek). The viability
assays were repeated in three independent experiments.

3.2.2.2 Cell death: Hoechst and propidium iodide staining

Hoechst staining method consists of DNA staining with a fluorescent dye that becomes
highly fluorescent when binds to adenosine-thymidine rich regions of genomic DNA.
Hoechst 33342 is a cell-permeant nuclear stain excited by UV light (350nm) and emits
blue fluorescent light (461nm) without affecting cell viability. Thus, Hoechst staining allows
the characterization of apoptosis through the observation of nuclear chromatin
condensation (pyknosis) and/or fragmentation using a fluorescent microscope.
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On its behalf, propidium iodide (PI) is a dye that enters the cell when the membrane
integrity is lost, as is the case for late-apoptotic and necrotic cells. Pl is a fluorescent
molecule excited by green fluorescent light (535nm) that intercalates between nucleic
acids of double stranded DNA. When it bounds to DNA, it enhances its fluorescent
emission in red light (617nm). Thereby, the determination of Pl positive cells in a sample
by fluorescence microscopy allows for necrosis and late apoptosis quantification.

To discriminate dead and apoptotic cells to assess cell death, cells were seeded in 24-
well plates in standard culture conditions. Twenty-four hours later, the medium was
aspirated, wells were rinsed with PBS and cells were treated with the indicated drugs
diluted in culture medium supplemented with 0.5% FBS. At the indicated time post-
treatment, a staining buffer consisting of 0.05ug/ml Hoechst 33342 and 2.5uM PI was
added to the medium. The plates were let incubating with the staining buffer during fifteen
minutes protected from light. Then, cells were observed using a fluorescent microscopy
(Nikon Eclipse 90i, Nikon) exciting cells with UV light (for Hoechst staining) and green
fluorescent light (for Pl staining) under a 20X magnification. Dead cells as well as
condensed or fragmented nuclei were counted from four representative images of each
well. The count was repeated three times per condition in three independent experiments.

3.2.2.3 Apoptosis and autophagy rescue

Caspases are a family of intracellular cysteine proteases which activation is essential in
the execution of apoptosis. QVD-OPh (QVD) is a cell-permeable, irreversible, specific
broad-spectrum caspase inhibitor. Thereby, treatment with QVD prevents caspase
activation abrogating apoptotic cell death.

E64d is a pro-drug ethyl ester of its biologically active acid form, E64c. E64d can
permeate an intact cell and permanently block the activity of cysteine proteases
cathepsins B, H, L and calpains by covalently binding to the sulfhydryl groups located in
the proteases active site. By inhibiting the lysosomal proteases, E64d interferes with
autolysosomal digestion. For optimal results, though, it should be used in combination
with pepstatin A. Pepstatin A forms a highly selective reversible inhibitory complex with
aspartic acid proteases such as pepsin, renin, cathepsin D, E, bovine chymosin, and
protease B. Thus, it complements E64d protease inhibitory properties to prevent the
degradation of the autolysosome cargo.

In order to distinguish whether HR-NB cells were dying by apoptosis or autophagy, cells
were seeded in 24-well plates (5><104 or 2.3x10* cells/well for SK-N-BE(2) and LA1-5s,
respectively) previously coated with poly-D-Lysine (40ug/ml; Sigma-Aldrich) and collagen
(Corning). After twenty-four hours incubation in standard culture conditions, cells were
pre-treated for two hours with either 20uM QVD or the mixture of lysosome proteases
inhibitors E64d (10uM) and PA (10pg/ml). Afterwards, cells were washed with PBS and
treated with the combination of ABTL0812 (20uM SK-N-BE(2), 30uM LA1-5s) and QVD or
E64d+PA diluted in culture medium supplemented with 0.5% FBS. Cells were left in the
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incubator forty-eight hours longer, but QVD was replaced every twenty-four hours in the
corresponding wells. Forty-eight hours after treatment, cell death was scored using the
Hoechst/PI staining method. The count of dead and apoptotic cells was repeated two
times per condition in three independent experiments.

3.2.3 Chemical bacterial reverse mutation assay (Ames test)

The Ames test is based on the mutation incorporation test using the mutant Salmonella
typhimurium strains TA98, TA100, TA102, TA1535 and TA1537 (Trinova Biochem). These
strains are auxotrophic mutants unable to synthesize histidine from the ingredients of
culture media, which, on the contrary, is an essential amino-acid for their survival. Thus, if
the bacteria are able to grow in a histidine-free culture medium when they are incubated
with the tested substance, it would indicate the capacity of the compound to induce
mutations that return Salmonella strains to a prototrophic state (revertant strains). The
strains used in the Ames test are particularly sensitive to mutations as they bear a
mutation that generates partial loss of the lipopolysaccharide barrier that protects the
surface of the bacteria, causing increased cell wall permeability. Moreover, these strains
also carry disabling mutations in the DNA repair mechanisms. The rat liver enzyme S9
(Harlan) is often added to the Ames test to simulate the metabolic processes that would
suffer the tested substance if it was ingested by a larger organism (like mammals).
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Figure 15. Ames test workflow. The auxotrophic Salmonella strains are suspended in growth
medium containing the possible mutagen, a small amount of histidine and rat liver extract (optional).
Then, Salmonella and media are spread on test plates or control plates (no mutagen added to the
initial suspension). After 48h incubation, many revertant Salmonella colonies should appear in the
experimental plates compared to control plates.

Briefly, the auxotrophic bacteria were spread on an agar plates suspended in growth
medium complemented with different ABTL0812 concentrations (3-5000ug/plate), with or
without the microsomal fraction S9 (concentration 38mg/ml) and with small amounts of
histidine. The small amounts of histidine are required for initial growth of the bacteria to
give them the opportunity to mutate. Once histidine is depleted, only bacteria that have
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mutated and gained the ability to synthesize histidine would survive and form colonies.
The spread plates were incubated forty-eight hours at 37°C before proceeding to count
the number of colonies in each plate (Figure 15). Determination of the number of revertant
colonies induced by ABTL0812 with or without S9 metabolic activation is considered
proportional to its mutagenicity.

3.2.4 Distribution of LC3-1l by immunocytochemistry

Cells were seeded in 24-well plates (8x10” cells/well for SK-N-BE(2); 6x10* cells/well for
LA1-5s), where slide covers coated with poli-L-lysine (40ug/ml; Sigma-Aldrich) had been
previously included to favor cell adhesion. Cells were left twenty-four hours in standard
culture conditions and then treated with the indicated treatments for twelve hours with
culture medium supplemented with 0.5% FBS. Cells were rinsed with PBS and fixed with
4% paraformaldehyd (Sigma-Aldrich). Next, cells were washed three times with PBS and
permeabilized with 0.02% saponin (Sigma-Aldrich) for seven minutes. After a wash with
PBS, cells were incubated fifteen minutes with 0.01% saponin and 10mM glycine (Sigma-
Aldrich), and 0.01% saponin,10mM glycine and 5% BSA (bovine serum albumin; Sigma-
Aldrich) during one hour to block unspecific antibody binding. Afterwards, cells were
incubated with the corresponding primary antibody (LC3-Il, see Table 11) diluted in 0.01%
saponin and 1% BSA in a wet chamber at 4°C. From this point, the following steps must
be done in a dark environment to protect the antibody fluorophores from light. Cells were
washed five times with PBS and incubated in a wet chamber at room temperature with
fluorophore-conjugated secondary antibody Alexa Fluor® 594 goat anti-rabbit IgG (Table
12) diluted in 0.01% saponin and 1% BSA. After five additional PBS washes, the slide
covers were incubated five minutes with Hoechst to stain the nucleus, rinsed four more
times, and mounted on a slide with a drop of Fluorsave mounting medium (Calbiochem).
Finally, slides were observed using a fluorescent microscopy (Nikon Eclipse 90i, Nikon).
Immunostaining was repeated three times per condition in three independent
experiments.

3.2.5 Autophagic flux assessment

Cells were seeded in p60 plates (9x10°/p60 for SK-N-BE(2); 4x10°c/p60 for LA1-5s) and
incubated in standard culture conditions for twenty-four hours. Following, the medium was
removed and cells were pre-treated for two hours with lysosome proteases inhibitors E64d
(10uM) and PA (10ug/ml) diluted in culture medium supplemented with 0.5% FBS. After
pre-treatment, ABTL0812 30uM (SK-N-BE(2)) or 40uM (LA1-5s) was added to the
medium for six hours. When the treatment was finished, cells were pelleted for further
protein expression analysis (see below in section 3.2.8).

As the mix of E64d+PA inhibits the degradation of the autolysosomes, the autophagic
circuit would not be completed and the vesicles would accumulate in the cytosol, thereby
indicating that ABTL0812 triggers dynamic autophagy in HR-NB cells. The lysosomal
suppression was repeated in three independent experiments.
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3.2.6 Mouse xenografts

Mouse xenografts consist of injecting human tumoral cells in the flank of the mice. This
method resembles better the human diseases because tumor cells are able to grow in
contact with other cell types and tissues. For this study, all mice procedures were
performed according to the guidelines of the Spaninsh Council for Animal Care and all
protocols were approved by the Ethics Committee for Animal Experimentation of Vall
d’Hebron Research Institute (protocol number-12/14 CEEA).

In order to assess the therapeutic potential of ABTL0812 in HR-NB, we performed a
xenograft approach in NMRI-Foxn1™™ immunodeficient mice (NMRI-nude) using the
human NB cell line SH-SY5Y. NMRI-Foxn1™™ mice bear a mutation in the Foxnl
(forkhead box N1) gene that cause thymic aplasia, which results in a lack of T cells. This
immunodeficient model has been widely used as a host for transplanted tumors and
xenografts [334—-336]. Hence, 5x10° SH-SY5Y cells were injected in the flank of 6 week-
old NMRI-nude female mice (n=15/group; Janvier) in 300ul of PBS and Matrigel™
(Corning) in proportion 1:1. Animals were maintained in the specific-pathogen-free area of
the Vall d’Hebron animal house.

Tumor formation was monitored by palpation every two or three days for two weeks. Once
all mice had developed detectable tumors (~70mm3), mice were randomly assigned in
three groups to be treated with (1) vehicle (5% glycerol in water; Sigma-Aldrich), (2)
120mg/kg ABTLO0812 or (3) 2mg/kg of cisplatin (CDDP). ABTL0812, diluted in 5% glycerol,
and vehicle were orally administered with the help of an oral gavage needle seven times
per week. CDDP, diluted in PBS, was administered by intraperitoneal injection two times
per week. Tumor growth was measured using a digital caliper two or three times per
week. Tumor volume was calculated using the formula (width2><length/2). When primary
tumors reached the 1600mm? growth limit, mice were euthanized and tumors excised and
weighted. Then, tumors were divided into two portions: one portion was frozen and stored
at -80°C while the other one was fixed in 10% neutral buffered formalin (Sigma-Aldrich)
and paraffin-embedded. From these samples, 5um sections were stained with
hematoxylin-eosin for histological analysis.

3.2.7 Proteasomal inhibition

The membrane-permeable proteasome inhibitor MG132 is a titerpene peptide aldehyde
derived from a Chinese medicinal plant that inhibits the proteasome complex. It covalently
binds to the B-subunit active site of the catalytic 20S core particles, effectively blocking
the proteolytic activity of the 26S proteasome. Therefore, treatment with MG132 is used to
study the effects of the ubiquitin-proteasomal system de-regulation.

With the aim to analyze whether ABTL0812 had an impact on the cells protein levels

through proteasome-degradation pathway impairment, SK-N-BE(2) cells were seeded in
pl00 plates (2x10°c/p100) and incubated in standard culture conditions. Twenty-four
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hours later, the medium was removed and cells were pre-treated two hours with the
proteasome inhibitor MG132 at concentration 0.5pM diluted in culture medium
supplemented with 0.5% FBS. After the pre-treatment, ABTL0812 30uM was added to the
medium during three hours. When the treatment was finished, cells were pelleted for
further protein expression analysis (see below in section 3.2.8).

3.2.8 Analysis of mRNA expression levels (QRT-PCR)

3.2.8.1 RNA extraction and quantification

Before extraction, cells were collected, washed with PBS, and pelleted at 800g in a
tabletop centrifuge. At this point, samples can be kept at -80°C until further use.

Since mRNA samples are vulnerable to degradation induced by ribonucleases (RNases)
and temperature-related effects, mRNA extraction and handling should be performed in a
clean and quiet environment and samples should always be kept on ice, short-time
storage at -20°C, and long-time storage at -80°C.

Total RNA was extracted using the RNeasy Mini Kit (Qiagen) following the manufacturer’s
protocol. It consists on a guanidine-isothiocyanate-based lysis buffer followed by the
addition of ethanol to create the ideal binding conditions of RNA to the silica-membrane
containing columns used for purification, which allows washing contaminants out. Finally,
RNA is eluted with DEPC-treated RNase-free water (Thermo Fisher Scientific). Then, it
was quantified by Nanodrop spectrophotometer (Thermo Fisher Scientific) and stored at -
80°C.

3.2.8.2 RNA reverse transcription

For mRNA expression analyses, RNA samples must be converted to complementary DNA
(cDNA) through reverse transcription (RT). To this end, 500ng of total RNA were
subjected to DNase | treatment (Qiagen) and RT using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) following the manufacturer’s protocol. The RNA
eluted with the protocol was loaded into a thermal cycler to continue with the RT
procedure. Thermal cycler conditions were: 25°C for ten minutes, 42°C for sixty minutes to
retro-transcribe RNA into cDNA, 95°C during five minutes to stop the reaction, and 4°C as
long as needed to maintain samples at optimal conditions. For long-time storage, cDNA
was kept at -20°C.

3.2.8.3 Quantitative PCR

To analyze mRNA expression levels, cDNA samples were submitted to quantitative PCR
(gPCR) using a SYBR-based protocol. Briefly, primers against the corresponding genes
were designed using the NCBI primer designing tool
(https://www.ncbi.nIm.nih.gov/tools/primer-blast/) pre-establishing an optimal melting
temperature of 60°C, a PCR product ranging from 80-200 nucleotides and adding exon-
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exon span conditions. Exon-exon span restriction allows annealing of both primers in
sequential exons or in an exon junction, impeding genomic DNA amplification. Primers
were synthesized by Sigma-Aldrich. Before performing the gPCR, primers were tested in
a conventional PCR. The primer sequences used in this project are listed in Table 10.

To perform the gPCR, 12.5ng/ul of cDNA, Power SYBR Green Master Mix (Thermo Fisher
Scientific) and 0.4uM of primers were mixed. The qPCR reaction was run in 96-well plates
per triplicate in an ABI700SDS equipment. The settings for mRNA detection were: initial
denaturing of 95°C for ten minutes, denaturing for fifteen seconds at 95°C and one minute
annealing process at 60°C. These last two steps were repeated during forty cycles. The
data from the gPCR reaction was analyzed with the 7900HT Sequence Detection System
2.3 software (Thermo Fisher Scientific) using the relative quantification method. According
to this, the mRNA levels were quantified depending on the Ct values, which represent the
number of cycles at which the fluorescence signal reached a predetermined threshold.
This means that larger amounts of cDNA copies correlate with higher mRNA expression
levels, indicated by lower Ct values that correlate with more intense fluorescent signal
detected at earlier PCR cycles. To eliminate loading errors and normalize values, gene
expression was normalized against GADPH housekeeping gene. The housekeeping Ct
readings were subtracted from the Ct values of the gene of interest. The resulting fold-
change relative quantification of gene expression was performed using the comparative
2("**Y method [337].

Table 10. Primer sequences of genes used for RT-gPCR

Gene Sequence (5'to 3) Amplicon
MYCN Fw: AGAGGAGACCCGCCCTAATC
Rv. TCCAACACGGCTCTCCGA 100bp
TRIB3 Fw: TACCTGCAAGGTGTACCCC
Rv. GGTCCGAGTGAAAAAGGCGTA 100bp
E2F1 Fw: CCTGGCCTACGTGACGTGTC
Rv. CGGCTTGGAGCTGGGTCT 100bp
E2F2 Fw: AGGGGAAGTGCATCAGAGTG
Rv. GCGAAGTGTCATACCGAGTCT 100bp
E2F3 Fw: AGGGCTCTCTTACACCGCACT
Rv. AAATGCCACTCACACAATCCC 100bp
GADPH Fw: CGCTCTCTGCTCCTCCTGTT
Rv. CCATGGTGTCTGAGCGATGT 100bp
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3.2.9 Analysis of protein expression levels (Western Blot)

3.2.9.1 Protein extraction

Protein extraction must preserve de integrity of the extracted proteins during the process;
therefore, the extraction must be efficient and avoid degradation in order to get an
accurate reflection of the proteins physiological state in the living cell.

Protein samples were extracted using RIPA buffer 1X (Thermo Fisher Scientific)
supplemented with 1X EDTA-free complete protease inhibitor cocktail (Roche) and the
phosphatase inhibitors sodium fluoride and sodium orthovanadate (Sigma-Aldrich). Cell
lysis was performed on ice for twenty minutes prior centrifugation at 14000g and 4°C
during fifteen minutes. This process precipitates DNA and membranes while nuclear and
cytosolic proteins remain in the supernatant. Protein samples were stored at -20°C until
further use.

3.2.9.2 Protein quantification

Protein concentration was determined using Lowry DC protein assay (Bio-Rad) following
manufacturer’s instructions. This method is based on the Biuret reaction, in which protein
quantification is obtained by measuring the reaction of peptide bonds and radical groups
with copper ions under alkaline conditions. Divalent cooper ions form complexes with the
peptide bonds, reducing them to monovalent copper ions. The monovalent copper ions
and the radical groups induce the reduction of the Folin-Ciocalteu reagent present in the
Lowry Kit, which changes from yellow to blue color.

Proteins were quantified by loading 1ul of cell lysates per well with a mix from the Lowry
kit reagents in a transparent 96-well plate in triplicates. First, Lowry’s reagents A and S
were added in a ratio 100/2 in a volume of 25ul/well. Reagent B (Folin reagent) was
added after loading the protein samples in a volume of 200ul/well. Then, plates were
protected from light and incubated ten minutes at room temperature. Samples absorbance
was read at 650-700nm using a spectrophotometer. Lastly, protein concentrations were
quantified comparing the samples absorbance to a standard calibration curve done with
reference BSA concentrations.

3.2.9.3 Western Blot

Western Blot samples were prepared to contain between 25-30ug of protein in RIPA
buffer 1X mixed with loading buffer 1X (NUPAGE LSD Sample Buffer 4X; Invitrogen). The
loading buffer gives density and negative charge to the samples, facilitating gel loading
and protein migration during electrophoresis, respectively. Samples were always prepared
in equal volume and quantity, and heated for ten minutes at 70°C to ascertain complete
protein denaturation. Before loading the samples in the gel, the proteins were reduced
with ditiotreitol adding the NUPAGE™ Sample Reducing agent 1X (NUPAGE™ Sample
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Reducing agent 10X; Thermo Fisher Scientific). Samples were run for forty five minutes at
200V at room temperature in pre-cast NUPAGE™ 4-12% Bis-Tris gels (Thermo Fisher
Scientific) in MES- or MOPS- running buffer 1X (Thermo Fisher Scientific), depending on
the size of the proteins of interest, supplemented with NUPAGE™ Antioxidant (Thermo
Fisher Scientific). Precision Plus Protein™ Dual Color Standards (Bio-Rad) was used as
protein ladder.

Once protein samples have been subjected to gel electrophoresis, proteins are
transferred to membranes to allow further handling. In this thesis, polyvinylidine diflouride
membranes (PVDF; GE Healthcare) were chosen to immobilize the proteins. PVDF
membranes have a protein binding capacity of 170-200pg/cm?, offering a high sensitivity
and detection of poorly expressed proteins. Furthermore, as proteins bind to PVDF
membranes through hydrophobic and dipole interactions they resist better membrane
stripping, making them ideal for reprobing. As a counterpart, they display more
background noise. For work performed in this thesis, proteins were transferred to PVDF
membranes using the wet transfer method. Wet method consists of preparing a
membrane sandwich and submerging it on transfer buffer inside a transfer tank. This
method is the most traditional method and is useful for all types of proteins. First, PVDF
membranes must be soaked in methanol (Acros Organics) one minute for activation.
Then, membranes were hydrated and equilibrated with distilled water and transfer buffer,
respectively. Once the membranes were activated, the transfer sandwich was mounted in
the following order (Figure 16):

Pad wet in transfer buffer.

Whatman filter paper (Thermo Fisher Scientific) wet in transfer buffer (x2).

NuPAGE™ resolving gel.

PVDF membrane.

Whatman filter paper wet in transfer buffer (x2).

Pad wet in transfer buffer.

ogk~whPE

The membrane sandwich was submerged in a transfer tank filled with ice-cold transfer
buffer. The sandwich should be completely covered and wet. Finally, transference was run
at high voltage (110V) for one and a half hours at 4°C. The composition of transfer buffer
was: tris 25mM (Thermo Fisher Scientific), glycine 192mM (Alfa Aesar), methanol 20%
(v/v); pH 8.3.
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Figure 16. Western Blot protein wet transfer set-up. Before assembling the sandwich, its
components are equilibrated in transfer buffer. Then, the sandwich is submerged inside a transfer
tank filled with transfer buffer. Last, a current is applied to the tank to let proteins migrate from the
gel to the membrane. Figure adapted from [338].
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After protein transfer, membranes were quickly washed with tris-buffered saline with
Tween-20 (TBS-T). The composition of TBS-T buffer was: tris 20mM, NaCl 150mM
(PanReac), Tween-20 0.1% (v/v) (Sigma-Aldrich); pH 7.5. Afterwards, membranes were
incubated with blocking solution TBS-T supplemented with 5% BSA or non-fat milk
(PanReac) for one hour at room temperature, depending on the antibody conditions. Next,
membranes were incubated overnight at 4°C with the indicated primary antibodies (Table
11). The following day, primary antibodies were recycled and membranes were washed
for five minutes three times with TBS-T. Then, membranes were incubated with host-
corresponding secondary antibodies against the primary antibodies during one hour at
room temperature. The secondary antibodies conditions used in this thesis are listed on
Table 12. Secondary antibodies are usually conjugated to the horseradish peroxidase
(HRP) enzyme, which transforms HRP substrates into chemiluminescence. Incubation of
membranes with EZ-ECL Chemiluminescence Detection Kit (GE Healthcare) allows for
antigen detection by exposing the membranes to X-ray films (Fujifilm) and further film
revealing in a dark room.
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Table 11. Primary antibodies
Antibody MW (kDa) Specie Working dilution Dilution media (w/v)  Supplier  Reference

Actin-HRP 45 Rabbit 1:40,000 5% BSA in TBS-T SCBT sc-1616*
AKT 60 Rabbit 1:5,000 5% BSA in TBS-T CST #9272
ATG5 55 Mouse 1:1,000 5% milk in TBS-T  Nanotools ATG5-7C6
ATF4 49 Rabbit 1:2,000 5% milk in TBS-T CST #11815
Caspase-3 35 Rabbit 1:3,000 5% BSA in TBS-T CST #9662
Caspase-3 cleaved 19-17 Rabbit 1:750 5% BSA in TBS-T CST #9664
CHOP 27 Mouse 1:1,000 5% milk in TBS-T CST #2895
E2F1 60 Mouse 1:1,000 5% BSA in TBS-T BD #554213
E2F2 55 Rabbit 1:1,000 5% BSA in TBS-T SCBT sSc-632
elF2a 38 Rabbit 1:1,000 5% BSA in TBS-T CST #5324
GADPH 37 Mouse 1:10,000 5% milk in TBS-T SCBT sc-32233
LC3-ll 19-17 Rabbit 1:10,000 5% BSA in TBS-T Abcam ab48394
MYCN 60 Mouse 1:2,000 5% BSA in TBS-T SCBT sc-53993
NOXA 8 Mouse 1:300 5% BSA in TBS-T Merck #114C307
p-AKTSer73 60 Rabbit 1:500 5% BSA in TBS-T CST #9271
p-elF2a 38 Rabbit 1:2,000 5% BSA in TBS-T CST #3398
p-H2AX 17 Mouse 1:1,000 5% BSA in TBS-T  Millipore #05-636
p-PRAS40 40 Rabbit 1:2,000 5% BSA in TBS-T CST #2997
p-S6 32 Rabbit 1:10,000 5% BSA in TBS-T CST #4858
PARP 116 Rabbit 1:5,000 5% BSA in TBS-T CST #9542
PRAS40 40 Sheep 1:1,000 5% milk in TBS-T MRC PPU S115B
TRB-3 43 Rabbit 1:3,000 5% milk in TBS-T  Abcam ab50516
Tubulin 50 Mouse 1:20,000 5% milk in TBS-T  Sigma-Aldrich T5168

S6 32 Rabbit 1:5,000 5% BSA in TBS-T CST #2217

Supplier Headquarters

Abcam Cambride Biomedical Campus, Cambridge, UK

Becton Dickinson Biosciences Franklin Lakes, NJ, USA

Cell Signaling Technologies Bewerly, MA, USA

Merck Millipore Billerica, MA, USA

MRC PPU Reagents and Senices University of Dundee, Dundee, UK

Nanotools Teningen, Germany

Sigma-Aldrich St. Louis, MO, USA

Santa Cruz Biotechnology Santa Cruz, CA, USA

MW, molecular weight; w/v, weight/volume; SCBT, Santa Cruz Biotechnology; CST, Cell Signaling
BD, Becton Dickinson Biosciences; MRC PPU, MRC Protein Phosphorylation and
Ubiquitylation Unit; *discontinued and replaced by sc-47778.

Technologies;
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Table 12. Secondary antibodies

Antibody Specie Working dilution Dilution media (w/v)  Supplier Reference
Anti-Rabbit IgG Alexa Fluor® 594  Goat 1:10,000 5% BSA in TBS-T  Thermo-Fisher #A11037
Anti-Rabbit IgG-Peroxidase Goat 1:10,000 5% BSA in TBS-T  Sigma-Aldrich ~ #A0545
Anti-Mouse IgG-Peroxidase Rabbit 1:10,000 5% milk in TBS-T ~ Sigma-Aldrich ~ #A9044
Anti-Sheep IgG-Peroxidase Donkey 1:10,000 5% milk in TBS-T ~ Sigma-Aldrich ~ #A3415

Supplier Headquarters

Thermo-Fisher Scientific Waltham, MA, USA
Sigma-Aldrich St. Louis, MO, USA

To detect proteins with different molecular weight and different host species, inactivation
of the HRP previously bound to the membrane would be enough to eliminate the first
antibody signal. To this aim, membranes were soaked during 30 minutes in 0.02% (w/v)
sodium azide (PanReac), which inactivates the HRP enzyme of the secondary antibodies.
After incubation with sodium azide, membranes were washed thoroughly in TBS-T before
incubation with the next primary antibody. When the use of secondary antibodies from
different species was not possible, membranes were stripped. Stripping releases the
primary and secondary membrane-bound antibodies thanks to the action of denaturing
buffers. For this thesis, fifteen minutes incubation with Re-Blot Mild Stripping Solution
(Merck) diluted 1X in DEPC-treated water was used for membrane-reprobing. After
incubation with Re-Blot solution, membranes were washed thoroughly in TBS-T before re-
blocking.

3.2.10 Cell transfection

HR-NB cells were transfected with the soluble cationic lipid agent Lipofectamine 2000®
(Thermo Fisher Scientific). In an aqueous media, the components of this reagent are self-
assembled to form positively-charged liposomes that entrap nucleic acids inside the
vesicle’s membrane, thereby shielding their negative charge. After liposome-nucleic acid
complex formation, the transfection complex interacts with the cell membrane and delivers
the RNA into the cells through endocytosis. There, the RNA is expressed or induces
expression silencing.

In this thesis, Lipofectamine 2000® was used for the lipoplexes formation with ATG5
siRNA (sequence: CAUCUGAGCUACCCGGAUA; Sigma-Aldrich) and their subsequent
transfection. The protocol used was adapted from manufacturer's recommendations.
Briefly, Lipofectamine 2000® diluted in OptiMEM (Thermo Fisher Scientific) and selected
siRNA diluted individually in Opti-MEM at 25nM were mixed and incubated together for
twenty minutes at room temperature to enhance the lipoplexes-siRNA formation.
Afterwards, the lipoplexes were added into cellular media without antibiotics, which may
interfere in cellular transfection. Following overnight transfection, the media was replaced
with fully supplemented media in order to remove the lipoplexes to avoid toxicity that may
be caused by the transfection reagents. To transfect in a p100, 1.2x10° or 1x10°
cells/plate (SK-N-BE(2) or LA1-5s, respectively) were seeded in a volume of éml of
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medium without antibiotics on a mix containing 24pl or 15ul of Lipofectamine per siRNA
(SK-N-BE(2) or LA1-5s, respectively) diluted in 3ml of OptiMEM. Transfection efficiency
was determined by the orange staining observed in cells transfected with BLOCK-iT™
Fluorescent Oligo (Thermo Fisher Scientific) transfection control, a fluorescein-labeled
dsRNA oligomer designed for use in transfection efficiency in RNAi experiments.

3.2.11Statistical analysis
Unless otherwise stated, graphs represent the average of three independent experiments
+ SEM. Statistical significance was determined by unpaired two-tailed Student’s t-test or

ANOVA Tukey's test (GraphPad Prism Software, USA). * means p<0.05, ** means p<0.01
and *** means p<0.001.
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4, Results
4.1 ABTLO0812 impairs neuroblastoma cell growth regardless of their genetic profile

The large number of patient-derived neuroblastoma (NB) cell lines with diverse biologic
characteristics generated in the past decade provides good model systems for the
development of therapeutic strategies [339]. Thus, with the aim of evaluating the potential
of ABTL0812 (ABTL) as a new therapeutic agent for high-risk NB tumors, a panel of NB
cell lines with clinically-relevant molecular alterations was selected to analyze their
sensitivity to ABTL0812. Given the heterogeneity, aggressiveness and multi-drug
resistance (MDR) phenotype of high-risk NB, we carefully completed the panel with
representatives of the major NB subclasses, including cell lines that reliably reflect
sustained drug resistance to various classes of cytotoxic agents [165]. Mechanisms of NB
MDR include elevated MYCN oncogene [340,341] and TrkB expression [90], drug
inactivation [342], apoptosis deregulation [158], presence of cancer stem cells [343],
alterations or mutations of drug targets [70], increased DNA repair capacity [344,345], and
increased drug efflux [346,347]. Some key genetic alterations involved in these processes
are MYCN amplification, CASP8 methylation and mutations in ALK oncogene or in the
TP53 tumor suppressor among others [344,348-350]. Table 13 shows the status of these
genes in chemosensitive and chemoresistant NB cell lines chosen to evaluate ABTL0812
therapeutic effects.

Table 13. Characteristics of NB cell lines

Cell line Stage MYCN status ALK status Caspase-8 11q p53
CHLA-90 4 Non amplified F1245V Mut + + E286K Mut, NF
SK-N-BE(2) 4  Amplified WT + +  C135F Mut, NF
SK-N-AS 4 Non amplified WT - - Exon 9b AS, NF
LA1-5s 4  Amplified F1174L Mut + +  C182X Mut, NF
IMR-32 4  Amplified PA, WT - - WT, functional
SH-SY5Y 4 Non amplified F1174L Mut - + WT, functional

PA, partial amplification; WT, wild type; Mut, mutated; -, lack of expression; +, expression; AS,
alternative splicing; NF, non-functional.

NB cells listed in Table 13 were treated with ABTL0812 at the indicated concentrations for
three days. Crystal violet assay was performed to assess the effect of ABTL0812 on cell
growth (Figure 17A). ABTL0812 impaired the growth of all tested NB cell lines with similar
ICsp between 30-60puM (Table 14). In parallel, the same set of cell lines was treated with
cisplatin (CDDP), a standard-of-care DNA-damaging agent used in the induction phase of
high-risk NB treatment (Figure 17B). As expected, NB cells showed different susceptibility
to CDDP depending mainly on their p53 status, but also on other prognostic markers
specified in Table 13. On average, CHLA-90, SK-N-BE(2), SK-N-AS and LA-15s had a 31-
fold higher CDDP ICs, compared to the IMR-32 and SH-SY5Y cell lines, which have
functional p53. This allows us to differentiate between these two groups of cell lines as
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chemoresistant or chemosensitive.

However, such resistance to classic chemotherapeutic drugs did not influence the
cytotoxic effects of ABTL0812. ABTL0812 strongly impaired the viability of all six cell lines
even though they have proved to be resistant to cisplatin, vincristine, doxorubicin or
etoposide [164,165,351,352]. These results suggest that ABTL0812 is likely to be an
effective therapeutic agent regardless of MYCN status, TP53 mutations and presumably
to other malignant prognostic markers.

A NB cell lines B NB cell lines

e CHLA-90 = CHLA-90
e SK-N-BE(2) 100+ SK-N-BE(2)
5 * SK-N-AS s 80- ® SK-N-AS
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Figure 17. Dose-response curves for ABTL0812 and cisplatin in six NB cell lines. Cells were
treated with (A) ABTL0812 and (B) cisplatin for 72h at the indicated concentrations. Cells were fixed
with 1% glutaraldehyde at 72h post-treatment and the percentage of viable cells for each treatment
was assessed by crystal violet staining. Data is presented as mean + SEM of three independent
experiments.

Table 14. ICgy values for ABTL0812 and CDDP in NB cell lines

Cell line  1Cso ABTL0812 [uM] ICs, CDDP [uM]
CHLA-90 57.87 +0.78 10.80 + 1.07
SK-N-BE(2)  58.70+1.08 3.18 +1.10
SK-N-AS 32.49 + 0.03 2.75 + 1.09
LA1-5s 50.68 + 1.34 4.79 +1.09
IMR-32 43.33 +0.22 0.13 + 1.02
SH-SY5Y 43.35 + 1.40 0.20 + 1.02
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4.2 ABTLO0812 is not mutagenic and does not cause DNA damage

Since genotoxic potential is one of the most important criteria for predicting adverse side
effects, ABTL0812 was tested for carcinogenicity.  Carcinogenesis, also
called oncogenesis or tumorigenesis, is the process whereby normal cells turn into cancer
cells. This process is characterized by changes at cellular, genetic and epigenetic levels.
The Ames test is a biological assay to assess the mutagenic potential of chemical
compounds in bacteria. Several histidine-requiring bacterial strains of Salmonella
typhimurium, each with a different type of mutation, are incubated with a single
concentration of a test substance. Because of the original histidine mutation, the tester
strain is not able to form colonies on histidine-free agar. However, if the test substance
induces a mutation that generates a histidine-independent strain (reverse mutation), the
latter will gain the ability to form colonies on minimal agar. The different strain mutations
combined in the histidine gene are able to detect most genotoxic carcinogens.
Furthermore, since most carcinogens are not directly carcinogenic but are active only after
being metabolized, the compounds are tested both directly and in the presence of a
mammalian metabolizing system. The 9000 supernatant fraction (S9) of a rat liver
homogenate is used as a strong inductor of many xenobiotic metabolizing enzymes in
combination with an NADPH-generating system [353].

In order to test the genotoxic potential of ABTL0812, Salmonella typhimurium strains
TA98, TA100, TA102, TA1535 and TA1537 were incubated with increasing concentrations
of ABTL0812 with or without metabolic activation by microsomal fraction S9. The result
was that ABTL0812 did not raise in any case the number of revertant colonies, not even
after metabolic activation (Figure 18).
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Figure 18. ABTL0812 is not mutagenic. Five Salmonella typhimurium strains were incubated with
indicated ABTL0812 concentrations (3-5000ug/plate) without (A) or with (B) S9 microsomal fraction.
Data is presented as mean + SD of three independent experiments. UT, untreated; Ct, water
control.
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Furthermore, we tested whether ABTL0812 antitumoral effect causes a harmful effect in
the DNA of dividing cells, as chemotherapeutic drugs usually do. To this aim, we
assessed the levels of phosphorylated histone H2AX (p-H2AX) by immunoblot (Figure
19). H2AX is a member of the histone H2A family, one of the five histone families that
package and organize eukaryotic DNA into chromatin. Histone H2AX phosphorylation in
serine 139 specifically marks DNA double strand breaks and coordinates the recruitment
of a number of proteins involved in DNA damage response and repair [354-356]. The
results were that ABTL0812 did not trigger, or slightly did, histone H2AX phosphorylation;
in contrast to the induction observed with CDDP, an alkylating chemotherapeutic drug
used in NB therapy.

In conclusion, ABTL0812 is not mutagenic and does not damage DNA, which ensures a
better safety profile than current chemotherapeutic drugs and fewer long-term side effects.
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Figure 19. ABTL0812 does not induce DNA damage. NB cells were treated for 24h and 48h with
vehicle (Ct), ABTL0812 20uM and CDDP 25uM. Protein expression levels were analyzed by WB.
Anti-TRB-3 was used as a control for ABTL0812 response.
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4.3 ABTLO0812 induces cell death in neuroblastoma cell lines
4.3.1 ABTL0812 induces autophagy in neuroblastoma cell lines

ABTLO0812 is known to impair tumor growth by activation of autophagic cell death [224].
Therefore, to ascertain whether ABTL0812 sets the autophagy program off in NB cells, we
analyzed the distribution of the autophagosome membrane-bound lipidated protein light
chain 3 (LC3) by immunhistochemistry using an anti-LC3 antibody. During autophagy the
cytosolic soluble protein LC3-I is converted to LC3-1I, which is bound to autophagosomal
membranes. This process changes the diffuse ubiquitous LC3-I pattern to a punctuate/dot
LC3-1l pattern. This puncta pattern was observed in NB cells LA1-5s and SK-N-BE(2)
treated with ABTL0812 (Figure 20) indicating that ABTL0812 activates autophagy in NB
cells.

LA1-5s SK-N-BE(2)

LC3+ DAPI LC3+ DAPI

Figure 20. ABTL0812 induces autophagosome formation. NB cells were treated for 12h with
ABTL0812 40uM (LA1-5s), 20uM (SK-N-BE(2)) or vehicle (ethanol) before immunostaining for
endogenous LC3 (green) and nuclei with DAPI staining (blue). Dots represent LC3-II recruited by
autophagosomes.

Control

ABTL0812

To detect if autophagic process was dynamic we measured the LC3-II turnover in cells
treated with ABTL0812 in the presence and absence of lysosomal protease inhibitors
Pepstatin A (PA) and E64d (Figure 21). LC3-Il protein levels were increased in the
presence of lysosomal inhibitors because autophagolysosome degradation was blocked,
indicating ABTL0812 induces autophagic flux.
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Figure 21. ABTL0812 induces autophagic flux. Cells were pre-treated 2h with vehicle (ethanol) or
E64d (10pM) and PA (10ug/ml). ABTL0812 40uM (LA1-5s), 30uM (SK-N-BE(2)) or vehicle were
added for 6h in the presence or absence of lysosomal inhibitors. Protein expression levels were
analyzed by WB. Anti-TRB-3 was used as a control for ABTL0812 response.
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4.3.2 ABTLO0812 induces apoptosis in neuroblastoma cell lines
Despite we had already proved that ABTL0812 induces dynamic autophagy, we observed
that cells treated with ABTL0812 and stained with Hoechst also showed the typical

morphological features of apoptosis: chromatin condensation, nuclear fragmentation and
formation of apoptotic bodies (Figure 22A).
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Figure 22. ABTL0812 induces apoptosis in NB cells. (A) Representative images of nuclear
morphology assessment at 48h post-treatment with ABTL0812 (30uM LA1-5s, 20uM SK-N-BE(2))
or vehicle (ethanol). Arrowheads point towards condensed or fragmented nuclei. CDDP (25 pM)
was used as a positive control of apoptosis. (B) NB cells were incubated 72h with indicated doses of
ABTLO0812. Protein expression levels were analyzed by WB. Anti-TRB-3 was used as a control for
ABTLO0812 response.

To confirm that apoptosis is involved in ABTL0812 induced cell death, we analyzed by WB
the presence of apoptosis hallmarks upon ABTL0812 treatment. One of the most common
signaling cascades involved in apoptosis is the cleaving and activation of effectors
caspases and proteolysis of substrates, like PARP-1 [357]. The presence of active
caspase forms (cleaved Caspase-3) and processing of PARP-1 in ABTL0812 treated cells
proved that ABTL0812 also induces apoptotic cell death in NB cell lines (Figure 22B),
unlike what has been reported in other non-pediatric tumors, such as lung an pancreatic
[224], but in accordance to endometrial cancer models [225].
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The role of autophagy and apoptosis in ABTL0812 anti-tumoral effect was further studied
combining ABTL0812 with pharmacological inhibitors of both types of programmed cell
death. To this aim, cells were pre-treated with (1) lysosomal protease inhibitors E64d/PA,
which prevent the culmination of autophagy, or (2) QVD-OPh (QVD) a pan-caspase
inhibitor that prevents activation of the major initiator caspase and effectors caspases.
Cells with compromised autophagy and apoptosis were treated with ABTL0812 or vehicle
during 48h and cell death was assessed using propidium iodide/Hoechst staining (Figure
23). Inhibition of either autophagy or apoptosis reduced ABTL0812 induced cell death.
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Figure 23. Inhibition of autophagy and apoptosis lessens ABTL0812-induced cell death. LA1-
5s and SK-N-BE(2) NB cells were pre-treated 2h with vehicle (ethanol) or E64d (10puM) and PA
(20pg/ml) or QVD (20uM). ABTL0812 30pM (LA1-5s), 20uM (SK-N-BE(2)) or vehicle (control) were
added in the presence or absence of autophagy and apoptosis inhibitors. 48h post-treatment
quantification of cell death was performed from four representative images of three replicates per
condition. Data is presented as mean = SEM of three independent experiments. *p<0.05, **p<0.01,
***p<0.001 compared to ABTL0812 control.
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4.4 ABTLO0812 reduces tumor formation in vivo and has low toxicity profile

The impact of ABTL0812 treatment on NB cells was further evaluated in vivo using NB
xenografts. 5x10° of viable SH-SY5Y cells were injected into the flank of 6 week-old
female immunodeficient NMRI-nude mice (n=15/group). Tumor formation was followed by
palpation two to three times a week. Two weeks post-injection, all mice had already
developed tumors of an average volume of ~70mm?®. Then, mice were randomly assigned
to be treated either with vehicle, 120mg/kg of ABTL0812 orally 7 times a week, or 2mg/kg
of cisplatin by intraperitoneal injection (ip) two times a week (Figure 24A). Tumors
detected in the ABTL0812 or CDDP group developed at a significant slower pace than
vehicle-treated group (Figure 24B). All mice were euthanized at day 23 post-injection. The
excised tumors of vehicle group were larger in size and heavier compared to ABTL0812
or CDDP treated tumors (Figure 24C). Histological analysis confirmed the presence of
tumor cells in the extracted tissue fragments of the three groups (Figure 24D).
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Figure 24. ABTL0812 reduces tumor growth in SH-SY5Y xenograft models. (A) Schematic
representation of the experiment schedule. (B) Tumor volume of mice treated with vehicle,
ABTL0812 or CDDP (n=15/group) measured for 23 days. Tumor growth was monitored using a
digital caliper and tumor volume was calculated using the formula (widthz*length/2). Data is
presented as mean + SEM (C) Average weight of resected tumors. Graph shows mean + SEM. (D)
Representative hematoxilin-eosin stained images of NB xenografts. Scale bar 100um. *p<0.05,
**p<0.01 compared to vehicle.
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Of note, ABTL0812 efficacy was comparable to CDDP. CDDP is a cytotoxic platinum
compound proved to be effective in the in vivo treatment of NB and a well established
standard of care of NB treatment [358,359]. Therefore, these results not only validate the
in vitro results, but also indicate that ABTL0812 could be considered a potential therapy
agent for high-risk NB.

In order to compare potential side effects after ABTL0812 and CDDP treatment, we did a
complete blood cell count test (CBC) from five to twelve mice from each treatment group.
The hematological analysis resumed in Table 15 showed that ABTL0812 had no impact
on hematocrit, hemoglobin and red blood cell counts, neither in liver and kidney damage
indicators AST, ALT and urea concentration. On the contrary, in agreement with
previously published data [360,361], CDDP showed a slight reduction on the hematocrit
concentration and the red blood cell counts, indicators of anemia due to bone marrow
suppression as a result of direct myelotoxicity or cytokine-mediated inhibition of
erythropoiesis. Other parameters were affected in both treatments, such as white blood
cell counts, platelets, creatin kinase and LDH, often altered during cancer and cancer
therapy.

Table 15. CBC test in vivo SH-SY5Y xenograft models treated with ABTL or CDDP

Paremeter Vehicle ABTL 120mg/kg  CDDP 2mg/kg Ref. val. Units
Hematocrit 41.53+1.23 40.22 + 0.63 *37.33+1.36 39-49 %
Hemoglobin 13.35+£0.41 13 +0.28 12.267 +0.49(10.2 - 16.6  g/dL
Red blood cell count 7.92 +0.29 7.92+£0.18 *6.81 +0.39 7 -12 mill/pL
White blood cell count *3.82+04 *3.94 £ 0.58 *3.02+£0.29 6-15 10° /uL
Platelet count *1164.92 + 63.8 *1122.2+109.12  * 916.67 + 89.27| 160 - 760 10° /pL
CK-NAC 501.83 + 113.13 * 1020.4 + 350.67  701.33 + 276.18| 39 -729 uI’'L
AST (GOT) 72.5 £ 7.66 109.6 £21.25  106.167 + 15.30[ 55 - 266 ul/L
ALT (GPT) 32.75+2.29 28 £2.86 35.33 £ 2.69 18-72 uI’L
Urea 435+ 2.04 54.8 + 4.91 59.3+1.91 17 -71 mg/dL
LDH *518.67 +54.27  *799.2 + 72.99 * 1154.33 + 653.12| 78-273 ul/L
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45 ABTLO0812 induces endoplasmatic reticulum stress and the unfolded protein
response

Previous reports described that the ABTL0812 mechanism of action relies on the up-
regulation of the pseudokinase TRB-3, which binds to AKT and prevents AKT
phosphorylation and activation. Suppression of AKT/mTORCL1 axis caused tumor growth
inhibition and autophagy-mediated cancer cell death in vitro and in vivo [224,225]. Hence,
we aimed to investigate whether this mechanism was reproducible in our model. To this
aim, we monitored the AKT/mTORC1 pathway activity by WB in NB cells treated with
ABTLO0812 (Figure 25).
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Figure 25. ABTL0812 does not modulate the AKT/mTORC1 pathway in NB. Cells were treated
twenty-four hours with ABTL0812 at the indicated concentrations. Protein expression levels were
analyzed by WB.

Three NB cell lines with different genetic background were treated with increasing doses
of ABTL0812 and phosphorylation levels of AKT/mTORC1 axis proteins were measured.
Unlike what had been formerly reported, ABTL0812 did not reduce phosphorylation of
AKT/mTORC1 substrates, although TRB-3 and LC3-1l levels were up-regulated.
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The most prevalent mTOR-independent autophagy induction mechanism is the
endoplasmatic reticulum (ER) stress. In order to validate the induction of ER stress-
mediated cell death, we monitored the effects of ABTL0812 on the PERK signaling
pathway, the UPR branch most closely related to ER stress-induced apoptosis (Figure
26). Protein analysis showed that ABTL0812 treatment induced phosphorylation of
PERK’s substrate p-elF2a and selective translation of the downstream effectors
ATF4/CHOP. Evidence suggests that CHOP inhibits pro-survival Bcl-2 protein thus de-
repressing pro-apoptotic BH3 domain-only protein genes such as PMAIP1 (NOXA). Up-
regulation of BH3-only proteins is necessary for BAX-BAK-mediated smooth ER
membrane permeabilization, calcium release and apoptosis onset [362,363].

Besides, our WB analysis demonstrated that elicitation of ER stress by ABTL0812
precedes the up-regulation of TRB-3 and the bi-lipidation of LC3.
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Figure 26. ABTL0812 triggers the UPR-PERK signaling pathway. Cells were treated during 0, 3,
6 and 8 hours with ABTL0812 40uM (LA1-5s) or ABTL0812 30uM (SK-N-BE(2)). Protein expression
levels were analyzed by WB.

Overall, these data support the hypothesis that ABTL0812 may induce NB cell death
through the induction of ER stress and associated UPR pathway.
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4.6 ABTLO0812 down-regulates MYCN expression
4.6.1 ABTL0812 decreases MYCN protein levels via ubiquitin-proteasome system

Amplification of the MYCN oncogene is present in about 20% of all NB and 40% of high-
risk cases. The MYC family proteins (c-MYC, MYCN) are nuclear phosphoproteins that act
as transcription factors, both activating and/or repressing the expression of their target
genes. Gene expression profiles of MYCN-amplified tumors distinguish a subset of
aggressive tumors with poor prognosis since MYCN regulates tumorigenesis-relevant
processes such as cellular proliferation, growth factor dependence, response to anti-
mitogenic signals, angiogenesis, metastasis, genomic instability, cell differentiation and
cell adhesion. Clinical observations reciprocally show that MYCN-amplification is
associated with NB tumorigenesis, rapid disease progression and poor patient outcome.
Of note, NB patients’ progression-free survival is MYCN dose-dependent, as higher copy
number results in lower progression-free survival independently of patient age and
disease stage. Based on these evidences, MYCN-amplification is one of the most
powerful adverse prognostic markers for NB patient outcome [39,40].

The MYCN oncogene is located on the distal short arm of chromosome 2 (2p24). Although
the exact mechanism by which amplification occurs is unknown, it usually results in 50 to
400 gene copies per cell, leading to the production of abnormally high levels of MYCN
mMRNA and protein. Despite the general consent that blocking MYCN expression may be
beneficial for NB patients, the therapeutic implementation of this hypothesis is hampered
by the lack of understanding of MYCN transcriptional regulation in NB. Although few
transcription factors have been identified for basal MYCN expression, the available data
suggests that MYCN regulation is not only mediated through transcription factors binding,
but through cooperation with multiple non-adjacent regulatory regions. Such cooperative
DNA-protein interactions could explain the inability of the available approaches to unveil
the MYCN regulatory mechanism [364,365]

Another cell mechanism that unbalances MYCN protein levels is the disruption of
proteasomal degradation. MYCN is an unstable protein with a rapid turnover commanded
by the ubiquitin-ligase proteasome degradation pathway. However, MYC-family proteins
can be aberrantly stabilized by an altered phosphorylation within the domain where
ubiquitin-ligases bind to initiate proteasomal degradation. Particularly in NB, enhanced
PI3K signaling contributes to oncogenic stabilization of MYCN extending the half-life of
MYC and envisaging an alternative approach for targeting MYCN [40,366].

One of the most immediate outcomes of UPR activation is the up-regulation of
chaperones and components of the endoplasmatic reticulum-associated degradation
(ERAD) machinery to reestablish ER function and remove misfolded proteins. Because of
this link between ER-enhanced activation of the ubiquitin-proteasome pathway and intra-
tumoral MYCN regulation, we aimed to ascertain whether ABTL0812 ER stress induction
could have an effect on MYCN protein levels (Figure 27).
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Figure 27. ABTL0812 reduces MYCN levels in NB cells. The indicated cell lines were treated
during 0, 3, 6 and 8 hours with ABTL0812 30uM. Protein expression levels were analyzed by WB.

In order to determine whether the remarkable reduction of MYCN levels after ABTL0812
treatment were attributable to increased protein degradation, NB cells were co-incubated
with the proteasome inhibitor MG132 and ABTL0812. While ABTL0812 efficiently
decreased MYCN protein levels, the co-treatment with MG132 abolished ABTL0812
effects on MYCN, thereby indicating that ABTL0812-induced lessening of MYCN levels
was, at least in part, due to disturbances of MYCN stability (Figure 28).
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Figure 28. Proteasome inhibition blocks ABTL0812-induced degradation of MYCN. The
indicated cell lines were pre-treated 2h with vehicle (ethanol) or MG132 0.5uM. ABTL0812 30uM or
vehicle were added for 3h in the presence or absence of proteasomal inhibitor. Protein expression
levels were analyzed by WB.
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4.6.2 ABTL0812 represses MYCN transcription

In addition to MYNC protein stability impairment, we analyzed whether ABTL0812 also
altered MYCN transcription. To this aim, MYCN expression levels were quantified by qRT-
PCR after ABTL0812 treatment. Results show ABTL0812 sharply down-regulates MYCN
expression (Figure 29A). Of note, in parallel to MYCN, TRIB3 up-regulation was assessed
as a control for ABTL0812 response (Figure 29B).
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Figure 29. ABTLO0812 significantly reduces MYCN transcription. The indicated NB cell lines
were treated for 1, 3 and 6h with 30uM ABTL0812 or left untreated (Oh). (A) MYCN and (B) TRB-3
MRNA levels were characterized by gRT-PCR. mRNA levels were normalized using GADPH
mRNA. Data is presented as mean + SEM of three independent experiments. *p<0.05, **p<0.01
compared to vehicle (white bars).

To date, little is known about which transcription factors regulate MYCN expression in NB.
Thus far, only the zing finger transcription factors Spl and Sp3, and the E2F transcription
factors family have been found to have binding sites in the MYCN promoter and to
contribute to their expression [364,365,367].

Recent reports have uncovered a link between one of the UPR branches and the E2F and
Sp1/3 transcription factors. On one hand, proteins processed and released during the
UPR are able to enter the nucleus and bind the ER stress response element (ERSE)
present on the E2F promoters, thereby repressing its expression [368,369]. On the other
hand, the Sp family of proteins can also directly bind to the ERSE during a stress
response and cooperate with the mentioned UPR proteins to induce transcriptional
activation or repression of its target genes [370,371].

This prompted us to examine whether MYCN silencing depends on E2Fs down-regulation.
NB cells were treated for 1, 3 and 6h with ABTL0812 or vehicle. mMRNA and protein levels
of MYCN, E2F transcription factors and other proteins related to the PERK/elF2a/ATF4
pathway were analyzed by RT-gPCR and WB.
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Figure 30. E2F factors regulation do not account for ABTL0812-induced reduction of MYCN
levels. NB cells were treated for 1, 3 and 6h with vehicle (ethanol) or ABTL0812 30uM. (A) mRNA
expression levels were measured by RT-gPCR. Expression levels were normalized using GAPDH.
Graphs represent the mean + SEM of three independent experiments. (B) Protein expression levels
were analyzed by WB. *p<0.05, **p<0.01 compared to vehicle (dotted line).

The mRNA and protein analysis suggest that E2F factors are not implicated in MYCN
down-regulation by ABTL0812. RT-gPCR results did not show any correlation between
ABTLO812 treatment and E2F factors expression (Figure 30A). Moreover, while the WB
exhibits a temporal correlation between treatment, activation of the PERK/elF2a/ATF4
axis and MYCN down-regulation, no changes in E2F proteins levels were observed at
these times (Figure 30B). In summary, these data do not support the hypothesis that E2F

108



Results
ABTL0812 down-regulates MYCN expression

factors down-regulation may be linked to MYCN inhibition in early stages of ER stress.

Further experiments would be needed in order to find alternative transcriptional regulators
of MYCN and their modulation in the context of ER stress.
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4.7 ABTLO0812 has a good combination profile with chemotherapeutic drugs used
for high risk-neuroblastoma treatment

Although ABTLO0812 has demonstrated to be effective as a single agent in in vivo NB
models, the clinical treatment of the disease is highly complex, thus ABTL0812 may need
to be used in combination with other chemotherapies.

Treatment regimens for relapsed or refractory disease in HR-NB encompass different
combinations of doxorubicin, irinotecan, topotecan and cyclophsophamide
chemotherapeutic drugs. Therefore, following the currently proposed treatment schemes,
we analyzed the antitumoral effects of ABTL0812 in combination with the mentioned
drugs. Clinically representative HR-NB cells were simultaneously treated with ABTL0812
and increasing doses of doxorubicin, irinotecan, topotecan and cyclophsophamide for 72
hours. Crystal violet assay was performed to assess cells growth inhibition (Figure 31).
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Figure 31. ABTLO0812 has additive effects in combination with second line treatments. LA1-5s
cells were treated with vehicle (ethanol), ABTL0812 30uM and the indicated doses of (A)
doxorubicin, (B) irinotecan, (C) topotecan, and (D) cyclophosphamide as a single agent; alone (plain
bars) or in combination with ABTL0812 30 uM (striped bars). Cells were fixed with 1%
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glutaraldehyde 72h post-treatment and the percentage of viable cells for each treatment was
assessed by crystal violet staining. Data is presented as mean = SEM of three independent
experiments. *p<0.05, **p<0.01 compared to vehicle; #pS0.0S compared to ABTL0812 as a single
agent; $p50.05 compared to the matching concentration of each drug as a single agent.

ABTLO0812 demonstrated to be efficient in combination with chemotherapeutic agents
used to treat refractory or relapsed NB even at sub-therapeutic doses.
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4.8 ABTL0812 synergizes with biologic agents used for the treatment of
neuroblastoma minimal residual disease

The latest phase of high-risk NB therapeutic regimen is the treatment of minimal residual
disease (MRD). Strategies incorporated to MRD management are differentiation therapy,
immunotherapy and metronomic chemotherapy [372,373]. Therapeutic administration of
differentiating agent 13-cis-retinoic acid (13-cRA) has become part of standard HR-NB
treatment regiments since the nineties. Hence, we treated LA1-5s and SK-N-BE(2) NB
cell lines simultaneously with ABTL0812 and increasing doses of 13-cRA during twenty-
four hours. Crystal violet staining was performed to assess cell growth (Figure 32A).

Administration of low 13-cRA doses had none or little effect in both cell lines while
ABTLO812 reached a maximum of 40% of growth inhibition in SK-N-BE(2) cells.
Nevertheless, ABTL0812 plus 13-cRA combination treatment significantly inhibited cell
growth compared to individual agents, reaching approximately 70% of inhibition in SK-N-
BE(2) and 80% in LA1l-5s using 20uM ABTL0812 and 20uM 13-cRA concentrations
(Figure 32A). Furthermore, ABTL0812 or 13-cRA treatment alone did not show any sign of
caspase-3 or PARP-1 cleavage. However, the combination treatment showed prominent
apoptosis induction (Figure 32B).

Moreover, not only apoptosis markers were raised in the combination treatment, but also
ER stress proteins from the PERK axis, such as ATF4, TRB-3 and LC3-Il. Interestingly,
both, ABTL0812 and 13-cRA stimulated PERK’s signaling pathway, but the combination
strongly up-regulated the axis, probably tipping the scale enough to result in apoptotic cell
death.

In conclusion, these results together with the fact that ABTL0812 has a potent anti-cancer
effect in a broad range of genetically different cell lines, is not mutagenic and less toxic
than conventional therapies, positions ABTL0812 as a potential therapeutic agent in the
treatment of NB and supports the study of ABTL0812 in combination with current second
line therapies and 13-cRA in in vivo experiments.
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Figure 32. ABTL0812 synergizes with 13-cis-retinoic acid. SK-N-BE(2) and LA1-5s were treated
with vehicle (ethanol), ABTL0812 20uM and the indicated doses of 13-cRA, alone or in combination
with ABTL0812. (A) Cells were fixed with 1% glutaraldehyde 24h post-treatment and the percentage
of viable cells for each treatment was assessed by crystal violet staining. Data is presented as
mean + SEM of three independent experiments. Plain bars represent single agent treatments,
striped bars represent combined treatments. *p<0.05, **p<0.01, ***g50.001 compared to vehicle;
#p<0.05, *#p<0.001 compared to ABTL0812 as a single agent; *p<0.05, **p=<0.01, ***p<0.001
compared to the matching concentration of RA as single agent. (B) Protein expression levels were

analyzed by WB 24h post-treatment.
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4.9 ABTLO0812 is atherapeutic candidate for multiple pediatric solid tumors

Deregulated MYCN expression is not limited to NB pathogenesis and aggressiveness but
is associated with the development of a large list of tumors that express MYCN during
normal development.

Since several pediatric solid tumors are known to be dependent on MYCN expression
[39,47] and we have proven that ABTL0812 targets MYCN, we wondered if ABTL0812
could be a therapeutic option for those unmanageable tumors. To this aim, a clinically
representative panel of pediatric cancer cell lines harboring MYCN amplification or over-
expression was treated with increasing concentrations of ABTL0812 during 72 hours.
Then, crystal violet staining was performed to assess cells growth inhibition and/or cell
death. All cell lines responded with similar ICs, between 30-60uM, showing that ABTL0812
is an effective agent for childhood cancers (Figure 33).

A Tumor cell line 1Cs0 [MM]
Neuroblastoma
Pediatric cell lines CHLA-90 57.87+0.78
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Figure 33. Dose-response curves and ICso for ABTL0812 in a panel of pediatric cancer cell
lines. (A) Cells were treated with ABTL0812 for 72h at the indicated concentrations. Cells were
fixed with 1% glutaraldehyde at 72h post-treatment and the percentage of viable cells for each
treatment was assessed by crystal violet staining. (B) ICso summary calculated from the dose-
response curves. Data is presented as mean + SEM of three independent experiments.

Now that over-ER stress stimulation is emerging as a novel strategy to cope with cancer,
further experiments would be required to characterize the most potent or
chemosensitizing drug combinations for each type of tumor to ideally proceed to verify
their therapeutic efficacy in clinical trials.
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5. Discussion
5.1 ABTLO0812 as atherapeutic candidate for high-risk neuroblastoma

The clinical course of NB is very heterogeneous, ranging from spontaneous regression
without the need for treatment or complete remission following conventional treatment, to
resistance to intensive multimodal therapies. Survival probabilities for patients classified as
high-risk (HR-NB) approach 40% despite the aggressive treatment. Therefore, although
the outcome for certain subsets of NB has improved over the past few decades, survival of
high-risk NB patients remains one of the most defiant challenges in pediatric oncology
[7,25].

The urgent need to find therapeutic alternatives for multi-drug-resistant HR-NB or
relapsed NB prompted us to ascertain whether the singular mechanism of action of
ABTL0812 to inhibit the AKT/mTOR axis (Figure 34A) could make a change in this
devastating scenario. In NB, constitutively enhanced PISK/AKT/mTOR signaling has been
shown to correlate with poor prognosis, increased tumor cell growth, proliferation,
survival, angiogenesis, glucose metabolism and resistance to chemotherapy [158,230-
233]. Moreover, the PI3K/AKT/mMTOR axis integrates all the New Drug Development
Strategy (NDDS) prioritized targets for HR-NB and directly regulates active stabilization of
MYCN through GSK3B and mTORC1 phosphorylation [234,235] (Figure 34B). Previous
pharmacological inhibition of the pathway in genetically engineered murine models of NB
and medulloblastoma showed outstanding anti-tumor effects mediated by MYCN
degradation, demonstrating the significant dependency of these tumors on this
oncoprotein [374-376].
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Therefore, on the basis of extensive pre-clinical evidence, we assumed that ABTL0812
blockade of MTORC1 and mTORC2 signaling could be clinically efficacious in HR-NB and
possibly other MYCN-driven tumors that have aberrant amplification, expression or
stabilization of MYCN. However, it should be pointed out that despite the robust rationale
for their development in pediatric malignancies, clinical trials of PI3K or combined
mTORC1/2 inhibitors in children have been extremely limited due to the lack of interest
from pharmaceutical companies. For now, early phase studies have been restricted to
rapalogs (MTORC1-only inhibitors) and AKT inhibitors [199,377,378]. To make things
worse, selective targeting of mTORC1 by rapalogs has demonstrated to be inefficient
against the negative feedback loops resulting from mTORC1 inhibition which can re-
activate AKT and lead to rebounded activation of uninhibited isoforms or signaling through
compensatory pathways [194,195]. Nevertheless, ABTL0812 is a first-in-class drug that
inhibits the PIBK-AKT-mTOR pathway by inducing TRB-3, a pseudokinase that binds to
AKT impeding its phosphorylation and thus inhibiting AKT activation. Therefore, by
activation of an endogenous inhibitor of AKT, ABTL0812 completely differentiates from
classical ATP-competitive, allosteric or irreversible PISK-AKT-mTOR inhibitors. In
addition, ABTL0812 avoids the negative feed-back loop mediated by upstream kinases
(PI3K, AKT and ERK) observed with rapamycin and conventional rapalogs, allowing long-
term inhibition of the PIBK-AKT-mTOR pathway. Actually, ABTL0812 adult clinical trials
have been coursing without signs of acquired resistances, while signs of efficacy are
being observed, possibly due to PI3K-AKT-mTOR inhibition through the activation of an
endogenous mechanism, in contrast to specific mMTORC1 inhibitors. Therefore, we still
had a strong rationale to study ABTL0812 effects on NB cell lines.

The cytotoxic activity of ABTL0812 was tested in a panel of NB cell lines derived from NB
patients who were going through distinct points of the disease course (Table 9). The panel
included a representative majority of cell lines that reflected the drug-resistant phenotype
acquired after intense chemotherapy. Furthermore, the cell lines comprised in the panel
also featured a wide-range combination of genetic and biologic risk factors involved in the
definition of high-risk NB and predisposition, or not, to develop towards a resistant
phenotype. ABTL0812 demonstrated to overcome drug resistances in multiple NB cells.
Our results show that ABTL0812 inhibits growth of both chemosensitive and
chemoresistant NB cells regardless of any malignant prognostic marker used in clinics.
This suggests that even a genetically altered cell population that had emerged under
chemotherapy pressure (e.g. non-functional p53 cells) would not escape to ABTL0812
cytotoxicity. This feature is highly significant, as when standard therapeutic regimens
(based on intensive chemotherapy) are exhausted, no reliable options are left for
refractory or relapsed patients. Current efforts at outlining alternative treatment strategies
for refractory and relapsed patients are focusing on the development of small biologic
molecules active towards tumors with alterations acquired under conventional
chemotherapy that provides drug resistance [7,164]. Our results position ABTL0812 in a
good place as a therapeutic candidate for those disadvantaged cases.

Nevertheless, despite all the newly generated agents and targeted therapies under study,
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the most conventional strategies and effective current salvage treatments for HR-NB are
still based on conservative chemotherapeutic agents and radiation. Unfortunately, while
the establishment and refinement of these regimens has resulted in significant
improvements in event-free survival and relapse rates, the same regimens put NB
patients in a risk situation of substantial disease-related and treatment-induced toxicity.
Nearly all patients treated for high-risk NB experience substantial treatment-associated
acute toxicity, including severe transient myelosuppression, chemotherapy-induced renal
dysfunction and poor weight gain. On top of that, given the intensive chemotherapeutic
and radiation regimens that NB patients undergo at a young age, almost all survivors are
expected to have long-term health issues related to their treatment. Common late effects
of chemotherapy and radiation encompass learning difficulties, vision problems, hearing
loss, growth and developmental delays, muscle and bone growth complications, seizures,
infertility, loss of function of certain organs and increased risk of developing a second
cancer. The risk of developing late effects depends on various factors such as the specific
drugs used during treatment, the dosage of those drugs and the child's age during
treatment [4,8,379] (Table 16).

Table 16. Acute and late side-effects of neuroblastoma therapy

Acute effects Late effects
Pain Impaired growth and developmental delays
Neurological symptoms Delayed/impaired puberty or infertility
Nausea and vomiting Hypothyroidism
Sewvere myelosuppression Vision problems
Risk of infection Hearing loss
Mucositis Chronic diarrhoea
Veno-occlusive disease Pulmonary fibrosis
Renal dysfunction Neurological impairment
Electrolyte imbalance Learning difficulties
Impaired growth and poor weight gain  Scoliosis
Dental abnormalities
Chronic kidney disease
Benign neoplasms
Malign neoplasm

Most of these severe, life-threatening side-effects of NB treatment can be explained by
the mechanism of action of chemotherapy and radiation. Radiation and the majority of
chemotherapeutic drugs work by disruption of DNA strings. For example, cisplatin is an
alkylating agent that crosslinks DNA in several ways, doxorubicin intercalates between
DNA base pairs, etoposide forms a complex with DNA and toposomeirase 1l to prevent
religation of DNA strands, and cyclophosphamide crosslinks between DNA strands at
guanine bases. The initial reaction of a cell to DNA damage is to activate DNA repair
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processes; yet with increasing levels of DNA damage, the cell switches to cell cycle arrest
or to apoptosis [380]. However, sometimes the DNA-damaging agents cause genotoxicity
(mutations, chromosome aberrations, etc.); still cells do not undergo apoptosis. In fact,
these damaged cells continue to grow and multiply, which may affect normal growth and
development of body organs and tissues or make them become neoplasic. Moreover,
chemotherapeutic agents and radiation therapies are not specific and do not differentiate
between normal healthy cells and tumor cells.

As a sign, various publications directly relate some of the long-term disorders and injuries
suffered by NB survivors to agents used in modern NB therapy. For example, the high
prevalence of hypothyroidism in NB survivors comes from B1.mIBG and external beam
radiotherapy thyroid damage. Growth failure, short stature, vertebral damage, scoliosis,
poor weight gain and chronic diarrhea are as well consequences of exposure to total body
irradiation [381—-384]. Total body irradiation, or focused radiation in affected areas, has
also been associated to development of diabetes mellitus and metabolic syndrome,
premature ovarian failure, azoospermia and oligospermia. The use of alkylating agents is
also related to metabolic and reproductive disorders, while exposure to carboplatins
originates hearing loss problems [381-383,385,386]. Finally, multivariate analyses have
identified exposure to topoisomerase inhibitors, alkylating agents and radiotherapy as risk
factors for the development of secondary cancers, like leukemia and renal cell carcinoma
[382,387,388].

These observations underscore the need for less toxic therapies. Thus, one of the
required characteristics when it comes to the design of new therapeutic strategies should
be to not directly interact or damage DNA. Our analyses have shown that ABTL0812 is a
safe therapeutic agent in the sense that it does not cause DNA breaks, therefore
preventing any of the treatment-related morbidities discussed before.

Further confirmations regarding the safety and efficacy of ABTL0812 have also been
demonstrated in adult phase I/l study (NCT02201823). In the first-in-human phase I/Ib
clinical trial (twenty-nine patients with advanced solid tumors), ABTL0812 showed great
safety, tolerability and signs of efficacy. Remarkably, one patient with endometrial cancer
had long-term disease stabilization for over fourteen months and one patient with
cholangiocarcinoma was stable for eighteen months. Given the extremely low toxicity
profile of ABTL0812, the recommended phase Il dose had to be determined based on
pharmacokinetic and pharmacodynamics analysis as the maximum tolerated dose was
not achieved in phase I/lb because no dose-limiting toxicities were identified. The few
adverse events reported were mild (mostly grade 1-2) and mainly associated with drug
administration. The most common were asthenia (34%), nausea and vomiting (31%) and
throat burning (24%).

The results of our HR-NB in vivo model kept in line with the safety and efficacy of
ABTLO812 observed in the adult clinical trials. The in vivo was designed to compare anti-
tumor activity and potential acute toxicities of ABTL0812 vs. cisplatin (CDDP). ABTL0812
not only proved to be as efficient as the standard therapeutic agent in a chemosensitive
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model but also matched good tolerability, as reflected by the low weight fluctuation.
ABTLO0812 even improved the outcome of several blood-test parameters used to measure
toxicity, suggesting a trend to have a better tolerability profile than CDDP. Specifically,
mice treated with CDDP showed a slight reduction on the hematocrit concentration and
red blood cell counts, whereas mice treated with ABTL0812 had normal values. It is
generally accepted that treatments with chemotherapeutic drugs have undesirable side
effects because they affect healthy tissues or organs that divide quickly, such as the bone
marrow. Therefore, the most common and severe acute side effects of chemotherapy are
(1) decrease of red blood cells, (2) decrease of platelets, and (3) decrease of white blood
cells, among many others. Bone marrow damage and consequent red blood cells
production impairment implies a decreased flow of oxygenated blood to tissues, hence,
fatigue. Fatigue is the most common symptom of anemia and one of the most reported
chemotherapy adverse side effects. ABTL0812 seems to not have any impact in red blood
cells production, what would safe patients from suffering anemia.

In conclusion, (1) the potential of ABTL0812 to be effective even in the most discouraging
scenarios, (2) the fact that it has equalized the efficacy of standard-treatments in vivo and
(3) the expected good tolerability outstand ABTL0812 as a promising drug to treat HR-NB
patients.
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5.2 Integrating endoplasmatic reticulum stress signaling in cancer therapy

The first publication depicting ABTLO0812 signaling pathway made apparent that
ABTLO0812 induced macroautophagy-mediated cancer cell death by inhibition of the
AKT/mTORC1 axis (macroautophagy will be herein referred to as autophagy). Erazo and
colleagues [224] showed in lung (A549 cells) and pancreatic (MiaPaCa-2 cells) adult
cancer models that ABTL0812 would primary target PPARa/y receptors causing up-
regulation of TRB-3, a pseudokinase that can interact with AKT and prevent its
phosphorylation [224,389,390]. This mechanism of action was also demonstrated in
endometrial cancer models [225]. TRB-3 overexpression would result in the inhibition of
the AKT/mTORC1 pathway and autophagy induction, since mTORCL1 plays a central role
in its regulation. The mTORC1 complex belongs to a network that serves as a sensor of
the cell’s nutrient supplies and accordingly balances anabolic and catabolic metabolism
through autophagy in order to maintain homeostasis [248,250,391,392].

Autophagy is considered to be a dynamic process that comprises three sequential steps:
(1) formation of double membrane vesicles known as autophagosomes, (2) the fusion of
autophagosomes with lysosomes and (3) degradation of autolysosomes [237]. So far,
autophagy is a homeostatic and evolution-conserved process that breaks down cellular
organelles and proteins and maintains cell biosynthesis during nutrient deprivation or
metabolic stress. Autophagy is primarily considered a cytoprotective mechanism used to
promote cell survival under basal and stressful conditions. However, it has also been
referred to as a double-edged sword since, in certain cellular contexts, excessive or
sustained autophagy may induce a caspase-independent type of programmed cell death,
the autophagic cell death. During autophagic cell death, the autophagic vesicles
accumulate in the cytosol of dying cells and engulf bulk cytoplasm and cytoplasmic
organelles. Thus, it is important to distinguish between cytoprotective autophagy and the
cellular settings in which autophagy can cause cell death [248-250,393]. Shen and
Codogno [394] proposed three criteria to define cell death by autophagy: (1) cell death
occurrence has to be independent of apoptosis, (2) there has to be an increase in
autophagic flux (degradation), and not just an increase in autophagic markers in dying
cells and (3) genetic or pharmacologic suppression of autophagy has to prevent cell
death. However, the same authors stress the complexity of excluding apoptosis from
autophagy due to the intricate relationship between these two processes and the difficulty
of suppressing autophagy key proteins by siRNA silencing. Therefore, the principal
methods used to monitor autophagic activation are the detection of autophagosome
formation by fluorescence and electron microscopy and the quantification of autophagic
flux by WB analysis [237]. The term autophagic flux refers to the whole dynamic process
of autophagy: formation of autophagosomes, fusion of autophagosomes with lysosomes
and cargo and vesicle degradation. Formation and expansion of autophagosomes require
recruitment and conversion of cytosolic-associated LC3-1 into the autophagosome
membrane-bound lipidated form LC3-II. LC3-Il remains on mature autophagosomes until
after their fusion with lysosomes. Thus, autophagic flux can be monitored by detection of
LC3-1l accumulation in the presence of lysosomal degradation inhibitors since the transit
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of LC3-1I through the autophagic pathway will be blocked [248-250].

Our results did indeed confirm that ABTL0812 induced autophagy in NB cells. Following
the mentioned guidelines, we detected recruitment and transition of LC3-I to LC3-Il by
immunochemistry in NB cells treated with ABTL0812. Moreover, incubation of treated
cells with lysosomal protease inhibitors resulted in LC3-Il accretion, what suggests that
the generated vesicles take part in an autophagic flux. However, in spite of autophagy
induction, we could not translate the reported ABTL0812 mechanism of action to NB cell
lines. Unlike what had been described for lung, pancreatic and endometrial cancer cells,
ABTL0812 did not reduce phosphorylation of AKT nor mTORCL1 substrates, although
TRB-3 and LC3-1l levels were upregulated. Thus, initiation of autophagy-mediated cell
death in NB could not be explained by inhibition of the AKT/mTOR axis.

Far from being a troublesome setback, the finding that ABTL0812 works differently
depending on the cellular context was somehow expected. Additionally, we also found
that besides autophagy, NB cells were dying by apoptosis, in accordance with what was
observed for endometrial cancer models [225]. NB cells treated with ABTL0812 presented
the typical morphological features of apoptosis: loss of adhesion, rounding of adherent
cells, cell shrinkage, chromatin condensation, nuclear fragmentation and formation of
apoptotic bodies. Cleavage of effector caspase-3 and proteolysis of executor substrates
were also detected. None of these apoptotic hallmarks could be noticed in neither in A549
nor MiaPaCa-2 cells, even if the same authors proved that those cells are apoptosis-
competent [224]. The disparity between cell fate outcomes and the observation that the
AKT/mTOR axis was not affected by ABTL0812 activity in NB urged us to search for other
mechanisms that could explain the appearance of both apoptosis and autophagy in NB
cells treated with ABTL0812.

The multiple direct and indirect interactions between autophagy and apoptosis machinery
has long been discussed in the literature. Under certain conditions, autophagy may
promote cell survival and prevent apoptosis by clearing misfolded/unfolded proteins and
damaged organelles and inhibiting caspases activation. However, under other conditions,
autophagy may conclude in cell death in concert with apoptosis or independently in the
event of apoptotic failure [395—-397]. In order to elucidate whether the purpose autophagy
was to minimize death by apoptosis or to promote programmed cell death, the anti-
tumoral effect of ABTL0812 was studied in cells with compromised apoptosis or
autophagy. The read-out of this experiment made evident that inhibition of autophagy
rescued from cell death. This discarded the hypothesis that autophagy is triggered as a
protective mechanism in front of ABTL0O812 treatment and reinforced the idea that in this
scenario autophagy is a pro-death process in coordination with apoptosis. Then, we
aimed to ascertain whether autophagy was a previous step required for the activation of
apoptosis, as it was the case for endometrial cancer cells [225], or both pathways had the
same influence on promoting ABTL0812 cell death. Discouragingly, the monitoring of
autophagy and apoptotic markers in ATG5 knocked-down NB cells treated with ABTL0812
did not lead to any solid conclusions (Annex 1). Even though ATG5 (a key protein for
autophagosome elongation) was silenced, an increase in LC3-IlI could still be detected.
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That meant both pathways were active. Therefore, despite the cleavage of apoptosis
substrates, the experiment did not give any clue about the sequence/time-regulated
dependency of these processes. The motives behind the failure of this strategy may fall
on two possibilities. First, ATG5 only needs to be present in a small fraction to maintain its
functionality. Thus, the conventional knockdown may not be sensitive enough to suppress
autophagy effectively. Second, the intricate relationship between the autophagy and
apoptotic machinery makes difficult to exclude apoptosis from the pro-death phase of
autophagy. The crosstalk between autophagy and apoptosis is highly complex as both
signaling networks intersect at several levels. Some of the proteins that regulate
autophagosome formation and elongation have been shown to be involved in the
induction of intrinsic apoptosis. Cleavage of ATG5 generates a truncated ATG5 product
that translocates to the mitochondria. There, it binds to anti-apoptotic Bcl-xL, allowing
Bax/Bak pore formation, cytochrom C release and consequent caspase activation [398].
Similar to ATG5, the resulting products of cleaved Beclin 1 (protein from the nucleation
complex) translocate to the mitochondria and trigger apoptosis by mitochondrial outer
membrane permeabilization [312,399-401].

However, integration between these two processes is bidirectional and several apoptotic
proteins are in turn involved in autophagy induction. It has been described that the anti-
apoptotic Bcl-2 proteins localized in the ER interact with and sequester Beclin 1,
preventing autophagosomes formation [402—405]. Only in response to stress/death
stimuli, JNK1 phosphorylates Bcl-2/Bcl-xL resulting in Beclin 1 release and autophagy
promotion, probably as an attempt to recover cellular homeostasis from damage
[268,406,407]. Other apoptotic proteins known to induce autophagy are BAD, BAK,
BNIP3, NIX, HBMG1 and NOXA, which work by disruption of the bound between Beclin 1
and Bcl-2 [404,408-411] or Mcl-1 [412]. Additionally, nuclear p53 was discovered to
stimulate autophagy through transcriptional activation of the lysosomal protein DRAM
[312,413,414]. In short, the crosstalk between autophagy and apoptosis is quite complex
as both pathways may be triggered by common upstream signals. This intricate
relationship obstructed our attempts to decipher if autophagy was absolutely necessary to
complete ABTL0O12 mechanism of action. Further efforts are needed to fully comprehend
whether there is an ordering behind activation of these processes or they act
concomitantly, eventually tipping the balance to survival or death.

Recent work (Mufioz et al. 2019, submitted) suggests that ABTL0812 cytotoxic outcomes
in adult cancer cells are mediated by endoplasmatic reticulum stress (ER stress)
induction. The ER stress is a harmful condition caused by an imbalance between the
accumulation of unfolded or misfolded proteins in the ER lumen and correctly folded
proteins transported out the ER. Protein folding in the ER is a highly sensitive process that
can be disturbed due to changes in the Ca®" levels, redox state, nutrient status,
chaperone mutations, and presence of pathogens, pharmacological agents, inflammation,
and even normal differentiation and function of secretory cells. To overcome ER stress,
cells have an evolutionary conserved ER-specific signal transduction pathway called the
unfolded protein response (UPR), whose primary aim is to re-establish ER homeostasis.

The UPR is divided in three branches initiated by different upstream signaling
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transmembrane proteins that sense ER stress and begin a cascade of protective actions,
like increased synthesis of ER chaperones, retrograde transport/elimination of misfolded
proteins and transient attenuation of protein translation. However, when adaptation fails,
chronically prolonged ER stress triggers cell suicide by apoptosis. Under physiological
conditions, the luminal domains of the stress receptors form a complex with the
chaperone GRP78 (also termed BiP), which keeps them inactive. When
misfolded/unfolded proteins accumulate in the reticulum, they sequester the chaperones
GRP78 and the three UPR arms become active and transmit signals to the cytosol and
nucleus. The specific transmembrane proteins that trigger the UPR are: the inositol-
requiring enzyme-1a (IRE1a), the activating transcription factor 6 (ATF6), and the protein
kinase RNA-like endoplasmatic reticulum kinase (PERK) [264,362,363,368,415,416].

IRE1a is a transmembrane protein with a cytosolic serine/threonine kinase domain and an
endoribonuclease domain. Under an ER stress situation, the IRE1a pathway is
immediately activated. Active IRE1a cleaves XBP1 mRNA creating the spliced mature
form XBP1s, a transcriptional regulator that binds to the promoters of genes involved in
the restoration of ER homeostasis. The IRE1a pathway signaling usually gets weaker as
time goes by. However, if stress is prolonged and severe, chronic IRE1a signaling favors
regulated IRE1-dependent decay (RIDD), turns on apoptosis-signaling kinases and
stabilizes C/EBP homologous protein (CHOP), a transcription factor that modulates gene
expression to favor apoptosis (Figure 35).

ATF6 is a transmembrane protein that contains a cytosolic basic leucine zipper domain.
When unfolded/misfolded proteins accumulate in the ER lumen ATF6 translocates to the
Golgi apparatus where is cleaved into two fragments. The cytosolic fragment ATF6f,
mediates the adaptative response to protein misfolding by playing an important role in
lipid biogenesis, ER expansion; and promoting the transcription of genes involved in ER
homeostasis restoration (Figure 35).

PERK is a transmembrane protein with a cytosolic serine/threonine kinase domain. Under
ER stress conditions, PERK gets activated and phosphorylates the eukaryotic initiation
factor elF2a, causing attenuation of general protein translation but selectively increasing
cap-independent translation of mRNAs such as ATF4 mRNA. ATF4 is a transcription
factor that regulates ER stress response genes that play a crucial role in adaptation to
stress conditions. One of the most important ATF4 targets is CHOP, which encodes for a
transcription factor that paradoxically participates either in ER stress-corrective actions as
well as initiation of ER stress-mediated apoptosis cascade. In relation to its protective
functions, CHOP (also termed GADD135) suppresses ATF4 translation and drives elF2a
dephosphorylation in order to restore global mRNA translation. On the other hand, under
severe and prolonged stress conditions CHOP promotes apoptotic cell death by
repression of BCL2 and MCL1; up-regulation of BIM, PUMA, PMAIP1 (NOXA), TRIB3,
DR5 and ERO17a; BAX translocation to the mitochondria and cleavage of ER specific
caspases. Finally, as mentioned, CHOP also targets GADD34, a protein that mediates
elF2a dephosphorylation (Figure 35). In a scenario of acute and chronic stress this would
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contribute to accumulation of unfolded proteins in the ER and allow translation of other
pro-apoptotic mMRNAs. Therefore, PERK activation promotes both adaptative or apoptotic
responses depending on the severity of the stress. A chronic activation of PERK is
necessary to reach CHOP steady levels needed to promote cell death, as both ATF4 and
CHOP mRNAs and proteins have short half-lives [264,362,417].

Sustained ER stress

Mitochondria

Apoptosis

Figure 35. ER stress response/UPR induced apoptosis pathways. In case of severe and chronic
ER stress, PERK, IRE1a and ATF6 drive multiple signaling outputs that lead to apoptosis. IRE1a
dimerization produces the splicing of the active transcription factor XBP1 (XBP1s), which controls
the transcription of genes involved in protein folding, protein quality, ER-associated degradation
(ERAD), phospholipids synthesis and redox homeostasis. IRE1a also activates c-Jun N-terminal
kinase (JNK1). JNK1 phosphorylation of the members of the Bcl-2 family strongly influences
induction of apoptosis. On the other hand, PERK phosphorylates elF2a to allow ATF4 translation, a
transcription factor that controls the transcription of genes involved in autophagy, apoptosis, amino
acid metabolism and antioxidant responses. ATF4 stimulates CHOP expression, which induces
elF2a dephosphorylation through GADD34, inhibits Bcl-2 anti-apoptotic proteins and up-regulates
the pro-apoptotic proteins PUMA, NOXA and BIM. These last ones regulate the heterodimerization
and activation of pro-apoptotic BAX and BAK in the mitochondria, leading to apoptosis. CHOP also
stimulates expression of the cell surface death receptor DR5 and TRB-3. The cytosolic domain
fragment (ATF6f) of ATF6 is processed and released under ER stress conditions. ATF6f controls
the up-regulation of genes encoding ERAD components, ER homeostasis and XBP1.
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A diversity of studies have shown that autophagy can be potentially activated by the UPR
and collaborate in cell apoptosis under ER stress conditions. Autophagy participation can
be due to apoptosis stimulation or excessive stimulation of self-digestion, committing cells
to autophagic cell death [418]. Among the different hypothesis by which these two
pathways crosstalk there is the PERK/elF2a/ATF4 driven transcriptional regulation of ATG
and TRIB3 genes [264,272,368], the XBP1 transcriptional activation of BECN1 [419], and
the Beclin 1/Bcl-2/Bcl-X disruption mediated by JNK phosphorylation and Ca®" activation
of death-associated protein kinase (DAPK) [420].

The integrated response elicited by the three ER stress sensors contributes to either
adaptation or death, but it remains unknown how each branch contributes to the final
biological effect. A generalized hypothesis is that upon ER stress, the UPR up-regulates
the expression of both pro-survival and pro-death proteins, which some of them can
exchange roles depending on the cellular context. However, intensity and duration of ER
stress will be critical factors to definitely resolve whether cells can recover from the insult
or it is something insuperable. Most of the attempts made to address how cells sense
excessive ER stress agree on that low and moderate ER stress signals lead to
reinforcement of corrective pathways through IRE1a, ATF6 and weak PERK activation;
whereas PERK pathway is the most active during apoptotic phase of chronic ER stress.
For instance, during persistent ER stress IRE1la and ATF6 signaling are attenuated so
that PERK apoptotic signals dominate and inhibit the activity of pro-survival factors,
shifting cell fate to death [362,421-423]. Recently, Pagliarini et al. [369] determined that
the transcription factor E2F1 was responsible for the survival/death switch under
advanced stages of the UPR. E2F1 belongs to the E2F family of transcription factors,
which regulate the expression of genes required in cell cycle control. Individual E2F
proteins activate distinct target genes necessary in its totality to progress from G1 to S
phase. Nevertheless, E2F1 has the unique capacity to mediate the induction of apoptosis
up-regulating pro-apoptotic genes and inhibiting anti-apoptotic signals [424]. E2F1 has a
bifunctional role and its activity as a cell growth promoter or tumor suppressor is
dependent on the cell context and presence of other family or interacting proteins. In the
context of ER stress, E2F1 basal levels have a pro-survival role and inhibit PUMA and
NOXA expression. Then, coordinated down-regulation in time of E2F1 protein levels
during prolonged ER stress by ATF6-E2F7 complex sustains the expression of BH3-only
and TRB-3 proteins up-regulated by ATF4 at early UPR stages. Consequently, finely
regulation of E2F1 expression levels during prolonged ER stress coincides with the point
of no return for determining the execution phase of the apoptotic pathway [368,369].

Our experiments validating (1) the generation of autophagic flux in cells treated with
ABTLO0812, (2) the observation of apoptotic morphological features and presence of
apoptosis hallmarks upon ABTL0812 treatment, and (3) partial abrogation of ABTL0812
anti-tumor activity in the presence of autophagy and apoptosis inhibitors fit in with the
theory that ABTL0812 could cause NB cell death through disruption of ER homeostasis
and long-term activation of UPR response. Other authors have linked the antitumoral
activity of certain compounds with their capacity to induce ER stress-associated cell
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death, primarily by activation of PERK [425-429]. The analyses performed to track
ABTLO0812 molecular mechanism of action pointed towards the same conclusion,
indicating that ABTL0812 triggered PERK activation, elF2a phosphorylation, downstream
ATF4/CHOP sustained up-regulation and eventual E2F1 down-regulation, inducing
autophagy and apoptosis (Annex 2).

It has been thoroughly discuss in previous sections that the main drawbacks of
chemotherapeutic DNA damage-based drugs currently used in HR-NB treatments are
chemoresistance and toxic side-effects. Remarkably, HR-NB chemoresistance
mechanisms as inaccurate p53 signaling, increased levels of Bcl-2 and Mcl-1, and
caspase 8 silencing converge in the mitochondrial apoptotic pathway and are the reason
why activation of pro-apoptotic BH3-only proteins fails in this tumor subtype. BAD, BID,
BIM, NOXA and PUMA are examples of pro-apototic BH3-domain-only proteins whose
activation depends on caspase 8-mediated signaling and/or p53-mediated transcription.
Their physiological role is to interact with pro-survival Bcl-2 members (Bcl-2, Bcl-x,, Mcl-1)
to enable the release of Bak and Bax to form pores in the outer mitochondrial membrane,
permitting cytochrom c diffusion and formation of the apoptosome [148,157,430]. It can be
hypothesized that one mechanism to restore apoptosis sensitivity in HR-NB tumors may
be to find new agents that get to stimulate the last phases of apoptosis independently of
the presence upstream alterations that truncate the pathway. ABTL0812 provides an
alternative approach to skip the inherent subversion of apoptosis pathways by triggering
the apoptotic branches of the UPR response and impeded BH3-only proteins, as NOXA.
Activation of JNK (via IREla) and CHOP (via PERK) during severe ER stress allows
activation of executioner caspases independently of the status of p53, caspase 8 and/or
anti-apoptotic Bcl-2 family members. Moreover, ca” release from the ER upon PERK
activation also leads to mitochondrial permeabilization ad cytochrome c leakage. This
way, ABTL0812 may overcome some of the protective alterations observed in HR-NB
cells (mutations in p53, BCL2, MCL1, CASP8, etc.) and offer an opportunity to patients
who do not respond to conventional therapy.

The other major flaw of chemotherapy regimens are toxic side-effects. Improvement in
tolerability and avoidance of late toxicities can be achieved by the identification of
alternative therapies that selectively protect normal cells in order to achieve long-term
cure while improving survivor's quality of life. One of the most prominent differences
between non-transformed cells and tumor cells are the particular metabolic functions
required by tumor cells to sustain uncontrolled proliferation. As a result of unconstrained
growth and fast expansion, tumor cells suffer from insufficient vascularization, low oxygen
supply, glucose shortage, amino acids deprivation and acidic pH. Remarkably, all of these
are ER stress stimuli [431]. Furthermore, overexpression of oncogenes (like MYCN in HR-
NB) or loss-of-function mutations in tumor suppressor genes entail an increased protein
synthesis that demands the UPR activation to ameliorate ER protein folding capacity
[264,368,429]. Consequently, numerous studies suggest that, unlike normal cells, cancer
cells display chronic low/mild-levels of protective UPR pathways to adapt and progress
under stressful environmental conditions [432—440]. As much as it may be an advantage
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to adapt to a hostile microenvironment, chronic UPR activation sets tumor cells apart from
normal cells and provides a tumor-specific target for potential therapeutic interventions.
Because cancer cells have the protective components of the UPR chronically engaged
their margin to accommodate additional stress is smaller. Treatment of tumor cells with
drugs able to specifically induce further ER stress, such ABTL0812, would aggravate the
pre-existing bearable ER stress conditions, tipping the scale towards domination of pro-
apoptotic UPR outcomes. Conversely, under the same stress stimulus normal cells would
initiate their ER stress response from an inactive state so they would have more leeway to
withstand stress. Presumably, this strategy would stand ABTL0812 as a selective anti-
tumor agent safer than conventional chemotherapy because it would target for attack
specific molecular features of the tumor itself that differentiate it from normal tissue;
contrary to chemotherapeutic drugs which have a broad effect on organs and tissues
[8,145,441].

Overall, drugs able to trigger excessive or prolonged PERK/ATF4/CHOP activation, like
ABTL0812, constitute a potential therapeutic strategy for selective inhibition of tumor
growth in HR-NB patients. Accordingly, some new drugs designed to augment the ER
stress on cancer cells and induce UPR-derived apoptosis are being studied in clinical
trials for pediatric cancer patients (Table 17). Here below, these promising UPR-inducer
anticancer agents are discussed. Bortezomib (Velcade®) is an example of a proteasome
inhibitor that has reached successful clinical trials. Proteasome blocking impairs the ER-
assisted degradation (ERAD), a process triggered by the UPR to get rid of the
unfolded/damaged proteins accumulated in the ER. The consequent excessive increase in
the ER protein burden is supposed to tilt the balance towards the UPR pro-apoptosis
facet. Ritonavir is a HIV protease inhibitor that interferes with the ERAD machinery,
causing a decrease in protein degradation and accumulation of polyubiquitinated proteins,
similar to bortezomib. Together with an increase in GRP78 and CHOP expression,
ritonavir would cause irresolvable ER stress and cell death. Tanespimycin and
Alvespimycin are first-generation inhibitors of the molecular chaperone heat shock protein
90 (HSP9O0). Disruption of the interaction between client proteins and chaperones results
in an inability to proceed with normal protein folding, hence stimulation of all three
branches of the UPR. Once the ER stress is sustained beyond the “point-of-no-return” ER
stress-mediated apoptosis ensues. Isoflavones such as genistein, have shown to fulfill its
anticancer potential via UPR activation thanks to a strong induction of several ER stress-
relevant regulators, including CHOP. Prolonged elevated expression of CHOP would lead
to mitochondrial permeability and activation of executer caspases. Nonsteroidal anti-
inflammatory drugs that inhibit the enzyme cyclooxigenase-2 (COX-2), like Celecoxib, also
induce Ca** leakage from the ER into the cytosol, potentially triggering the pro-apoptotic
branches of the ER stress response independently of its activity as a COX-2 inhibitor.
Last, photodynamic therapy (PDT) consists in the selective irradiation of a photosensitive
drug that is preferentially accumulated in the ER membrane of tumor cells. Radiation
generates ROS that will end up causing severe irreparable ER stress and cell death via
persistent PERK signaling [429,442—-444]. The tumor-specific exploitation of the UPR is
expected to result in antitumor effects of the drug itself or, at least, sensitization of tumor
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cells towards chemotherapeutic agents, offering a target for combination therapy [445],
what will be discussed in the following sections.

Table 17. Clinical trials targeting the UPR components in pediatric cancer

Drug Disease Intervention Phase Sponsor NCT id.
Proteosome inhibitors: induce UPR overwhelming the ERAD pathway
Neuroblastoma Molecularly guided therapy Il SHH NCT02559778
Lymphoma, NB and other pediatric Comblnatow treatment with | NCI NCT01132911
solid tumors vorinostat
Bortezomib i i
Neuroblastoma Combinatory treatment with I SHH NCT02130397
DFMO
Neuroblastoma Pomblnatory treatment with University of Michigan NCT00644696
irinotecan Rogel Cancer Center
HIV protease inhibitors: interfere with ERAD and activates the UPR
Ritonavir D|ssem|n§ted NB and other solid Combinatory treatmgnt with I Oncology Insltltute of NCTO0637637
tumors with brain metastases external-beam radiation Southern Switzerland
HSP90 inhibitors: trigger all UPR branches
Tanespimycin Legkem|a, NB and other pediatric Targeted therapy | NCI NCT00093821
solid tumors
Alvespimycin  NB and other solid tumors Targeted therapy | NCI NCT00089362
Isoflavones: block adaptative induction of GRP78 in response to hypoglycemia
Genistein Lymphoma, NB and other pediatric Targeted therapy Il University of Virginia NCT02624388
solid tumors
COX-2 selective nonsteroid inhibitors: inhibit ER Ca®* pump and aggravate ER stress
NB and other pediatric solid tumors Combinatory treatment with Il Emory University NCT02574728
chemotherapy
Leuke@a, Iymphoma, NB and other Combinatory treatment with I Dan_a-Farber Cancer NCT00357500
) pediatric solid tumors chemotherapy Institute
Celecoxib M ic th ith
Neuroblastoma etronomic therapy wit Il University of Cologne NCT02641314
chemotherapy
Neuroblastoma Combinatory treatment with NANT NCT02030964
chemotherapy
ER photosensitizers: generate ROS and induce the UPR
PDT NB and head and neck cancers Conwentional surgery | IF;Zfl\t,ﬁ! Park Cancer NCT00470496

ERAD, ER-associated degradation; ROS, reactive oxygen species; COX-2, cyclooxygenase-2;
PDT, photodynamic therapy; SHH, Spectrum Health Hospitals; NCI, National Cancer Institute;
NANT, New Approaches to Neuroblastoma Therapy; NCT id., National Clinical Trial identifier
number.
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5.3 ABTL0812 decreases protein levels of the “undruggable” MYCN

Amplification of the proto-oncogene MYCN occurs in approximately 20% of NBs and is
present in about nearly 50% of HR-NB cases. MYCN amplification is one of the most
powerful clinically relevant adverse prognostic biomarkers for NB outcome, as it is
strongly associated with high-risk chemotherapy-refractory disease independently of other
clinical variables [13,37,38]. The mechanism by which MYCN amplification occurs is
unknown but usually results in an increase of fifty to four-hundred copies per cell.
Consequently, patients with MYCN amplification have abnormally high levels of MYCN
mRNA and protein. Those who harbor higher MYCN copy number will face poorer
progression-free survival expectations.

Aberrant MYCN overexpression plays a critical role in NB tumorigenesis-relevant
processes such as uncontrolled growth, vasculogenesis and higher invasion capacities
[39,44,46]. The ability of MYCN to reprogram cellular development falls under its function
as a broad transcription factor, activating or repressing the expression of its target genes.
Genes targeted by MYCN are involved in cell cycle, cell proliferation, apoptosis, DNA
repair, ribosomal assembly, nucleotide biosynthesis, cell adhesion and migration,
angiogenesis and neuronal differentiation [27,57-60].

Due to the overwhelming transforming potential of MYCN, its expression is tightly
regulated at both transcriptional and translational level in normal cells. MYCN protein
levels are regulated in two ways: (1) protein turnover and degradation and (2) protein
stability. During the prophase, MYCN is phosphorylated at serine 62 (Ser62) by cyclin B
and Cdkl. Ser62 phosphorylation serves as a substrate for GSK3B phosphorylation at
threonine 58 (Thr58), what stabilizes the protein. Once stable, though, MYCN has a very
short half-life (approx. twenty to thirty minutes) with its turnover occurring during mitosis.
Signaling for MYCN degradation starts with Thr58 phosphorylation, which renders MYCN
proteins exposed to be recognized by FBW7, a component of the E3 ubiquitin-protein
ligase complex. FBW?7 binding directs MYCN to proteasomal degradation via the ubiquitin-
proteasome system (UPS).

Besides FBW7 and other undefined additional proteins, MYCN proteosomal degradation
also depends on Aurora A kinase (AURKA) activity. AURKA is a mitotic kinase that has
been found to contribute to MYCN stabilization through inhibition of FBW7 ubiquitination.
Of note, AURKA oncogene is frequently over-expressed in MYCN-amplified and many
other tumors, and cooperation between AURKA and MYCN is assumed to promote NB
tumorigenesis and tumor growth [47,48,446,447].

Because of evidence demonstrating MYCN role in the pathogenesis of HR-NB, and
potential activity as a driver oncogene of other tumor types, blockade of MYCN signaling
represents a compelling therapeutic approach in cancer research. In addition, physiologic
MYCN expression is restricted to the early stages of embryonic development, making it a
tumor specific target in post-natal ages, further strengthening its election as a promising
target. However, selective down-regulation of MYCN has been considered unattainable
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due to the “undruggable” nature of this protein [40,47,448].

In light of the importance of the UPS pathway to mediate MYCN degradation, numerous
efforts have been made to target oncogenic stabilization of MYCN, like promoting AURKA
dissociation or interfering with abnormally enhanced PI3K/AKT/GSK3B signaling, a
predominant feature in aggressive NBs [229,366,446] (Figure 36). The MLN8237 AURKA
inhibitor is currently under clinical trials for HR-NB (NCT01154816, NCT02444884 and
NCT01601535) but early phase Il results revealed a weak antitumor activity [449].
Regarding the PI3K/AKT/GSK3B part, specific RTK inhibitors (upstream of PI3K) are
being developed. For the moment the RTK inhibitor Lestaurtinib (CEP-701) has shown
good tolerability and positive results in NCT00084422 phase | trial [86,450]. Moreover,
several clinical trials testing rapalogs efficacy are ongoing (Table 18). However, as MYCN
stability depends on multiple independent factors (AURKA, RTK/PI3K/AKT/GSK3p and
others), one-way MYCN inhibition often induces feedback activation in the other signaling
pathways. Therefore, one by one, these inhibitors are unlikely to affect MYCN protein,
supporting the need to test these agents in combination [210,448].

Transcription Protein stability MYCN DNA-binding
BET inhibitors TRK inhibitors MYC/MAX
CDK7 inhibitors AKT inhibitors dimerization
13-cis-RA mTOR inhibitors antagonists
AURKA inhibitors MAX/MAX stabilizer

! l, @l

—I—V MYCN
A7 AY7 Y N MYCN _ MYCN |—>MYCNtargets
A AN AN

VIR TR
AURKA A/ N7\
CHK2 | | CHK1 T
CDK2 MYCN-driven
- transcription
Methylating agents
CDK7

Synthetic lethal interactions
CHK1 inhibitors
CHK2 inhibitors
CDK2 inhibitors

Figure 36. Therapeutic strategies targeting MYCN. Diverse pharmacologic strategies have been
developed to target MYCN indirectly, via limiting MYCN transcription, MYCN protein stability and
MYCN functions as a transcription factor. Moreover, strategies based on synthetic lethality
interactions have also been developed. Figure adapted from [39].
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Our results exhibiting that ABTL0812 promotes MYCN proteasomal degradation offer an
alternative approach to target MYCN. One of the many adaptative mechanisms activated
over the course of the UPR is a cascade of signal transduction reactions destined to
alleviate the accumulation of unfolded/misfolded proteins in the ER. The re-adjustment of
proper ER protein folding is conceived in three offensives: (1) an increase in the
expression of ER chaperones, (2) the inhibition of protein entry into the ER by arresting
mRNA translation, and (3) the destruction of unfolded/damaged proteins by a process
named ER-assisted degradation (ERAD). The ERAD system is setup through XBP1ls
signaling in the context of ER stress. ERAD is recognized as the predominant cellular
mechanism for removal of unfolded proteins that exceed ER chaperones folding capacity
through activation of the UPS. This way, soluble proteins are linearized, retro-translocated
to the cytosol, conjugated with ubiquitin and delivered to the proteasome, where they are
deubiquitinated, and broken in oligopeptides [264,415,421,451]. It seems that triggering of
the UPR by ABTL0812 includes the stimulation of the ERAD, facilitating proteasome
translocation of proteins that accumulate in the ER. Our hypothesis is that due to the large
MYCN production and high turnover rate, newly synthesized MYCN proteins may
accumulate in the ER waiting to be folded, creating a situation that would worsen
chaperone’s saturation under ER stress conditions. Hence, the excessive unfolded MYCN
proteins would be processed through the ERAD pathway and directed to proteasome for
degradation, relieving cell’'s protein burden. This mechanism to enhance MYCN
degradation would not be dependent on post-translational modifications mediated by the
excessive PI3K/AKT/GSK3 signaling that has been shown to abnormally extend MYCN
half-life in NB cells, suggesting that it may be a more solid way to achieve a reduction of
MYCN levels. However, further experiments would be required to verify this hypothesis.
Although the experiments carried out using proteasome inhibitors indicated that
ABTL0812 effects on MYCN are due to increased protein degradation, it still remains
unknown whether it is meant to be a non-specific UPR consequence or maybe ABTL0812
could be targeting other proteins required for MYCN proteasomal degradation, like the
ubiquitin ligase FBW7 or the ubiquitin-specific protease USP7 (also known as HAUSP).
Relative to this issue, the majority of MYCN-amplified neuroblastoma cells have been
found to bear AURKA overexpression [446,452,453], which disrupts the association
between FBW7 and MYCN preventing its degradation. Conversely, pathologic increased
levels of USP7 have been correlated with an increase of MYCN functions in HR-NB tumor
samples, suggesting that an enlargement of the de-ubiquitination process may be
involved in MYCN aberrant stability [454,455]. Therefore, the possible contribution of
these proteins on ABTL0812-mediated lessening of MYCN levels should be explored by
double-checking FBW7/USP7 expression coupled to the ubiquitination status of MYCN
after ABTL0812 treatment.

Another proposed mechanism to lower MYCN-amplification impact is to directly disrupt
MCYN transcription (Figure 36). With the help of MYCN transcriptional studies, the
regulators and response elements within the MYCN transcript have been identified. In
neuronal cells, MYCN is regulated in its promoter region by the activating members of the
E2F family of transcription factors (E2F1, E2F2, and E2F3). The E2F transcription factors
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are known for their involvement in timely regulation of gene expression required for cell-
cycle progression, apoptosis, differentiation, and DNA repair [456]. In response to
different mitogenic signals, the E2F factors bind to a highly conserved region of 200bp in
the MYCN gene that controls the promoter activity and stimulates MYCN expression.
Because E2Fs initiate MYCN mRNA transcription at the G1-S boundary and protein
degradation ends in M phase, MYCN has a tooth-like pattern expression throughout the
cell cycle, with low levels in early G1.However, as many authors have argued, other
elements present on the MYCN basal promoter contribute to its regulation. For instance,
the promoter region also contains a GC-rich motif, a CT-box and an E-box binding site.
CT-box and CG-motifs are nearly identical and may functionally overlap. The GC-box
sequence can be found in the promoters of many eukaryotic genes and is thought to be
the recognition site for positive regulatory transcription factors such as Spl, Sp3 and
related zinc finger transcription factors. Spl is a ubiquitous general transcription factor
that regulates the transcription of a large number of genes involved in cell proliferation,
response to DNA damage and apoptosis [457]. Occupation of the GC-box/CT-box by Spl
correlates with MYCN transcription, justifying why along with the E2F factors the Spl or
Spl-like proteins are presented as important drivers of MYCN expression [365,367,458—
460].

Interestingly, a correlation between the ER stress-mediated genetic regulation and the
E2F and Spl family proteins has been recently described. Cleaved ATF6 and XBP1s
have been shown to form part of a protein complex that transcriptionally represses
multiple E2F proteins during the UPR. Therefore, ER perturbations and UPR activation
result in E2Fs down-regulation [369,461]. With respect to Sp1l modulation, it is known that
Sp family proteins form a critical part of the ER stress-inducible binding factor (ERSF), a
complex responsible for the induction of ER stress-dependent responses [371]. Therefore,
it is plausible to argue that MCYN transcription could be altered in an ER stress situation
because of the inhibition of E2F proteins or the interaction of Sp proteins within the
transcriptional complex responsible for activation or repression of stress-target genes. In
agreement with this hypothesis, our results show that MYCN is transcriptionally repressed
upon ABTLO0812 treatment and UPR induction. However, we were not able to elucidate
exactly the process by which the UPR was inhibiting MYCN. Specific analyses discarded
that down-regulation of MYCN was mediated by changes in the E2F factors expression,
neither at mMRNA nor protein levels. However, these results do not completely rule out this
hypothesis, since other mechanism could be involved. First, post-translational
modifications of Sp1, Sp3 and E2F proteins alter their transcriptional activities. Therefore,
it may not be necessary to change the expression levels of these proteins to readjust their
positive or negative effects over target genes [364,462]. Second, many authors have
demonstrated that E2F and Sp proteins interact with each other to activate the
transcription of genes that contain binding sites for either one or both factors
[458,463,464]. This suggests that MYCN UPR-mediated regulation may not be explained
only through variations in one of these factors but through changes in the relation
between E2F and Spl proteins in the MYCN promoter. Furthermore, we cannot discard
that E2Fs or Sp factors may exert its effects via multiple non-adjacent regulatory regions
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or co-regulators recruitment [364,367]. In conclusion, in order to understand MYCN
regulation in NB, further experiments would be needed to (1) identify all the control
elements within the MYCN promoter and characterize the proteins that bind to these
elements, (2) determine the post-translational modifications of E2F and Sp proteins under
an ER stress-context, and (3) unveil the consequences of the interaction between E2F
and Sp1 family members and/or other transcription factors that bind ERSE motifs.

Finally, apart from regulating MYCN transcription factors, the ER stress could be down-
regulating MYCN mRNA levels by direct mRNA degradation. At high levels of stress
signaling, the UPR branch triggered by the activation of IRE1a contributes to rather
promiscuous degradation of mMRNAs localized in the ER through a process referred to as
regulated IRE1a-dependent decay (RIDD). The purpose of RIDD is to relieve acute ER
stress by degrading the mRNAs load of the ER. Activation of RIDD depends on cell’s
proteome activity and tendency to fail to carry out proper ER protein-folding. The
proposed RIDD working model is that once the accumulation of unfolded/misfolded
proteins triggers IRE1a activation, IRE1a may act directly on the target mMRNAs through its
RNase domain, through recruitment/activation of a second ribonuclease, or through
mediation of ribosomal staling and mRNA fragmentation by no-go decay
[264,265,362,465]. Keeping in mind this UPR outcome, additional experiments should be
directed to ascertain whether there is a link between IRE1a activation and the decrease of
MYCN mRNA levels.

Be that as it may, ABTL0812 targeting of MYCN transcription represents an improved
approach to treat HR-NB, since the majority of efforts to directly target MYCN with small
molecules have ended up with discouraging results. This failure is most likely because
MYCN does not stably fold and is inherently unstructured, with no surfaces for ligand
binding [39,47]. However, to date, direct genetic blockage of MYCN as an alternative for
protein targeting, has remained elusive. Even though siRNAs against MYCN have
successfully demonstrated to decrease proliferation and induce neuronal differentiation in
vitro, such tools have had limited success in vivo due to delivery problems. Therefore,
instant action of an oral drug as ABTL0812 on MYCN mRNA levels sets a new precedent
in regard to the possibilities of targeting MYCN in the clinics.

Overall, ABTL0812 reduces MYCN at mRNA and protein levels, what represents a
significant step-forward because nearly all indirect MYCN inhibitors being developed are
still emerging as clinically available therapeutics (Table 18). This dual action of ABTL0812
on MYCN indicates that ABTL0812 treatment might be beneficial not only in MYCN-driven
tumors with genetic amplification, but also in tumors where protein over-expression does
not correlate with genetic amplification [466].
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Table 18. Targeted therapies against MYCN

Differentiating agent

MY C/MAX dimerization antagonists

MAXMAX stabilizer

CHK1 inhibitors

CDK2 inhibitor

CHK1, CHK2 and CDK2 inhibitors
Drugs targeting MYCN functions

CDK?7 inhibitor
Methylating agents

AURKA inhibitor

TRK inhibitors
AKT inhibitors

mTOR inhibitors

13-cis- RA (Isotretinoin)

Drugs targeting MYCN DNA-binding functions

Omomyc
10058-F4
Mycro3
NSC13728

Drugs exploiting synthetic—lethal interactions of MYCN

LY2606368 (Prexasertib)
GDC-0575

GDC-0425

SCH727965

SCH900776 (MK-8776)

SY-1365
Valproic acid
BL1521

Drugs targeting MYCN oncogenic stabilization

AT9283

MLN8237 (Alisertib)
CEP-701 (Lestaurtinib)
Perifosine

MK2206

Ridaforulimus (MK-8669)
Rapamycin

Temsirolimus

Everolimus

0sl027
AZD2014
MLNO128
BKM120
GDC-0980
NVP-BEZ235

Current therapy

Preclinical
Preclinical
Preclinical
Preclinical

Phase |

Phase | - Adult cancers
Phase | - Adult cancers
Phase I/ll - Adult cancers
Phase I/ll - Adult cancers

Phase | - Adult cancers
Phase |
Preclinical

Phase |
Phase I/ll
Phase I/II/I
Phase |
Phase |
Phase |
Phase I/ll

Phase I/ll

Phase I/ll

Phase | - Adult cancers

Phase /Il - Adult cancers
Phase I/ll - Adult cancers
Phase I/ll - Adult cancers
Phase /Il - Adult cancers
Phase /Il - Adult cancers

Mechanism of action Drug Developmental phase Pediatric NCT id.
Drugs targeting MYCN transcription
BET inhibitors OTX015 Phase | - Adult cancers
GSK525762 Phase I/ll - Adult cancers
JQ1i Preclinical
Pfil Preclinical
CPI203 Preclinical

NCT02808650

NCT02446431, NCT01204450, NCT01861989

NCT00985868

NCT01154816, NCT02444884, NCT01601535
NCT00084422, NCT00557193

NCT01049841, NCT0O0776867

NCT01231919

NCT00704054, NCT01431534, NCT01431547
NCT01467986, NCT01282697, NCT02975882,
NCT02574728, NCT03155620, NCT03213678
NCT01049841, NCT01614197, NCT00106353,
NCT01182883, NCT00880282, NCT02446431,
NCT01614795, NCT01767194, NCT01204450,
NCT00808899, NCT02343718

NCT01734512, NCT03632317, NCT02638428,
NCT01523977, NCT00187174, NCT03245151

BET, bromodomain extra-terminal; RA, retinoic acid; AURKA, Aurora kinase A; NCT id., National
Clinical Trial identifier number.
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5.4 Outlines for an ABTL0812 phase I/ll study in children and adolescents with
relapsed or refractory neuroblastoma

ABTLO0812 is currently in a phase Ib/lla clinical trials in adult patients with advanced solid
tumors in combination with standard chemotherapy (NCT03366480). A phase I/lb clinical
trial (NCT02201823) was successfully completed in 2015 demonstrating the safety and
tolerability of ABTL0812 and allowing the determination of the adult recommended phase
Il dose. Additionally, some signs of efficacy were detected, as shown by several long
disease stabilizations, including two patients that were stable for more than one year
[226,227]. , and showed a good safety profile with tolerable side effects, a safe
pharmacokinetic profile for the scheduled formulation (continuous oral administration) and
the capacity to up-regulate TRB-3 and CHOP mRNA in blood samples from patients [459,
Mufioz et al. submitted]. The 17% of patients with cholangiocarcinoma, endometrial and
colon cancers displayed disease stabilization as best response. The excellent safety
profile and its potential efficacy led to ABTL0812 being tested as first line therapy in an
ongoing phase Ib/lla trial that is evaluating the safety and activity of the drug in
combination with standard chemotherapy (carboplatin and paclitaxel in endometrial and
squamous non-small cell lung carcinoma. The phase Ib has been successfully completed,
demonstrating that ABTL0812 does not increase the toxicities associated to
chemotherapy [228]. The phase lla started in May 2018 and is currently ongoing.
Additionally, this trial has a biomarkers discovery and development program associated.
To date, TRB-3 and CHOP mRNAs are being evaluated in blood (a surrogate tissue) from
patient. It has been detected that both are induced by ABTL0812 monotherapy and in
combination with chemotherapy [225, Mufioz et al. 2019, submitted, Lépez-Plana et al.
2019, submitted]. This further confirms the ABTL0812 mechanism of action in humans.
Moreover, a phase I/l study will start in in September 2019, where ABTL0812 will be
combined with gemcitabine and nab-paclitaxel (Abraxane) as first line therapy in patients
with advanced metastatic pancreatic cancer.

The therapeutic potential of ABTL0812 in pediatric tumors such as NB is supported by the
preclinical data presented in this thesis. First, ABTL0812 has been shown to be effective
in all pediatric cell lines tested, regardless of their genetic profile. On the contrary, NB cell
lines respond differently to current chemotherapies (i.e. CDDP) depending on MYCN and
p53 status and other malignant prognostic markers. It is important to emphasize this
finding because it makes a distinction between ABTL0812 therapeutic possibilities and
current chemotherapies, and adds a new therapeutic value to ABTL0812. Second,
ABTLO812 proved to have similar antitumor effects to CDDP in a HR-NB mouse model,
but fewer toxic side effects were reported. Third, ABTL0812 produces cell death through a
novel alternative strategy, irreversible ER stress induction. This mechanism allows cells to
surpass the apoptosis-resistant features often present in NB and other pediatric cancers.
Moreover, it preferentially targets tumor cells making it a safe and tumor-specific therapy.
Finally, ABTL0812 has shown the unique feature of targeting MYCN, an oncogenic driver
for several pediatric malignancies known for more than 30 years but considered an
unattainable target until recently [47].
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In relation to NB therapeutic targets, the ITCC, ENCCA and SIOPEN resolved in the
NDDS joint action to highlight 7 targets for developing drugs that provide more effective
treatments: ALK, MEK, CDK4/6, MDM2, MYCN, BIRC5 and CHK1 [207]. The selection of
therapeutic targets was subjected to tumor biology, tumor-specificity and evidences of
their necessity for tumor progression. Among them, MYCN was classified as a high
priority target as its correlates with poor outcome in several pediatric solid tumors
[38,39,208,209]. However, pharmacologic inhibition of MYCN has not yet delivered viable
therapeutics to the clinic.

As a whole, according to the NDDS guidelines ABTL0812 represents an important
achievement for the developmental therapeutics as it has demonstrated to act on one
high-priority target (MYCN) and to trigger molecular pathways specifically relevant for
tumor viability (UPR). The potential clinical benefits of ABTL0812 together with the
favorable results in phase I/l clinical trial for adult malignancies prompted us to provide
patients with HR-NB with what seems to be safe and effective alternative. To this aim, we
proceeded to plan how a plausible clinical trial for the use of ABTL0812 in NB patients
would be delineated.

The development of drugs for rare diseases like childhood cancers is particularly
challenging. Pediatric drugs are classified in a segment of the drug market known as
“therapeutic orphans”. Pediatric clinical trials face a great number of additional challenges
compared to adult trials. For example, recruitment of pediatric population is harder
because of fewer patient registries and lack of the infrastructure needed to identify
potential participants. Also, as it addresses a vulnerable population, obtaining consent can
be difficult and extra protection to minimize risk is demanded. In addition to such ethical
and legal concerns, the difficulties regarding evaluation of drug tolerability and efficacy
and low profitability of the trial have lead to low investment in pediatric drugs development
[467]. Sadly, the development of drugs for NB is still driven by the adult condition and not
the mechanism of action of the drug. The only way to get newer, better drugs for children
with NB is to wisely prioritize drug development and accelerate clinical trials, making the
process smoother and less risky for industry and academic partners. Remarkably, in 2015
ABTLO0812 obtained the Orphan Drug Designation (ODD) from the FDA and the EMA for
the treatment of NB. In addition, Ability Pharmaceuticals contacted the EMA to seek
advice on the development of ABTL0812 for the treatment of NB. Scientific advice was
obtained from the Committee for Medicinal Products for Human Use (CHMP) (procedure
n°: EMEA/H/SA/3021/1/2015/PED/SME/IIN). Among other issues, the CHMP suggested (1)
the selection of the most appropriate chemotherapy regimen to combine with ABTL0812
for the treatment of recurrent or refractory NB, and (2) the need to devise a protocol for a
phase I/l clinical trial to study the safety, tolerability and efficacy of ABTL0812 alone and
in combination with chemotherapy. Although ABTL0812 has demonstrated efficacy as a
single agent in in vivo HR-NB models, the clinical treatment of the disease is highly
complex, so ABTL0812 may need to be used in combination with other chemotherapeutic
agents. In regard to this point, ABTL0812 had previously exhibited a potentiation effect in
animal models in combination with several cytotoxic drugs without increasing
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chemotherapy-caused toxicity in any case. ABTL0812 has been tested in combination
with docetaxel, paclitaxel/carboplatin and permetrexed for lung cancer; with
paclitaxel/carboplatin ~ in  endometrial cancer;  with  paclitaxel and nab-
paclitaxel/gemcitabine in pancreatic cancer; and with paclitaxel in breast cancer [225,
Lépez-Plana et al. 2019 submited, unpublished data].

In order to fulfill EMA’s scientific advice, we searched in the literature the results of phase
Il studies dedicated to evaluate therapies currently used to treat HR-NB patients with
refractory or relapsed disease (i.e. second-line and minimal residual disease treatments).
This way we would anticipate the combination with the best therapeutic potential and
avoid unnecessary treatments to patients. Our search was particularly focused in this
subset of patients because the NDDS considers that the appropriate population of
children for entry into early phase /1l studies should include (1) HR-NB patients showing
early progressive disease during frontline treatment, (2) HR-NB patients with refractory
disease after second-line chemotherapy, (3) NB patients with early relapse (during
therapy or before one year after diagnosis) and (4) patients with late relapses (more than
one year after diagnosis) [207]. We found that the SIOPEN frontline phase I/l trials TVD
(topotecan-vincristine-doxorubicin) [168,468], TOTEM (topotecan-temozolomide) [173]
and COG’s irinotecan-temozolomide [177,178] and topotecan-cyclophosphamide
combination [170,171] have become the most common second-line regimens in Europe
for patients who do not achieve complete response with induction chemotherapy or
patients with relapsed NB. Another phase Il clinical trial with promising results is COG’s
topotecan-cyclophosphamide-etoposide combinations [172]. Furthermore, revision of the
database www.clinicaltrials.gov and different publications showed that targeted therapies
currently under phase | and Il trials for the treatment of recurrent or refractory NB are
often combined with one or several drugs of these backbone chemotherapy regimens.
Such is the case of the BEACON study (NCT02308527) where the anti-VEGF monoclonal
antibody Bevacizumab is being investigated in combination with temozolomide, irinotecan-
temozolomide or topotecan-temozolomide. Therefore, we considered that pre-clinical in
vitro combination of ABTL0812 with any of the previously exposed chemotherapy drugs
would be essential to provide evidence of additive effects or synergy and no-antagonism
to the chosen chemotherapy regimen prior to entry into clinical trials.

Our results showed that ABTL0812 had a good combination profile with each drug tested
in selected HR-NB cell lines with diverse genetic profiles, including amplification of MYCN
and mutations in p53. The combination of low doses of ABTL0812 with irinotecan,
topotecan, cyclophosphamide and doxorubicin, separately, resulted in additive cell death
effect. The importance of combinations is to enhance the apoptotic response of
chemotherapy and overcome resistances in a context where deregulation of more than
one biological pathway takes part in disease progression. Hence, the primary goal for
composite treatments is to offer rational drug combinations that target independent
pathways such that the existing resistance mechanisms within the tumor cells for one
therapy would be unlikely to suppress the activity of the other agent/s. Thus, the
development of adaptation mechanisms like oncogenic bypass or pathway redundancy by
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tumor cells is more complex and limited. This treatment strategy is termed “orthogonal
therapy” [148] and could be the case of ABTL0812 plus any chemotherapeutic drug since
ABTL0812 mechanism of action integrates multiple pathways completely different from
topoisomerase | inhibitors, DNA crosslinking or intercalating agents among others.

Besides treatment-resistances, toxicity is another significant problem of conventional
chemotherapeutic agents. Especially in the case of NB, the natural heterogeneity of the
tumor makes necessary to treat patients with multi-agent therapies. Unfortunately, this
chemotherapeutic “cocktails” may cause severe toxicity in normal tissues and long-term
side effects [145]. For this reason, cumulative toxicities of additional agents must be
carefully taken into account and lots of efforts have been made to reformulate
chemotherapy regimens to maintain benefits while reducing side effects.

Our results suggest that administration of ABTL0812 together with chemotherapy could
allow lowering the dose of chemo drugs as, overall, the combination lessens the threshold
for apoptosis induction. This way, ABTL0812 would widen the drugs therapeutic index by
diminishing their harmful effects.

In conclusion, the translational relevance of these experiments is that ABTL0812, a well-
tolerated, not mutagenic neither a DNA-damaging drug that has shown activity against
most of NB cell lines in vitro, could enhance activity of second-line chemotherapeutic
drugs with proved clinical efficacy against recurrent and refractory HR-NB
[168,171,173,178]. We propose that these combinations deserve further evaluation since
we have demonstrated positive in vitro effects between ABTL0812 and irinotecan,
topotecan, cyclophosphamide and doxorubicin in multidrug-resistant HR-NB cell lines.
Nevertheless, the favorable outcome of the anticipated regimens should be demonstrated
in in vivo models, ideally well-characterized PDX models, before the best combinations
were to be proposed for a clinical trial for children with recurrent and/or refractory NB.

Besides second-line treatments, we also considered the combination of ABTL0812 with
biologic agents used for the treatment of NB minimal residual disease (MRD). This was
based on the new strategy to identify the best therapies distinguishing between subsets of
patients, based on the discovery of different molecular and biological characteristics. For
example, some agents will only show efficacy in patients with minimal tumor burden, thus,
they must have to be analyzed separately from those presenting larger tumor bulks.
Therefore, to cover all areas, we aimed to ascertain whether the combination of
ABTLO812 with drugs used for the treatment of MRD would be as well appropriate to
improve survival of HR-NB patients. Maintenance therapy is based on immunotherapy and
differentiating agents, such as 13-cis-retinoic acid (13-cRA, also named isotretinoin).
Differentiation therapy has become part of standard therapy since a COG’s clinical trial
proved that administration of 13-cRA improved the 3 year event-free survival in patients
with MRD with minimal toxicity [134]. 13-cRA is a synthetic derivative of vitamin A that has
been shown to induce differentiation and slow the growth of NB cells through interaction
with nuclear retinoid receptors. Retinoid receptors divide into retinoic acid receptors
(RARa, RARB, RARYy) and retinoic X receptors (RXRa, RXRB, RXRy). All of them are
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ligand-inducible transcription factors which interact with specific DNA sequences called
retinoic acid response elements (RARESs), found in many promoters. Hence, retinoids
regulate expression of multiple genes that play important roles in proliferation,
differentiation and apoptosis [163,469,470].

The exact mechanisms through which 13-cRA induces growth arrest and cell
differentiation or apoptosis in NB remain unclear. However, in 1985, Thiele et al. reported
that RA treatment decreased MYCN expression and that this down-regulation preceded
cell-cycle arrest and morphological changes [471]. Nowadays, it is evident that early
MYCN modulation is a critical step in differentiation, growth arrest and other processes
triggered by 13-cRA, in both MYCN-amplified and non-amplified NB cell lines
[364,472,473]. Intriguingly, no homology areas with canonic RARE are found within the
MYCN gene. It was not until 1997 that Wada et al. figured out that the essential sequence
for the transcriptional response to RA was located in the positions -186 to -160 within the
MYCN promoter. This sequence was thereinafter called “retinoic acid responsive region”
(RARR) [474]. Two regulatory sequences were identified in this region: a GC-rich motif
and a CT-box. Both are known to be capable of binding the transcription factors Spl and
Sp3, which are known MYCN regulators [459,460,470]. Therefore, Sp proteins were
thought to mediate MYCN down-regulation after RA treatment. However, it has not been
possible to demonstrate that RA causes neither any post-translational modification nor
any changes in the steady levels or the nuclear/cytoplasmatic distribution of Sp proteins.
The last considered option is that RA may be exerting its effects through cooperation of
multiple non-adjacent regulatory regions. For example, down-regulation of MYCN by RA
might involve functional and/or physical interactions of Sp1/Sp3 with the E2F transcription
factors, which have a close binding site within the MYCN promoter [364,458,463,464]. In
any case, the ability of 13-cRA to down-regulate MYCN caught our attention given that it
represents an important therapeutic target for HR-NB, as it has been largely discussed in
this thesis. Therefore, we decided to test the combination of two drugs that decrease
MYCN levels, like 13-cRA and ABTLO0812. Our in vitro results showed that the
combination of 13-cRA with ABTL0812 significantly impaired cells viability, even though
the dose of ABTL0812 used was much lower than its ICsg and the 13-cRA concentrations
were lower than what literature recommends to reach cytotoxic effects [475-477]. In
addition, our molecular assays demonstrated that both ABTL0812 and 13-cRA induced
the PERK/ATF4/CHOP axis, triggering autophagy, apoptosis and finally leading to NB cell
death. The PERK signaling activity of each individual drug was added up in the
combination treatment, driving to an enhanced pathway activation.

Although the link between ABTLO0812 and the triggering of the PERK branch of the UPR
has been already unveiled in this thesis, the link between 13-cRA and ER stress is not so
clear. Several authors suggest that differentiation by RA and derivatives involves ER
stress induction mainly via PERK pathway [478-481]. In this sense, it is reasonable that
the combination treatment strongly upregulates ATF4, TRB-3 and LC3-Il, all of them
PERK effector proteins. Importantly, we found that 13-cRA may sensitize NB cells to ER
stress-derived death induced by ABTL0812 and to growth arrest/apoptosis possibly
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derived from MYCN targeting, which is clearly depleted in the combination treatment. 13-
cRA could be working in parallel to ABTL0812 to achieve aggravation of ER stress,
facilitating that lower drug concentrations sufficiently exacerbate ER stress to shift the
balance from pro-survival UPR to pro-apoptotic in tumor cells. Therefore, optimal
antitumor efficacy of ABTL0812 and 13-cRA might be achieved assuring minimal systemic
side effects. Altogether, this result strengthens the notion that the ER stress response
offers a mechanism to be exploited to develop rational drug design programs to provide
new, safer and more effective anti-cancer therapeutic strategies.

In line with the subject of easing effective drug levels, another remarkable point of this
combination is that although 13-cRA is a well-established agent in clinics, full benefits of
this agent depend on achieving adequate drug concentrations and planning a correct
treatment schedule, as exemplified by the opposite results extracted from the European
Neuroblastoma Study Group clinical trial [482] and the U.S. Children Cancer Group trial
[483]. These studies reflect that insufficient 13-cRA dosage can prevent treatment’s
successful outcome. Therefore, the finding that combined administration of ABTL0812
and 13-cRA improves the efficiency of 13-cRA makes easier to achieve optimal results
even if the 13-cRA dispensed dose does not reach therapeutic concentrations.

Thanks to the good tolerability profile of 13-CRA as a single-agent, it is being used as a
potential backbone on which to build combination therapies. For instance, the COG has
already completed a phase | trial for children with refractory solid tumors that consisted in
combining 13-cRA with the histone deacetylase inhibitor vorinostat [484]. The COG has
also completed a phase lll trial combining 13-cRA plus the chimeric anti-GD, antibody
ch14.18 with a significantly improved outcome compared to standard therapy in patients
with HR-NB [146]. Another phase | clinical trial for relapsed and refractory NB sponsored
by M.D. Anderson Cancer Center and AstraZeneca is the combination of 13-cRA and
Zactima (ZD6474), a dual small molecule inhibitor of the vascular endothelial and
epidermal growth factor receptors and RET tyrosine kinases [485]. All these examples
reinforce the idea that a proposal for a clinical trial based on the combined administration
of 13-cRA and ABTL0812 could be considered for patients with relapsed or refractory NB.

The success of some therapies that included new targeted-agents lead the way to test if
these treatment schedules may be effective as front-line therapies [163]. In order to meet
this demand, the neuroblastoma NDDS supports compliance with the following four steps
for clinical evaluation of new drugs: (1) check for safety and tolerability in early phase
clinical trials, (2) execution of parallel randomized later-phase clinical trials, (3) verification
by molecular profiling and (4) introduction into randomized front-line trials. The
assessment of drugs that show promise in early phase trials in randomized multi-
arm/multi-stage trials facilitates the transition from phase Il trials in combination with
second-line therapies to evaluation in studies for improvement of front-line therapies
[207]. Thus, there is the prospect that good results in ABTL0812 early phase | trials get to
fast implementation in front-line studies, given the urgent need to improve drug
development in pediatric malignancies.

The difficulty to conduct pediatric clinical trials and obtain high-quality clinical data
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coupled to poor marketability and profitability of new commercialized agents largely
influence the decision not to invest in pediatric drugs or rare diseases, like HR-NB, of
many pharmaceutical companies. This negative attitude towards pediatric drug
development has serious consequences. Because of it, the EMA and FDA launched an
improved regulatory framework to boost investment in orphan diseases. At the base of
this program is the Orphan Drug Designation (ODD). The ODD provides a guaranteed
status to a drug or biological product to use for the treatment of a rare disease and allows
the sponsor to benefit from a wide range of incentives to develop clinical studies. In
Europe, according to EMA’s regulatory policies, these incentives should include: protocol
assistance, access to a centralized authorization procedure, ten years of market
exclusivity, additional incentives for micro/small/medium-size enterprises, fee reductions
for regulatory activities and exclusive grant programs [486,487]. The ultimate objective of
this project is to improve pediatric pharmacotherapy through collaboration among industry,
government and academia. The sponsor of ABTL0812 obtained the ODD from the
European Commission for the treatment of NB in 2015. The application was submitted in
December 2014 (reference number EMA/OD/326/14) to the Committee for Orphan
Medicinal Products (COMP) based on the low prevalence of the condition in the European
Union (1.1/10,000), the fact that NB is a life-threatening and chronically debilitating
condition, and the significant benefit obtained with ABTL0812 in preclinical models. In
March 2015, the COMP viewed the submission favorably (EMA/COMP/65737/2015) and
the product was included in the Community registry of orphan drugs with number
EU/3/15/1485. In addition, ABTL0812 granted and ODD from the FDA in August 2015.
Hopefully, the ABTL0812’s ODD status and its associated incentives would help the
clinical development of ABTL0812 in NB and other pediatric solid tumors.
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5.5 Expanding the therapeutic possibilities of ABTL0812

Aberrant MYCN expression is not only seen in NBs. For instance, most of the solid tumors
derived from the nervous system lineage present MYCN genetic amplification and/or
overexpression, like medulloblastoma, retinoblastoma, astrocytoma, meningioma,
glioblastoma multiforme and, obviously, neuroblastoma. Other non-neuronal tumors that
feature high MYCN expression are castration-resistant neuroendocrine prostate cancers,
breast cancers, hematologic malignancies, Wilm’s tumors, small cell lung cancer,
pancreatic tumors and the majority of all rhabdomyosarcoma cases yet is predominantly
found in the alveolar subset (Table 19). Although MYCN amplification has not been
reported as a prognostic marker for all those tumor types, MYCN altered expression has
been associated with tumor onset and malignancy [39,40,47]. Among the mentioned
tumor types there are some of the most common pediatric solid tumors: medulloblastoma,
astrocytoma, glioblastoma  multiforme, Wilm’s  tumor, retinoblastoma  and
rhabdomyosarcoma (other than NB). Even though pediatric cancer death rates have
descended over 50% since 1970, cancer still is the second leading cause of death for
children in the developed countries, placed only after accidental deaths [488,489].
Unfortunately, this indicates that despite the improvements made in therapeutic regimens
design and supportive care, there is a subset of pediatric patients for whose new
alternative treatments are needed. Future treatment decisions to cover these unmet
patients should be arranged regarding the molecular features of the tumor and feasibility
of treatments of being tumor-specific. Thus, thanks to the promising results obtained in
HR-NB cells, where ABTL0812 treatment demonstrated a clear down-regulation of MYCN,
we decided to test whether ABTL0812 could represent an alternative for other types of
MYCN-driven pediatric tumors. Our results showed that representative cell lines of
pediatric hepatoblastoma, medullobastoma, alveolar rhabdomyosarcoma, embrional
rhabdomyosarcoma and Ewing sarcoma responded to ABTL0812 treatment to a similar
extend than HR-NB cell lines, providing a rationale to further investigate the therapeutic
potential of ABTL0812 in a wider range of tumors in which MYCN-dependence could be
exploited.

Table 19. MYCN-expressing tumors

Cancer Clinical implications Reference
Tumors harboring either MYCN -amplification and overexpression or overexpression only
Neuroblastoma Driver oncogene, poor prognosis factor Brodeur et al. 1984
Medullobastoma Driver oncogene, poor prognosis factor, pro-metastatic factor ~ Swartling et al. 2010
Retinoblastoma Associated to tumor initiation, poor prognosis factor Rushlow et al. 2013
Astrocytoma, meningioma  Poor prognosis factor Estiar et al. 2017
Glioblastoma multiforme Associated to tumor initiation, poor prognosis factor Hui et al. 2001, Bjerke et al. 2013, Testa et al. 2018
NEPC Associated to transformation from PCA, poor prognosis factor Beltran et al. 2011
Lymphoma, AML, CLL, ALL Associated to tumor initiation, poor prognosis factor Hinonen et al. 1993, Ma et al. 2011, Astolfi et al. 2014
Small celll lung cancer Associated to tumor initiation, poor prognosis factor Wong et al. 1986
Wilm's tumor Poor prognosis factor Williams et al. 2015
Rhabdomyosarcoma Poor prognosis factor Williamson et al. 2005
Tumors harboring MYCN overexpression only
Breast cancer Poor prognosis factor Mizukami et al. 1995
Pancreatic tumors Associated to glucagon-producing tumors subtype Fielitz et al. 2016

NEPC, neuroendocrine prostate cancer; PCA, prostate adenocarcinoma; AML, acute myeloid
leukemia; CLL, chronic lymphocytic leukemia; ALL, acute lymphoblastic leukemia.
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6. Conclusions

First: ABTL0812 inhibits growth of neuroblastoma cells in vitro regardless of their drug-
resistant phenotype and their genetic alterations.

Second: ABTL0812 is not mutagenic and does not induce DNA damage, thereby
providing a high safety profile.

Third: ABTL0812 has good tolerability in vivo and has a similar therapeutic efficacy as
cisplatin, one of the chemotherapies used in the treatment of high-risk neuroblastoma
patients.

Fourth: ABTL0812 induces autophagy and apoptosis in neuroblastoma cell lines through
disruption of endoplasmatic reticulum homeostasis and long-term activation of the
unfolded protein response.

Fifth: ABTL0812 promotes MYCN proteasomal-mediated degradation and transcriptional
repression.

Sixth: ABTL0812 could be used in combination with other chemotherapeutic drugs such
as doxorubicin, irinotecan, topotecan and cyclophosphamide.

Seventh: The combination of ABTL0812 with the differentiating agent 13-cis-retinoic acid
has a synergistic effect.

Eighth: ABTL0812 inhibits the growth of several pediatric cancer cell lines derived from
tumors such as hepatoblastoma, medulloblastoma, rhabdomyosarcoma and Ewing
sarcoma, thereby providing a rationale to design a more inclusive ABTL0812 phase |
clinical trial for pediatric cancers.
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Annex
Characterization of ABTL0812-induced cell death

8. Annex

8.1 Characterization of ABTL0812-induced cell death
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Characterization of ABTL0812-induced cell death

Annex 1. ATGS5 inhibition is not sufficient to block autophagy. In order to ascertain whether
autophagy was a necessary step previous to apoptosis, LA1-5s and SK-N-BE(2) NB cells were
transfected with siRNA control or siRNA against ATG5. As ATG5 is an essential protein for
autophagosome formation, its inhibition should impair the autophagic pathway. After 48h, cells were
treated with the indicated ABTL0812 (ABTL) concentrations or vehicle (ethanol). (A) Protein
expression levels were analyzed by WB 72h post-treatment. Anti-TRB-3 was used as a control for
ABTL0812 response. (B) Representative images of nuclear morphology assessment at 72h post-
treatment with ABTL0812. (C) Quantification of cell death was performed 72h post-treatment from 4
representative images of 3 replicates per condition. Data is presented as mean * SEM of three
independent experiments. *p<0.05, **p<0.01, ***p<0.001 compared to vehicle; #pS0.0S compared to
the corresponding siControl. Results were that despite ATG5 silencing, autophagy was still
occurring, as could be deduced by the increase in LC3-Il. Therefore, this experiment did not allow
us to figure out whether the activation of apoptosis (measured by the cleavage of apoptotic
substrates and quantification of apoptotic nuclei) was independent or subsequent to autophagy. The
main conclusion of this experiment is that individual ATG5 inhibition is not sufficient to prevent
autophagosome formation.
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Annex

Monitoring ER stress induction by ABTL0812

8.2 Monitoring endoplasmatic reticulum stress induction by ABTL0812
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Annex 2. E2F1 down-regulation allows for UPR life-to-death switch. SK-N-BE(2) cells were
treated with ABTL0812 30uM or vehicle (ethanol) for 6h, 12h and 24h. Protein expression levels
were analyzed by WB. Recently, the role of E2F1 has been described as a potential mechanistic
survival/death switch under ER stress conditions [369]. ER stress-mediated E2F1 down-regulation
might contribute to the life/death cell decision under prolonged ER stress [368]. The results
demonstrated a time-dependent down-regulation of E2F1. Therefore, E2F1 withdrawal could mark
the point of no return of the execution phase of the UPR apoptotic pathway.
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