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Neutroblastoma remains incurable for most patients with high-risk disease. These
tumors are highly proliferative, invasive, or acquire resistance to current therapies.
Mitotic-related proteins are consistently altered in high-risk neuroblastomas. Here,
we reported that KIF11, a protein required for establishing bipolar spindles during
mitosis, is highly expressed in neuroblastoma patients with poor outcome.
Furthermore, we demonstrated that KIF11 is essential for neuroblastoma growth
and provided a rationale for the therapeutic integration of 45C-205, a structurally
distinct oral KIF11 inhibitor that showed potent antitumor activity in multiple
preclinical neuroblastoma models. Moreover, we demonstrated that 45SC-205
sensitizes neuroblastoma cells to standard chemotherapy (cisplatin, doxorubicin,
and topotecan) and specific neuroblastoma-targeted therapies such as ALK
inhibitors (ceritinib and lotlatinib) and MEK1/2 inhibitors (selumetinib). These
findings support the therapeutic design of future clinical trials with KIF11

inhibitors for the management of high-risk neuroblastoma patients.
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Abstract

High-risk neuroblastomas are highly proliferative embryonal tumors with extremely
aggressive behavior. Despite multimodal therapies, more than 50% of patients relapse, and
their 5-year overall survival is still below than 50%. Therefore, it is necessary to find more
effective therapies to increase the survival chances of these patients. KIF11 is a motor protein
that is essential for bipolar spindle formation and mitotic progression in human cells and is a
therapeutic target in multiple tumor types. In this thesis, we investigated the effects of the
oral KIF11 inhibitor, 4SC-205, in high-risk neuroblastoma using preclinical primary and

metastatic models.

KIF11 prognostic value was analyzed by mining publicly available mRNA expression datasets
and immunohistochemistry in neuroblastoma tissue microarrays. We found that high KIF11
expression correlated with poor overall survival and genetic variables associated with
aggressive neuroblastomas, such as MYCN amplification, -1p36, and +17q23. We next
investigated the genetic and pharmacological inhibition of KIF11 in neuroblastoma cell lines.
We demonstrated that 4SC-205 recapitulated KIF11 silencing phenotypic effects 7 vitro and
in vivo, inducing cell cycle arrest during mitosis and the subsequent induction of apoptosis. I
vivo, 4SC-205 inhibited primary tumor growth in subcutaneous and orthotopic patient-
derived xenografts and reduced the metastatic burden. Finally, 4SC-205 potentiated the
therapeutic effect of standard chemotherapies (cisplatin, doxorubicin, and topotecan) and

targeted therapies such as ALK and RAS/MAPK inhibitors.

These findings suggest that KIF11 inhibition using 45C-205 alone or in combination with
conventional and/or targeted therapeutics is a potential new therapeutic strategy to treat

high-risk neuroblastomas.
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Resum

Els neuroblastomes d’alt risc sén tumors embrionaris molt agressius que proliferen molt
rapidament. Encara que actualment s’utilitzen terapies multimodals per tractar els pacients,
més del 50% recau, i la seva supervivencia al cap de 5 anys és menor del 50%. Per tant, és
necessati trobar noves terapies més efectives que incrementin les probabilitats de
supervivencia d’aquests pacients. KIF11 és una proteina motora que és indispensable per la
formacié del fus acromatic i per la progressio de la cel-lula a les diferents fases de la mitosis.
KIF11 també ha estat descrita com a diana terapéutica en varis tipus de tumors. En aquesta
tesis hem investigat els efectes de 'inhibidor oral de KIF11 4SC-205 en neuroblastoma d’alt

risc utilitzant models preclinics de tumors primaris i de metastasis.

El valor pronostic de KIF11 es va investigar analitzant el nivell d’expressié de ARNm en
bases de dades publiques i per immunohistoquimica en microarrays de teixits. A partir
d’aquestes dades, vam observar que lalta expressié de KIF11 esta relacionada a pitjor
supervivencia i a alteracions genetiques associades a tumors agressius, com 'amplificacié del
gen MCYN, la perdua de heterozigositat del 1p36 o el guany del 17q23. A continuacié vam
investigar la inhibicié genica i farmacologica de KIF11 en linies cel'lulars de neuroblastoma.
Vam veure que l'inhibidor 4SC-205 recapitula els efectes fenotipics del silenciament genic,
tant zz vitro com #n vivo, induint arrest en mitosis durant el cicle cellular i la subseqiient mort
per apoptosis. Iz vivo, vam observar que el 4SC-205 inhibeix el creixement del tumor primari
en models xenografts subcutanis de ratoli, en models PDOX (sigles de 'angles Patient-
Derived Orthotopic Xenograft) i models de metastasis. Finalment, vam veure que el 45C-
205 potencia l'efecte de la quimioterapia estandard (cisplati, doxorubicina i topotecan) i

terapies dirigides com la inhibicié ’ALK i de la via de RAS/MAPK.

Aquests resultats suggereixen que la inhibicié de KIF11 utilitzant el 4SC-205 tot sol o en
combinacié amb quimioterapia convencional i/o terapies dirigides podtia ser una nova

estratégia terapéutica per tractar els pacients amb neuroblastoma d’alt risc.
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Resumen

Los neuroblastomas de alto riesgo son tumores embrionarios muy agresivos que proliferan
muy rapidamente. A pesar del uso de terapias multimodales, aproximadamente un 50% de
los pacientes presenta recaidas, y su supervivencia a los 5 afios es inferior al 50%. Por lo tanto,
es necesatio encontrar nuevas terapias mas eficaces que permitan aumentar la probabilidad
de supervivencia de estos pacientes. KIF11 es una proteina motora que es indispensable para
la formacién del huso acromatico y para la progresion de la célula a las distintas fases de la
mitosis. KIF11 ha sido descrita como diana terapéutica en varios tipos de tumores del adulto.
En esta tesis hemos investigado los efectos del inhibidor oral de KIF11 4SC-205 en
neuroblastoma de alto riesgo usando modelos preclinicos de tumores primarios y de

metastasis.

El valor pronéstico de KIF11 se investigd analizando los niveles de expresion de ARNm en
bases de datos publicos y por inmunohistoquimica en wicroarrays de tejidos. Usando estos
datos, observamos que la expresion de KIF11 correlaciona con una peor supervivencia y con
alteraciones génicas asociadas a tumores agresivos, como la amplificacion del gen MYCN, la
pérdida de heterocigosidad del 1p36 o la ganancia del 17¢23. A continuacién investigamos la
inhibicién génica y farmacolégica de KIF11 en lineas celulares de neuroblastoma. Vimos que
el inhibidor 4SC-205 recapitula los efectos fenotipicos del silenciamento génico, tanto 7 vitro
como # vivo, induciendo atresto en mitosis durante el ciclo celular y la subsecuente muerte
por apoptosis. Iz vivo, observamos que el 45SC-205 inhibe el crecimiento del tumor primario
en modelos de xenotrasplates subcutdneos de ratén, en modelos PDOX (siglas del inglés
Patient-Derived Orthotopic Xenograft) y modelos de metastasis. Finalmente, vimos que el
4SC-205 potencia los efectos de la quimioterapia estandar (cisplatino, doxorubicina y

topotecan) y terapias dirigidas como la inhibicién de ALK y de la via de RAS/MAPK.

Estos resultados sugieren que la inhibicién de KIF11 utilizando el 4SC-205 sélo o en
combinacién con quimioterapia convencional y/o terapias dirigidas podria ser una nueva

estrategia terapéutica para tratar pacientes con neuroblastoma de alto riesgo.
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1. Introduction

1.1. Neuroblastoma

1.1.1. Neuroblastoma epidemiology

Childhood cancer is the leading cause of non-accidental deaths in children below age 15 in
developed countries. The incidence rate of pediatric cancers has been increasing slightly since
1975 for unclear reasons. However, over the last decade, the annual incidence seems to have
stabilized in Europe (1). There has been a marked increase in the probability of survival due
to the improvement of diagnostic procedures and the introduction and advancement of
multimodal treatment strategies. Nevertheless, treatment of pediatric cancer is still a challenge
for the oncologists. The main categories of pediatric malignancies include leukemias, central
nervous system tumors, lymphomas, neuroblastoma, soft tissue and bone sarcomas, renal

tumors, germ cell tumors, retinoblastoma and hepatic tumors (Figure 1) (2,3).

Leukemias - 31%
CNS tumors - 26%
Lymphomas 10%

Soft tissue sarcomas - 7%
Neuroblastoma - 6%
Renal tumors - 5%
Bone tumors - 4%
Epithelial - 4%

Germ cell tumors - 3%
Retinoblastoma - 2%
Hepatic tumors - 2%

ODONECOEERNN

Figure 1. Relative frequencies of childhood cancer (2009-2012) in children aged 0-14 years old. Adapted
from (3). Abbreviations: CNS, central nervous system.

Neuroblastoma is an embryonal tumor of the sympathetic nervous system which represents
one of the most common solid tumors diagnosed in children being the most frequent
neoplasm in the first year of life, with slight male predominance (1.2:1.0) (2,4).
Neuroblastoma accounts for 6% to 10% of all childhood malignancies and 12% to 15% of
childhood cancer-related deaths. The incidence rate of neuroblastoma is 10.9 cases per
million children aged 0-14 years in Europe. The median age at diagnosis is 18 months.

Specifically, 30% of neuroblastomas are diagnosed during the first year of life and 90% are



diagnosed between birth and ten years of age. Neuroblastoma is very rare in adolescents and
young adults (< 0.1 cases per 100,000 people); however, they frequently present indolent
disease with very poor outcome (5-7). The phenotype of neuroblastoma is also associated
with race. A higher proportion of patients with high-risk malignancy have been seen in
patients with African ancestry than in children of European descent (8). There are no
environmental factors cleatly related to an increased risk of neuroblastoma. However, taking
recreational drugs might still increase the odds (9). Neuroblastoma is considered an ultra-

orphan condition, with less than 1,000 new cases per year in North America (10,11).

Neuroblastoma is a highly heterogeneic malignancy ranging from spontaneous regression
without any need of therapy to resistant tumors with metastatic lesions and very poor
outcome. The 5-year survival rate has improved over the last decades from below 50% to
around 80%. However, survival of patients is still strongly dependent on the stage of the
disease. Children with low-risk neuroblastoma present very good prognosis with survival
rates above 85%, whereas 5-year survival rates for high-risk patients are below 50%, and less

than 10% in children who relapse (4).



1.1.2. Origin of neuroblastoma

Neuroblastoma is an embryonal tumor, which means that it arises from cells that are in early
stages of development. It is widely accepted that neuroblastoma is derived from neural crest
(NC) specitied to the sympathoadrenal (SA) lineage. NC cells are multipotent and transient
cell population that arises during early embryogenesis and differentiate into a wide range of
tissues, including peripheral neurons, enteric neurons and glia, Schwann cells, melanocytes,
adrenal medulla, and much of craniofacial skeleton (12). NC induction, specification,
delamination and differentiation are highly complex processes orchestrated by multiple gene

regulatory networks (13).

NC induction, specification and delamination

NC induction starts during gastrulation with formation of tissues involved in neural tube
development, precursor of the central nervous system. Neural crest gene expression pattern
is coordinated by transcription factors activated by bone morphogenic protein (BMP),

Wingless-Int, fibroblast growth factor (FGF), and Notch/Delta signalling pathways (14).

After neural crest induction, a second wave of transcription factors is expressed to promote
cell proliferation, suppress neural differentiation, and maintain these cells in a multipotent
state. The main factors involved in maintaining multipotency in this stage are c-Myc and ID3.
A third wave of transcription factors is crucial to initiate the epithelial-to-mesenchymal
(EMT) transition. EMT leaded by SOX9, SOX10, FOXD3, SNAIL2 and TWIST1, allows
NC cells to reduce cell adhesion to neighboring neuroepithelial cells and acquire
mesenchymal migratory characteristics to migrate to diverse locations in the embryo (12,13).
Migrating NC cells can be divided in different subpopulations depending on their destination:
cranial, vagal, trunk and sacral NC cells. These subgroups differ in their migratory pattern,
gene expression profile and differentiation potential. MYCN expression during EMT is
essential to induce ventral migration of trunk NC cells to reach the dorsal aorta, where they
differentiate into SA progenitor cells, which ultimately originate peripheral nervous system,
including the adrenal gland and sympathetic ganglia, which are the most common locations

of primary neuroblastoma tumors.



SA specification

Neuroblastoma gene expression profiles and their anatomical sites at which they grow suggest
that these tumors derive from SA precursors which arise from the neural crest cells that have
migrated and settled in the dorsal aorta. Paired-like homeobox 2B gene (PHOXZB)
expression and BMPs released from dorsal aorta are fundamental for SA specification (Figure
2). PHOX2B is a transcription factor that activates SA specifiers including MASH-1,
HAND2, GATA2, GATA-3 and noradrenergic markers such as tyrosine hydroxylase and
dopamine beta-hydroxylase (13). PHOX2B is frequently expressed in neuroblastoma and has

been identified as a sensitive and specific minimal residual disease marker (15).

Neural crest

c-Myc and ID3

\ Ectoderm
EMT

SOX9, SOX10, FOXD3,

SNAIL2 and TWIST1

@ __, K

Sympathoadrenal precursor
Sympathetic neuron
PHOX2B, MASH-1, HAND2, Q

GATA2 and GATA3

Chromaffin cell

Figure 2. NC induction, delamination and differentiation. During embryogenesis, NC cells arise from dorsal
neural tube and undergo EMT to migrate and differentiate to a wide range of cell types. NC delamination and
differentiation are complex processes tightly regulated by epigenetic and transcriptional programs. MYCN
expression during delamination is crucial for NC to reach the dorsal aorta and commit to SA precursors. Adapted
from (12).



Role of MYCN in NC and neuroblastoma

As mentioned before, MYCN expression is crucial for the ventral migration of NC cells.
However, low or absent MYCN expression is required to promote SA maturation; therefore,
the levels of this protein progressively decrease during differentiation of sympathetic
neurons. Multiple studies of MYCN expression during NC development indicate that
neuroblastoma arises during early migration or SA specification and demands sustained
MYCN expression to induce tumorigenesis (16,17). There is clear evidence to suggest that
MYCN contributes to malignant neuroblastoma by promoting cell cycle progression and
survival (18). In this line, MYCN amplification was found to correlate with poor outcome

over 30 years ago and is a marker still used to stratify patient risk (19).

Model of neuroblastoma tumorigenesis

A singular characteristic of certain pediatric tumors, such as neuroblastoma, is that some
patients with a specific pattern of primary tumor and metastasis have a high likelihood of
undergoing spontaneous regression without therapy. That fact indicates that neuroblastoma
arises in the embryo and ought to adapt in an adverse postnatal environment after birth to
survive. Marshall G, et al (20) proposed a tumorigenesis model for embryonal malignancies
with evidence of prenatal origin which includes three hits. The first hit is an excess of cell
proliferation during organogenesis. For example, MYCN is the first hit from the tyrosine-
hydroxylase (Th)-MYCN transgenic mouse model. Other inherited genetic alterations, such
as mutations in Anaplastic lymphoma kinase (ALK) or PHOXZ2B, are associated with familial
neuroblastoma (21,22). A second hit would allow neuroblastoma cells to survive by avoiding
cell death mechanisms that delete excess cells once organogenesis is completed. Nerve
growth factor, secreted by local fibroblasts, is a powerful neural survival factor that regulates
whether sympathetic ganglia matures into terminal ganglion or undergoes apoptosis.
Premalignant cells must be resistant to trophic factor withdrawal. Finally, a third hit
accelerates the genome instability to induce transformation (Figure 3). Genomic instability
could be induced by the loss of function of one allele of a tumor suppressor gene,

chromothripsis, feed-forward loops between MYCN and SIRT1, SIRT2 and Aurora kinase
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A (AURKA), or inherent properties of embryonal cells that enable their rapid proliferation
(20).

Proliferative excess

Figure 3. Model of neuroblastoma tumorigenesis. Marshall G, et al (20) propose that neuroblastoma need
three hits to arise. First, a prenatal proliferative excess in the tissue of origin. Second, a cell intrinsic mechanism
for surviving after birth. Third, accelerated pathway that promote genomic instability.



1.1.3. Familial neuroblastoma

Familial neuroblastoma has an autosomal dominant inheritance pattern, meaning that one
copy of the altered gene increases the risk of developing the malignancy, but with incomplete
penetrance because not all individuals who carry the altered gene develop the disease. In the
1970s, familial neuroblastoma was proposed to have a similar pattern than retinoblastoma,
“two-hit” model. The first hit is the germline mutation which is followed by a second hit of
an acquired somatic mutation. However, unlike retinoblastoma, nearly all patients with
neuroblastoma are sporadic. Only about 1 to 2% of patients have familial neuroblastoma.
Familial neuroblastoma tends to appear at younger age than sporadic neuroblastoma. It is
associated with multiple primary tumors (10,23,24). Although familial neuroblastoma is rare,
the identification of molecular events involved in familial neuroblastoma provided important
information of neuroblastoma tumorigenesis and the identification of potential therapeutic

targets.

PHOXZB

The first gene described to harbor germline mutations in neuroblastoma patients was
PHOXZ2B (25,26), a crucial transcription factor involved in autonomic nervous system
development (27). It was noted that patients with congenital central hypoventilation
syndrome and Hirschsprung’s disease, which are related to a problem in NC development,
had an increased probabilities of developing neuroblastic tumors compared to the general
population (28). PHOXZ2B was first identified as a driver for these genetic disorders and

eventually in patients with a family history of neuroblastic tumors (25).

ALK

ALK is a tyrosine kinase transmembrane receptor highly expressed during development of
the nervous system (29). Mossé, Janoueix-Lerosey, and their respective colleagues reported
that AL K germline mutations were the main cause of familial neuroblastoma. Most mutations
were mapped to essential regions of the tyrosine kinase domain and predicted to be

oncogenic drivers (21,30). Moreover, somatically acquired mutations and amplifications of



ALK were also identified in a significant number of sporadic neuroblastomas, which highlight

the biological value of ALK for neuroblastoma tumorigenesis (21,30-32).

KIF1Bg

KIF1Bg is a motor protein member of the kinesin superfamily involved in the transport of
mitochondria and synaptic vesicle precursors (33). Inherited loss-of-function of KIF7Bg by
missense mutations was identified to be involved in neuroblastoma and pheochromocytoma
development. Schlisio and colleagues proposed that loss of one allele of KIF7B would protect
neuronal progenitor cells with malignant potential from apoptosis, and eventually constitute
an aggressive malignancy (34). Interestingly, KIF7Bg is located in 1p36, a chromosomal region

frequently deleted in neuroblastoma.

RASopathies

Patients with some germline activating mutations involving RAS pathway can be susceptible
to developing certain types of malignancies, including neuroblastoma. Costello and Noonan
syndromes are rare genetic conditions that involve genes of the canonical RAS pathway. RAS-
MAPK pathway has a crucial role during NC differentiation (35). Mutations in this pathway
may avoid the correct differentiation of NC cells and could explain the prevalence of

neuroblastoma in people with these syndromes (30).

Cancer predisposition syndromes

Even though neuroblastoma is not a typical Li-Fraumeni syndrome (LFS) malignancy,
multiple cases of neuroblastoma have been noted in LFS patients, especially the R337H TP53
missense mutation (37,38). Beckwith-Wiedemann syndrome is a condition induced by the
disruption of CDKIN7C expression, which is a negative regulator of cell proliferation. Patients
with this syndrome are predisposed to develop certain malignancies such as neuroblastoma

(2 to 5%) (39,40).
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Genetic variants

Genome-wide association studies have been performed with the aim of identifying genetic

variants associated with human diseases. Twelve genetic variants associated with

neuroblastoma onset were identified (Figure 4). Despite the modest individual effect of each

variant, multiple polymorphisms could contribute to promote malignant transformation (41).

Effect size

4 50.04

- 3.04

[Low] [Modest] [ Intermediate ] [ High ]

3\

1.1

v

0.001 0.005 0.05

[Veryrare] [ Rare ] [ Low ]

Allele frequency

Figure 4. Genetic predisposition to neuroblastoma. ALK and PHOXZB mutations cause hereditary
neuroblastoma with high penetrance. ALK and PHOXZ2B mutant alleles are uncommon in the population and are
inherited in an autosomal dominant Mendelian manner. Other genes with rare mutations in the germline that may
predispose to neuroblastoma have been reported (TP53, BRAC2, etc.), but the clinical relevance of these
mutations has not yet been characterized. There are several common polymorphisms that individually have
modest effect on neuroblastoma tumorigenesis but can cooperate to develop neuroblastoma. Adapted from (10).



1.1.4. Genetic alterations of neuroblastoma

Even though about 98-99% of all neuroblastoma cases are sporadic, there are no
environmental factors described to raise the risk of developing neuroblastoma. Several
somatic genetic alterations have been identified in neuroblastoma, the most common being

chromosomal aberrations with gains or losses in genetic material.

Segmental chromosomal aberrations

Neuroblastoma aggressiveness is strongly associated with segmental chromosomal
aberrations (SCA). Aggressive neuroblastoma is particularly characterized by a high number
of SCA and low number of numerical changes (42). Gain of 17q has been detected in over
50% of neuroblastoma patients and loss of 1p36 has been reported in around 25% of cases.
Both gain of 17q and loss of 1p36 correlate with MYCN amplification and poor outcome
(43,44). Loss of heterozygosity (LOH) of 11g23 has been detected in one-third of
neuroblastoma patients and unbalanced 11q LOH has been reported in 50% of those with
1123 LOH. Both, unbalanced 11q LOH and 11¢23 LOH are inversely correlated with
MYCN amplification and are associated with poor outcome (43,45,46). The association of
LOH of 1p36 and 11q with poor outcome suggests that some tumor suppressive genes are
encoded in these chromosome regions. 1p36 region contains several potential tumor
suppressor genes such as CHDS5, CAMPTAT, KIF1B, CASZ1 and MIR34A4 (47). 11923
LOH region also contains multiple genes with tumor-suppressive functions such as H2AFX,
ATM or CADMT (46,48). There are other common chromosomal alterations in
neuroblastoma such as gains of 1q and 2p and loss of 3p, 4p and 14q, but their clinical

relevance is still unclear (10).

MYCN amplification

MYCN, located at chromosome 2p24, is a transcription factor, member of the MYC-
oncogene family, involved in the control of essential processes during embryonal
development (49). MYCN is situated downstream multiple pathways promoting cell growth

and proliferation, and repressing genes involved in differentiation and apoptosis (18). The

12



amplification of MYCN (> 10 copies) is detected in about 20% of all neuroblastoma cases
(4). MYCN amplification was one of the first alterations associated with poor outcome and
remains one of the most important genetic markers associated with aggressive phenotype and
poor survival (19,50). As mentioned before, MYCN overexpression in NC cells was found

to be sufficient to develop neuroblastoma in transgenic mice model (16).

ALK mutations and amplifications

ALK missense activating mutations not only were reported to be the main cause of familial
neuroblastoma, but also were found to be present in 12% high-risk sporadic neuroblastoma
cases (21). ALK activating mutations and high expression of the wild type form in sporadic
neuroblastoma are associated with poor prognosis (51). Remarkably, transgenic mice
expressing in the NC both ALKM"7#L and MYCN developed neuroblastoma with earlier
onset, higher penetrance and enhanced lethality compared to ALKM7#- and MYCN alone
(52). George and colleagues reported that 15% of neuroblastoma with MYCN amplification
presented concomitant ALK amplification. ALK amplification was present almost

exclusively in those samples with MYCN amplification (21,32).

Other genetic alterations

Compared to adult malignancies, the number of somatic mutations in neuroblastoma patients
is low. In fact, only a small subset of neuroblastomas have an identifiable oncogenic driver
mutation (53). The use of whole-genome sequencing has identified genetic relevant
alterations in multiple genes such as ATRX and TERT, both involved in telomeres
lengthening. ATRX is a RNA helicase which belongs to the SWI/SNF family of chromatin
remodelling proteins and its inactivation results in alternative lengthening of telomeres (54).
About 10% of advanced stage neuroblastoma presented a loss-of-function alteration in
ATRX (55). ATRX mutations were also found at very high frequencies in neuroblastomas

from adolescent and young adults (56).

TERT encodes the telomerase reverse transcriptase of the telomerase complex. Valentijn,
Peifer and their respective colleagues described that 23-31% of high-stage neuroblastoma

presented TERT rearrangements associated with increased TERT expression. Interestingly,

13



TERT rearrangements, ~ATRX inactivation and MYCN amplification were found to be
almost mutually exclusive genetic alterations in neuroblastoma (55,57). As MYCN is known
to activate TERT expression, these data suggest that lengthening of telomeres might be

required for high-risk disease.

ARID1.A and ARID1B genes, involved in the chromatin remodeling, are thought to have a
role in neuroblastoma. Sausen and colleagues reported chromosomal deletions, LOH and
point mutations of ARID7A and ARID7B in a significant number of high-risk
neuroblastomas. ARID7.4 and ARID1B alterations were also associated with early treatment

failure and decreased survival (58).
LIN28B

LIN28B is a RNA-binding protein that regulates mRNA translation and/or stability and
microRNAs (miRNAs) maturation. LIN28B acts as an oncogene by binding to the precursors

of certain miRNAs, including /t-7 family, thereby blocking their biogenesis (59).

LIN28B has been associated with neuroblastoma susceptibility. Diskin and colleagues
performed a genome-wide association study and identified that the allele rs17065417 of
LIN28B was associated with this particular malignancy. Interestingly, neuroblastoma cell
lines homozygous for the rs17065417 risk allele were found to express higher levels of
LIN28B mRNA and protein compared to heterozygous cell lines. Homozygous cell lines for
rs17065417 also displayed absent or decreased expression of tumor suppressor let-7 family
miRNAs (60). Of note, LIN28B was also found to be associated with poor neuroblastoma
outcome (60,61).

LIN28B expression was found to correlate with MYCN expression (61,62). Concordantly,
overexpression of IIN28B in SA lineage induced neuroblastomas with high expression of
MCYN in transgenic mice (61). These results have been recently supported by two vertebrate
models, zebrafish and xenopus, with .IN2§B overexpression (63,64). LIN28B was shown to
regulate RAN, which promotes the phosphorylation and activation of AURKA. AURKA
leads cell cycle progression by phosphorylating several cell cycle regulators and stabilizing
MYCN protein afterwards (65). All these findings raises the opportunity to find new

therapeutic approaches to inhibit neuroblastoma tumorigenesis (i.e. AURKA inhibitors).
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1.1.5. Neuroblastoma clinical presentation and diagnosis
Clinical presentation

Neuroblastoma affects a wide range of ages, from birth through young adulthood. The
median age at diagnosis of neuroblastoma is 18 months (5). Even though 90% of tumors
arise in children younger than 10 years of age, neuroblastoma is likely to be much more
indolent and lethal disease for adolescent and young adults (6). In fact, the phenotype of
neuroblastoma is highly associated with the age of the children. For example, patients less
than 18 months of age have much better prognosis than older patients. Interestingly, the
attempt to detect neuroblastoma early using urine tests for catecholamine metabolites
showed that 50% of all neuroblastoma that arise in the first year of life are never detected

due to complete spontaneous remission (7).

The clinical presentation of neuroblastoma can be quite diverse, ranging from asymptomatic
lesions to multiple metastases. Primary neuroblastomas can present anywhere along the
sympathetic nervous system. The most common sites of neuroblastoma origin, in decreasing
order, are the adrenal medulla (35%), extraadrenal retroperitoneum (30-35%), and posterior

mediastinum (20%). The less common sites are the neck (1-5%) and pelvis (2-3%) (Figure 5).

Primary tumor Metastatic neuroblastoma
<€---- Central nervous system
<---- Neck
<~ Posterior ('"(::: fﬁ:}n
mediastinum gs
Extraadrenal <---- Adrenal medulla <€-- Liver

<- Regional lymph nodes

retroperitoneum <---- Pelvis <-- Bone marrow

Figure 5. Location of primary and metastatic neuroblastoma. Primary neuroblastoma can arise anywhere in
the sympathetic system, being the adrenal gland the most common site of origin. Neuroblastomas tend to spread
to the bone marrow, bone, regional lymph nodes and liver. Metastases in the central nervous system, skin and
lungs are less common.
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Neuroblastomas arising in the adrenal gland are associated with lower survival compared to
primary tumors of other locations (66). About 50% of patients present metastases at the time
of diagnosis. The most common sites of metastases are bone marrow (56%), bone (46%),
regional lymph nodes (24%) and liver (21%), whereas metastases in skin (4%), lung (3%) and
in the central nervous system (1%) are rare (Figure 5) (67,68). Approximately 1% of patients
debut with metastatic disease but the site of origin cannot be found at diagnosis (69). Clinical
signs and symptoms are associated with the origin of the primary tumor and metastatic

lesions (Table 1).

Table 1. Neuroblastoma symptoms (adapted from (70)).

Location Signs and symptoms
Abdomen/pelvis Pain, constipation, distension, urinary retention, hypertension
Thorax Respiratory distress, Horner syndrome
Presacral and paraspinal (includes Symptoms of cord compression (utinary retention,
abdominal and thoracic masses) pataplegia/paraparesis, clonus)

Neck Mass/swelling

Irritability, bone pain, cytopenias, perioribital ecchymoses, fever,

Metastases weight loss, lymphadenopathy

Hepatomegaly, coagulopathy, hyperbilirubinemia, respiratory

4S/4M metastases distress (from abdominal enlargement), skin nodules

- Oposoclus myoclonus ataxia syndrome
Paraneoplastic syndromes

- VIP secreting tumors: intractable secretory diarrhea

VIP, vasoactive intestinal peptide

Diagnosis

Diagnosis of neuroblastoma requires multiple laboratory tests, radiographic imaging and
histological assessment of the tumor (Table 2). If neuroblastoma is suspected, a complete
blood test, prothrombin time and partial thromboplastin time, electrolytes, creatinine, uric
acid, liver function, ferritin and lactate dehydrogenase should be tested; the last two tests
indicate a poorer outcome when increased (50). Altered levels of catecholamines or
catecholamine metabolites (dopamine, homovanillic acid and vanillylmandelic acid) can be
detected in the urine of nearly all neuroblastoma patients. The relative amounts and ratios of
catecholamine metabolites correlate with the degree of cellular differentiation and are

associated with biologically unfavorable malignancies (71).
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Radiographic imaging and metastatic evaluation is essential for neuroblastoma staging,
characterization and surgery. Ultrasonography, which is widely available and non-invasive, is
usually the first imaging modality used to detect the presence of tumor mass. However,
computed tomography (CT) or magnetic resonance imaging (MRI) are required for accurate
localization and the identification of image-defined risk factors (IDRF). IDRF are imaging
features determined at the time of diagnosis that predict surgical risk factors. CT and MRI
show high resolution images critical to evaluate the size and localization of the primary tumor,
arterial encasement, infiltration of adjacent organs, and/or structures or the spinal canal (72).
Metastatic lesions are assessed by a 123]-metaiodobenzylguanidine (mIBG) scan. MIBG is a
radiolabeled norepinephrine analog which can be uptaken into tumor cells by the
norepinephrine transporter in 90% of neuroblastomas. MIBG enables the detection of both
primary tumors and metastases in soft tissues and bone marrow (73). Combination of mIBG
with other imaging techniques, such as single-photon emission CT, provide the contrast of
MRI and the anatomical precision of CT (74). Neuroblastomas that pootly accumulate mIBG
can be assessed using other techniques such as 8F-fluorodeoxyglucose positron emission

tomography (75) (Table 2).

Tumor biopsy confirms the diagnosis and provides essential information on prognosis.
Neuroblastoma, ganglioneuroblastoma and ganglioneuroma present different grades of
maturation. Neuroblastomas are immature tumors composed of small round cells, whereas
ganglioneuroma is composed of mature cells that have differentiated into ganglion cells.
Ganglioneuroblastoma presents features of both of these tumors. Molecular examination of
neuroblastoma is necessary to determine overall outcome. MYCN amplification, diploidy and
SCA correlate with poorer survival. MYCN amplification is mainly evaluated by i situ
hybridization (50,76). Cell ploidy and SCA are measured by flow cytometry and array

comparative genomic hybridization, respectively.
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Table 2. Tests and procedures used to diagnose neuroblastoma (adapted from (10)).

Laboratory

— Complete blood count and platelet count

— Prothrombin time and partial thromboplastin time

— Electrolyte, creatinine and uric acid levels and liver function
— Levels of serum markers ferritin and lactate dehydrogenase

— Catecholamines or catecholamine metabolites levels (increased in 90% of patients with neuroblastoma)

Imaging

— CT or MRI of the primaty site, chest, abdomen and pelvis
— CT or MRI of the head and neck if clinically involved

— mIBG scan and then 18F-fluorodeoxyglucose-positron emission tomography scan if the tumor is not mIBG-avid

Pathology

— Tumor biopsy with immunohistochemistry and International Neuroblastoma Pathology Committee classification
— Fluorescence 7 sitn hybridization for MYCN

— Array comparative genomic hybridization or other study for segmental chromosomal alterations

— DNA index (ploidy)

— Bilateral bone marrow aspirate and biopsy with immunohistochemistry to detect metastatic disease

— Optional: genomic analysis for ALK alterations
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1.1.6. Neuroblastoma staging and risk assessment

Neuroblastoma is a complex and heterogeneous malignancy with prognosis ranging from
spontaneous regression to highly aggressive disease that often becomes refractory to all
current treatments. There are different prognostic factors that are used for risk assessment:
age at the time of diagnosis, disease stage, MYCN amplification, tumor cell ploidy, grade of
differentiation, 11q aberration and tumor histopathology according to the International

Neuroblastoma Pathologic Classification (INPC) system (70).

Neuroblastoma staging

International Neuroblastoma Staging System (INSS) classified neuroblastoma in different
stages depending on the local invasion, the amount of resection, node involvement and
presence of distant metastases. INSS was developed in 1986 and revised in 1993 and has the
objective of establish international consensus for a common staging system and therapy
(77,78). INSS system is for post-operative patients and mainly for prognosis. INSS Stage 1
to 3 are localized tumors; in contrast, Stage 4 and 4S present distant metastases. Stage 4S
(4Special) is defined by children younger than 365 days with primary tumor located as in stage

1, 2A or 2B and metastases in liver, skin, and/or bone marrow (Table 3).

Table 3. International Neuroblastoma Staging System (adapted from (78)).

Stage Description

Localized tumor that can be removed completely during surgery. Lymph nodes attached to and removed with
Stage 1 the primary tumor may be positive for tumor microscopically, representative ipsilateral lymph nodes are
negative.

Localized tumor that cannot be entirely removed by surgery. Representative ipsilateral nonadherent lymph

Stage 2A . . .
g nodes are microscopically negative for the tumor.

Stace 2B Localized tumor that can or cannot be totally removed during surgety, ipsilateral nonadherent lymph nodes
g are positive for tumor microscopically but contralateral lymph nodes must be negative.

The tumor cannot be removed with surgery and has disseminated across the midline, with or without regional

Stage 3 lymph node metastasis; or localized unilateral tumor with contralateral regional lymph node involvement; or

midline tumor with bilateral extension by infiltration or by lymph node involvement.

The primary tumor has spread to distant lymph nodes, bones, bone marrow, liver, skin, and/or other organs

Stage 4 (except as defined for stage 4S).

The primary tumor is located (as in stage 1, 2A or 2B) with dissemination only to skin, liver, and/or bone

Stage 48 marrow, limited to infants younger than 365 days.
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In 2009, representatives from a major consortium in North America (COG, Children’s
Oncology Group), Europe (SIOPEN, International Society of Paediatric Oncology
European Neuroblastoma), and other societies from Germany, Japan, and Australia
developed the International Neuroblastoma Risk Group’s stratification system (INRGSS).
The objective of INRGSS is to create a consensus approach to stratify patients at the time of
diagnosis (before surgery). The INRGSS is based on clinical criteria and IDRF (72). INRGSS
can distinguish between loco-regional tumors that not involve vital structures (L1), locally
invasive tumors (L2), tumors with distant metastases (M) or distant metastases in children

younger than 547 days (18 months) to specific tissues (MS) (50,72) (Table 4).

Table 4. International Neuroblastoma Risk Group Staging System (adapted from (72)).

Stage Description
L1 Localized tumor not involving vital structures
L2 Loco-regional tumor with presence of one or more IDRF
M Distant metastatic disease (except stage MS)
MS Metastatic disease in parje'ntS younger than 18 months with
metastases confined to skin, liver and/or bone marrow

Age at diagnosis

The age at diagnosis was one of the earliest prognostic markers defined for neuroblastoma
(79). Patients older than 1 to 2 years at diagnosis have worse outcome than infants. Even
though the 365 days cut-off had been historically used as a prognostic marker for clinical
behavior of the tumor, several retrospective studies showed evidence that 18 months was a
more clinically relevant cut-off and was selected for the INRGSS (5,50,80,81).
Neuroblastoma is rarely diagnosed in adolescents and young adults. Despite these patients
present an indolent disease and infrequent MYCN amplification, they display worse outcome
than younger patients. However, no additional prognostic age cut-off greater than 18 months

have been defined (6).

Histologic classification

Histopathological examination is essential for neuroblastoma staging. The INPC adopted

with some changes the age-linked classification method proposed by Shimada et al. in 1984
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(82). In the INPC, neuroblastic tumors are classified into four groups based on morphologic
criteria: neuroblastoma (Schwannian stroma-poor); ganglioneuroblastoma intermixed
(Schwannian stroma-rich); ganglioneuroma (Schwannian stroma-dominant) and nodular
ganglioneuroblastoma (composite Schwannian stroma-rich/stroma-dominant and stroma-
poor). The INPC also uses grade of neuroblastic differentiation and mitosis-karyorrhexis
index (MKI) as prognostic indicators for neuroblastoma. Specifically, neuroblastomas are
divided in 3 different subtypes depending on the grade of neuroblastic differentiation:
undifferentiated, poorly differentiated and differentiating (83,84). Shimada et al. also
demonstrated that three MKI classes (low, intermediate and high) presented distinctive
prognostic values (85). Of note, these morphologic prognostic indicators are linked to the

age of the patients (any age, < 1.5, 1.5 to 5.0 and = 5.0 years) (Table 5).

Table 5. International neuroblastoma pathology classification (85).

Category and subtype Stroma development MKI  Age (years) Prognostic
Neuroblastoma
Undifferentiated Poor (0 < 50%) Any Any UH
H Any UH
Poorly differentiated Poor (0 < 50%) Any >15 UH
L/1 <15 FH
H Any UH
Any 25 UH
Differentiating Poor (0 < 50%) 1 >15 UH
I <15 FH
L <5 FH
GNB nodular Rich/dominant/poor FH, UH
GNB intermixed Rich FH
Ganglioneuroma Dominant FH

Abbreviations: GNB, ganglionenroblastoma; H, high; I, intermediate; 1, low; UH, unfavourable histology;
FH, favourable histology.

Genetic alterations

MYCN amplification, 11q aberration and DNA ploidy are genetic alterations clinically
relevant for prognosis used by the INRGSS. MYCN amplification is found in ~20% of cases

and it was one the first alterations described to be strongly associated with neuroblastoma
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outcome (19,86,87). Neuroblastoma with amplification of MYCN is particularly associated
with advanced disease, high-risk category and poor prognosis (50). 11q deletion is a frequent
genetic alteration in neuroblastoma which accounts for 35 — 40% of cases approximately.
Interestingly, 11q aberration is almost mutually exclusive with MYCN amplification and its
prognosis significance is similar to MYCN amplification (45,46,88). DNA ploidy was also
identified as a prognostic value for neuroblastoma. Diploidy is associated with a poorer

survival than triploidy (50).
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1.1.7. Risk stratification

According to the previous described clinical and biological factors (i.e. INRG stage, IDRF,
presence of metastases, age at diagnosis, histologic category, grade of differentiation, MYCN
status, genomic profile and ploidy), neuroblastoma patients are classified into four risk

groups: very low, low, intermediate or high risk (Table 6).

While patients classified as very low, low or intermediate risk have good prognosis, high-risk
patients have a 5-year survival of less than 50%. These patients are subjected to intensive
treatment; however, most children with high-risk neuroblastoma will not achieve long-term
cure, and some of the survivors will suffer severe long-term side effects, such as second

malignant neoplasm, and life-long disabilities induced by neuroblastoma treatment (89,90).

Table 6. Modified INRG consensus pretreatment classification (adapted from (10)).

Risk group ISI:ES IDRE  Distant mﬁf:'hs Ii;‘:gl‘;ic G:l?;e MYCN G;;:)‘;,Telc Ploidy
L1 Absent Absent Any GNBn/NB Any - Any Any
Very low
L1/12 Any Absent Any GN/GNBi Any - Any Any
IL2 Present Absent <18 GNBn/NB Any - I Any
Low L2 Present Absent =18 GNBn/NB D - I Any
MS Any Present <12 Any Any - Il Any
L2 Present Absent <18 GNBn/NB Any - U Any
1.2 Present Absent >18 GNBn/NB D - U Any
1.2 Present Absent >18 GNBn/NB PD/UD - Any Any
Intermediate M Any Present <18 Any Any - Any HD
M Any Present <12 Any Any - U and/or diploid
MS Any Present 12-18 Any Any - F Any
MS Any Present <12 Any Any - U Any
11 Absent Absent Any GNBn/NB Any + Any Any
1.2 Present Absent >18 GNBn/NB PD/UD + Any Any
M Any Present 12-18 Any Any - U and/or diploid
High M Any Present <18 Any Any + Any Any
M Any Present >18 Any Any Any Any Any
MS Any Present 12-18 Any Any - U Any
MS Any Present <18 Any Any + Any Any
12 months = 365 days; 18 months = 547 days. Met, stases; diff, differentiation; GN, 7 a; GNBn, Z blastoma nodular;
GNBi, ganglioneuroblastoma intermixed; NB, nenrobl : D, differentiating; PD, poorly dif jated; UD, undifferentiated; U, ble; F,

favourable; HD, hyperdiploid.
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1.1.8. Neuroblastoma clinical management

As mentioned before, stratification of neuroblastoma patients into different risk groups is

necessaty to decide the best treatment for each patient (91).

Very low- and low-risk neuroblastomas

Very low- and low-risk neuroblastoma accounts for nearly 50% of newly-diagnosed
neuroblastoma. 5-year survival rates for these patients are higher than 95% with minimal
therapy. Generally, most patients do not need treatment with chemotherapy since the tumor
can be removed with surgery alone, or even revert spontanecously. COG P9641 and SIPOEN
LNESGT1 clinical studies showed excellent outcome for patients with surgical resection alone
with OS rate of 99% for stage 1 and > 93% for stage 2 (92,93). Therefore, chemotherapy in
very low- and low-risk patients is given only to patients who present life or organ-threatening
symptoms, or in case of recurrence or tumor progression (94,95). Infants with localized
adrenal masses showed very good outcome with observation alone. In a COG clinical trial,
81 % of infants younger than 6-months old were managed with observation and the
remaining 19% underwent resection. None of the patients required chemotherapy and the 3-
year OS rate was 100 % (96). Ongoing COG ANBL1232 clinical study (NCT02176967) has
increased the age of observation (< 12 months) for non-high-risk neuroblastoma patients
with localized tumors to determine whether observation alone is also convenient for these

patients.

Intermediate-risk neuroblastomas

Intermediate-risk neuroblastoma includes a wide group of patients with INRG L2, M and
MS without MYCN amplification. Their survival rates are higher than 90 %, and therapy is
composed of moderate doses of multi-agent chemotherapy and surgical resection.
Intermediate-risk chemotherapy consists of two to eight cycles of chemotherapy using
multiple agents such as carboplatin or cisplatin, doxorubicin, etoposide, and
cyclophosphamide (97). Recent studies have successfully reduced chemotherapy for these

patients while preserving excellent survival rates (98,99). Surgical resection of the remaining
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primary tumor is performed when possible but some trials suggest that complete resection is
not essential (99,100). However, patients older than 18 months of age with unresectable
neuroblastoma and either unfavorable genomic profile or histology present lower survival
rates than the other patients, indicating that more intensive therapy including local
radiotherapy could be necessary (99,101). The European study, LINES 2009 (NCT01728155)
is currently studying to reduce the amount of chemotherapy for differentiating histology 1.2
neuroblastoma and nodular ganglioneuroblastoma patients and increase the amount of
treatment, including radiotherapy and 13-cis-RA, for pootly differentiated or undifferentiated

stage L2 neuroblastoma or nodular ganglioneuroblastoma patients.

High-risk neuroblastomas

The 5-year OS for high-risk neuroblastoma was 29%, 47% and 50% for patients diagnosed
between 1990 and 1994, 2000 and 2004, and 2005 and 2010, respectively (102). The
improvement in the OS was associated with the establishment of myeloablative therapy and
immunotherapy in the regimen for high-risk neuroblastoma. Although the OS for high-risk
neuroblastoma patients has improved since 1990s, further advances in the treatment are
necessaty as limited improvements have been achieved in the last two decades. Standard
therapy for high-risk neuroblastoma patients involves three components: induction,

consolidation and a post-consolidation phase (Figure 6).

Induction [ Consolidation ]IZ>[ Post-consolidation ]

Chemotherapy MAT [ Immunotherapy ]

Surgery ASCT [ Isotretinoin ]

Radiation

Figure 6. Standard schedule for high-risk neuroblastoma therapy. MAT, myeloablative therapy; ASCT,
autologous stem cell transplant.

Induction phase

In the induction phase, patients are treated with a combination of chemotherapeutic agents.

The aim of this pre-operative chemotherapy is to improve surgical resectability of the primary
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tumor and reduce metastases. High-risk neuroblastoma treatment are distinct between
cooperative groups (Figure 7). COG schedules, which include 6 cycles of combined
administration of vincristine, doxorubicin, cyclophosphamide, cisplatin and etoposide, are
used in North America. In addition, COG trials have integrated topotecan during the first
two cycles of induction phase (103). On the other hand, in Europe, SIOPEN has established
rapid COJEC regimen which consists of multiple chemotherapy cycles delivered every 10
days. Rapid COJEC gives 8 cycles using combination of cyclophosphamide (C), vincristine
(O), carboplatin (J), etoposide (E) and cisplatin (C). Specifically, COJEC include two cycles
of vincristine, carboplatin and etoposide; four cycles of cisplatin and vincristine; and two

cycles of vincristine, etoposide and cyclophosphamide (104).
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Figure 7. COG and SIOPEN induction chemotherapy schedule. (A) COG schedule in NCT00567567. (B)
Rapid COJEC. C, cyclophosphamide; T, topotecan; P, cisplatin; E, etoposide; D, doxorubicin; O, vincristine; |,
carboplatin. (Adapted from (104)).

Induction chemotherapy is a critical phase for the outcome of high-risk neuroblastoma
patients. For example, response to chemotherapy measured by semi-quantitative mIBG

scoring (Curie score) system is an independent prognostic factor for patients with high-risk
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disease after induction (105). Even though a majority of patients with high-risk disease have
favorable responses and achieve remission after induction therapy, up to 20% of patients
experience disease progression or have unfavorable response to induction chemotherapy

(6,94,106).

Surgical resection is essential for high-risk neuroblastoma treatment and it is usually
performed at the end of the induction therapy. The timing of surgery is programmed to
maximize tumor reduction before surgical resection. It is controversial whether a gross total
resection of primary tumor is critical for the survival of high-risk neuroblastoma patients.
Some trials show that the final outcome is determined more by metastatic relapse than by the
degree of surgical resection (107). In addition, Simon and colleagues showed that complete
resection of the primary tumor had no impact on outcome of stage 4 neuroblastoma older
than 18 months of age (108). On the contrary, Du and colleagues reported that patients who
underwent surgical intervention presented higher 3-year OS than patients who underwent

biopsy only. However, no significant changes were accomplished in 3-year EFS (109).

Consolidation phase

The aim of consolidation phase is to eliminate remaining minimal disease. This phase is
divided into two parts which include high dose of chemotherapy followed by autologous
stem cell transplant (ASCT) and radiation therapy. The myeloablative regimen has been
studied in multiple trials. Melphalan, carboplatin and etoposide are employed in several
protocols, although clinical studies suggest that patients treated with busulfan and melphalan

after rapid COJEC regimen present superior outcome with no increased toxicity (110,111).

Post-consolidation phase

Maintenance or post-consolidation phase is performed to reduce the number of patients that
relapse. In post-consolidation phase, the differentiating agent cis-retinoid acid (cis-RA) is
often given for 6 months after other treatments are completed (112,113). Multiple clinical
trials using antibodies directed to GD2 ganglioside (expressed on neuroblastoma cell
membrane) have been performed. Anti-GD2 monoclonal antibodies combined with

cytokines (GM-CSF and interleukin-2) have been incorporated into the post-consolidation
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treatment due to its capability to improve EFS of patients (56,114). Specifically, anti-GD2
induce antitumor activity by binding to GD2 and attracting immune cells (i.e. NK cells and
granulocytes), which promote antibody-dependent cellular cytotoxicity and complement-
dependent cytotoxicity (115). Interleukin-2 enhances tumor cytotoxicity by activating
multiple immune cells (including NK cells, monocytes, and effector T cells, among others)
and GM-CSF promotes clonal expansion and maturation of precursor cells to distinct

immune cells (e.g. granulocytes and monocytes) (116,117).

Despite the intensive therapy for high-risk neuroblastoma patients described above, a
majority of patients relapse. Patients who relapse have a 5-year OS of 8% due to the

development of resistance to therapy (70).

Relapsed and refractory neuroblastoma

Despite advances in multimodal therapy, a majority of patients with high-risk neuroblastoma
will either relapse or will respond poorly to standard treatment. Currently, there are no
curative therapies for these patients. A retrospective study from Italy reported that 10-year
OS rate was 6.8% after tumor progression and 14.4% after relapse in a subset of 424 and 357
patients, respectively. Tumor progression was registered at a median of 6.5 months and
relapse was documented at a median of 16.2 months from diagnosis. Moreover, the majority
of progressions and relapses were disseminated (> 75%) (118). In an effort to determine
which biologic and clinical risk factors were associated with progression and relapse, a
collaborative study among cooperative pediatric oncology groups from Europe, North
America, Germany, Australia, New Zealand and Japan with a large cohort of patients was
petrformed. In this study, time to first relapse, age, stage and MYCN amplification were
identified as significant prognostic factors for relapsed and recurrent neuroblastoma (76). A
more recent published meta-analysis of phase II studies of children with refractory or
relapsed neuroblastoma performed in Europe reported that median OS rates were 27.9
months for patients with refractory disease and 11.0 for patients with relapsed neuroblastoma

(119). Since patients with relapsed or refractory neuroblastoma have extremely poor
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prognosis, many efforts are being made to find new therapies, which include combinations

of additional chemotherapy or targeted therapies combined with chemotherapy.

Additional chemotherapy

Patients with relapsed/refractory neuroblastoma are often treated with additional
chemotherapy regimens with different mechanism of action from those previously
administered. Different combination strategies using topotecan, irinotecan, temozolomide

and cyclophosphamide are currently being tested with the aim of improving OS rates.

Irinotecan and topotecan are camptothecin derivatives that inhibit topoisomerase I activity.
Topotecan has shown efficacy and low toxicity in multiple clinical studies in combination
with other chemotherapeutic agents such as temozolomide (TOTEM) (120),
cyclophosphamide (121), cyclophosphamide and etoposide (TCE) (122), vincristine and
cyclophosphamide (123) and vincristine and doxorubicin (TVD) (124). TVD combination
has been recently evaluated in patients who failed to achieve the SIPOEN criteria for high-
dose myeloablative therapy with the aim of improving the metastatic response. Amoroso and
colleagues reported that TVD was significantly effective in improving the response rate of
refractory neuroblastoma when following COJEC regimen and thereby in increasing the
number of neuroblastoma patients eligible for high-dose myeloablative therapy (125). TVD
regimen has been integrated as salvage treatment for neuroblastoma patients who do not
have enough responses during induction phase (NCT01704716). On the other hand,
irinotecan has shown efficacy and acceptable tolerability in combination with temozolomide

and is regularly used in second line for recurrent neuroblastoma (126,127).

An additional chemotherapy regimen used for refractory neuroblastoma is the combination
of ifosfamide, carboplatin and etoposide (ICE). A retrospective analysis of ICE performed
by Kushner and colleagues showed great tolerability and satistying disease regression rates:
14 out of 17 neuroblastoma patients with new relapse, 13 of out 26 patients with refractory
disease and 12 of out 34 patients with progressive neuroblastoma (128). Moreover, ICE
regimen has been tested during induction phase for high-risk neuroblastoma. Patients treated

with intensive induction with ICE presented fast responses with high response rate (129).
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Owing to its anti-neuroblastoma activity, there are multiple phase III clinical trials for high-
risk neuroblastoma which are including ifosfamide in the induction regimen such as

NCT04221035 in Europe and NCT02771743 in South Korea.

B1]-MIBG therapy

31]-MIBG is a norephrine analogue which is selectively concentrated in the adrenergic tissues
and tumors with similar histogenetic origin, such as neuroblastoma. Initial clinical studies
using BI-MIBG for recurrent and relapsed neuroblastoma showed acceptable tolerability
and evidence of activity (130,131). More recent studies using higher doses of 31I-MIBG with
a subsequent ASCT reported that 36% of patients presented objective responses and 34% of
patients had disease stabilization for a median of 6.2 months after treatment (132). These
results suggest that 3! I-MIBG therapy could be used for high-risk patients during initial
multimodal therapy. Some trials are testing 3! I-MIBG during induction (NCT01175356,
NCT03126916) and consolidation phase (NCT00798148, NCT03061656) (133).

Targeted therapies

Even though salvage chemotherapy and 3'I-MIBG have shown antitumor activity against
relapsed and refractory neuroblastoma, there are no curative therapies for these patients.
Over the last decades, an intense investigation effort has been made to identify molecular

aberrations in neuroblastoma, and as a result, a number of promising targets have been

identified.

The Innovative Therapies for Children with Cancer, in partnership with the European
Network for Cancer Research in Children and Adolescents and the SIOPEN, established the
Neuroblastoma new drug development strategy (NDDS) project in 2012. The aim of NDDS
is to accelerate the development of new inhibitors for neuroblastoma patients to increase
survival rates. NDDS is a dynamic process that prioritizes targets and compounds according
to tumor biology and new published data. Prioritized targets in 2017 were ALK, MEK,
CDK4/6, MDM2, MYCN (druggable by BET bromodomain, AURKA and mTORC1/2
inhibition), BIRC5 and CHK1 (134,135).
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ALK inhibitors

ALK activating mutations or amplifications are found in a significant number of
neuroblastoma patients. The majority of familial neuroblastoma, which accounts for 2% of
all cases, have ALK activating mutations in the tyrosine kinase domain, and 15% of high-risk
sporadic neuroblastoma have ALK activating mutations ot gene amplifications (21,130).
Moreover, ALK wild type expression is increased in advanced and metastatic neuroblastoma
(137). A phase I trial of the ALK inhibitor crizotinib showed good tolerability in pediatric
patients and antitumor activity in patients harboring ALK translocations (NCT00939770)
(138). Multiple ALK inhibitors such as crizotinib (NCT01606878, NCT02034981), ceritinib
(NCT02780128), lorlatinib (NCT03107988) and entrectinib (NCT02650401) are currently

being tested in clinics in patients with 4K activating mutations or translocations.

Inhibition of MY CN using BET bromodomain, AURKA and mTORCT/ 2 inbibitors

Even though MYCN is a promising therapeutic target for neuroblastoma, no compounds
that directly inhibit MYCN have reached the clinics. However, promising approaches to
target MYCN indirectly have been developed. BET bromodomain inhibitors have shown
promising results in neuroblastoma preclinical studies in MYCN amplified tumors. BET
inhibitors downregulated MYCN protein levels and conferred a significant survival advantage
(139). A phase I study is currently testing BMS-986158 in pediatric solid tumors, brain tumors
and lymphoma (NCT03936465). AURKA controls MYCN stabilization and the G2-M
transition by promoting centrosome maturation and bipolar spindle assembly (140,141).
Phase I clinical trials using alisertib, an oral small-molecule inhibitor of AURKA, alone and
in combination with irinotecan and temozolomide showed good tolerability and evidence of
efficacy with encouraging response and progression-free survival rates (142-144).
Interestingly, combination of BET bromodomain and AURKA inhibitors have been
reported to act synergistically to reduce viability of multiple neuroblastoma preclinical models
(145). mTOR pathway is fundamental for oncogenesis and cancer progression of many
tumors. Inhibition of mT'OR signaling has been reported to destabilize MYCN protein (146).

Multiple inhibitors ate being tested as a single agent in phase I/II studies for pediatric
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malignancies (NCT03213678, NCT01582191) or in combination with chemotherapy and
radiotherapy (NCT01217177).

Cell eycle inbibitors

Several clinical trials are testing inhibitors that target proteins involved in cell cycle (i.e.
CDK4/6, AURKA, CHK1). CDK4/6 are important kinases for G1-S transition during cell
cycle. A phase I study of the CDK4/6 inhibitor ribociclib demonstrated an acceptable safety
profile in pediatric patients (147). Further studies using ribociclib in combination with other
compounds are ongoing in patients with neuroblastoma (NCT02780128). CHKI1 is an
indispensable kinase that regulates DNA damage response and cell cycle checkpoints during
the S, G2 and M phases. Even though CHK1 inhibition has reported promising preclinical
results in multiple tumors, few inhibitors have reached early phase clinical trials in adults, and
only prexasertib (LY2606368) is currently being tested in pediatric tumors (NCT02808650)
(148,149).

MEKT/ 2 inbibitors

MAPK pathway is crucial in complex cellular programs such as cell proliferation,
differentiation, and apoptosis and it is often deregulated in human cancers. MAPK
overactivation frequently occurs through amplifications or mutations in upstream receptor
tyrosine kinases (ALK, EGFR, ERBBZ2), mutations in regulatory genes (NF7, PIPN77) and
alterations in signal transduction proteins (INRAS, KRAS). Only 3-5% of newly diagnosed
neuroblastoma present mutations in the canonical MAPK pathway (53). However, around
80% of relapsed neuroblastoma harbor genetic alterations predicted to activate RAS signaling
(150). Selumetinib is a MEK1/2 inhibitor that has shown good tolerability and efficacy in
children with recurrent low-grade gliomas (151) (NCT01089101). Selumetinib is currently in
phase II studies for children with solid tumors harboring mutations in MAPK pathway,

including neuroblastoma (NCT03155620, NCT03213691).
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MDM?2 inbibitors

MDM2 is the main negative regulator of p53. P53 is rarely mutated in newly diagnosed
neuroblastomas (< 2%) and relapsed tumors (~15%). However, around 1/3 of relapsed
neuroblastoma inactivate p53 via amplification of MDM?2 or impairment of p74-RF, a negative
regulator of MDM?2 (152,153). In these tumors, reactivation of wild type p53 via inhibiting
MDM2 is a promising therapeutic strategy. The MDM2 and MDMX inhibitor ALRN-6924
is currently being tested in a phase I study in refractory solid tumors, brain tumors, lymphoma

ot leukemia with wild type TP53 (NCT03654716).
Other targeted therapies

BIRCS5 is a negative regulator of apoptosis and is also implicated in cell cycle progression. It
is located on the chromosome 17q, a region often gained in neuroblastoma. The BIRC5
inhibitor EZN-3042 was tested in pediatric patients in combination with chemotherapy.
Even though some biological activity was observed, EZN-3042 was not well tolerated at the
dose that reduced BIRC5 expression. Other examples of targeted therapies that are being
explored in clinical trials in neuroblastoma include the ornithine decarboxylase inhibitor
DFMO  (NCT01586260, NCT02395666), HDAC inhibitors = (NCT02035137,
NCT01019850), and the anti-VEGF antibody bevacizumab (NCT02308527), among others.

Immunotherapy

There are multiple ongoing trials for patients with relapsed or refractory neuroblastoma that
include immunotherapy. For example, of 17 patients treated with irinotecan-temozolomide-
dinutuximab (GD2 antibody), nine had objective responses (53%), including four partial
responses (23.5%) and five complete responses (29.4%) (NCT01767194) (154). Even though
anti-GD2 antibody immunotherapy exerts antitumor effects, it has significant side effects
such as pain, fever, vomiting, hypertension, hypotension, urticaria, and diarrhea (155). Other
immunotherapeutic approaches are being studied for neuroblastoma treatment, which
include antitumor vaccines (156,157), immunotherapy using donor NK cells transplants
combined with chemotherapy (158), combined with anti-GD2 (NCT03242603) or both
(NCT03242603), immune checkpoint inhibitors (159) or engineered cytolytic CD8+ T
lymphocytes (NCT01460901, NCT03721068, NCT03373097).
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1.1.9. Late effects in children treated with intensive multimodal therapy

The outcome of high-risk neuroblastoma patients has improved over the last decades.
However, survivors can suffer a wide variety of treatment-related complications, also known
as late effects, which may contribute to increased morbidity and premature mortality in this
group of patients. For example, a retrospective analysis of 63 neuroblastoma survivors
revealed that 95% of them presented late serious side effects, such as hearing loss (62%),
ovarian failure (41% of females), primary hypothyroidism (24%), or musculoskeletal (19%),
and pulmonary (19%) abnormalities (160). Late effects are frequently related to

chemotherapy and radiotherapy (89,161-163) (Table 7).

Table 7. List of potential late effects of neuroblastoma patients (adapted from (164)).

Potential late effect Therapeutic Exposure

Radiation to neck or scatter

Total body itradiation

131I-MIBG therapy

High-dose alkylating agents ptior of transplant

Thyroid dysfunction

Radiation to hypothalamic-pituitary axis
Total body irradiation

Alkylating agents

Gonadal dysfunction Cisplatin

Radiation to the gonads

Growth hormone deficiency

Skeletal dysplasia R/fldiati.on Ito thé spine or long bones
Cis-retinoic-acid
Diabetes Mellitus Abdominal ‘tadla-n(-)n
Total body irradiation
Cisplatin
Hearing loss Myeloblative doses of carboplatin
Ototoxic antibiotic exposures
Pulmonary dysfunction BuSL'ﬂf'an
Radiation to the chest or upper abdomen

. . Anthracyclines
Cardiac dysfunction o
Radiation to the chest or upper abdomen
Nephrectomy

Renal dysfunction Platinum-based chemotherapy

Radiation therapy involving the kidney
Epipodophyllotoxins

Secondary malignancies Alkylading .agents
Anthracyclines

Radiation therapy
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1.2. Targeting cell cycle as a cancer therapy

1.2.1. Cell cycle dysregulation in cancer

Since ~50% of high-risk neuroblastoma patients relapse and survivors suffer severe adverse

effects, it is imperative to find new approaches for improving drug efficacy and safety.

The cell cycle is a complex evolutionary conserved process necessary for cell growth tightly
regulated by the sequential activation and deactivation of proteins that control progression
through the distinct cell cycle phases: G1, S, G2 and M (mitosis). Some cells may enter in
GO, where they remain quiescent, in a resting state that can be maintained for their entire
lifespan. Some external growth factors stimulate cells to enter G1 phase, where cells grow in
size and synthesize mRNA and proteins that are necessary for DNA replication in S phase.
G2 phase is a stage of rapid cell growth and protein synthesis during which cells prepare to
undergo M phase. In mitosis, the genetic material and cytoplasm are equally distributed

between the two daughter cells (Figure 8).
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Figure 8. Cell cycle phases and checkpoints. Cell cycle is divided into two growth phases (G1 and G2) that
separate the DNA synthesis (S phase) and mitosis (M phase). Non-dividing cells remain in a quiescent state (G0)
until conditions are suitable for cell division. Cell cycle is controlled by G1/8, intra-S, G2/M and spindle assembly
checkpoints to ensure its proper progression.

To ensure proper cell proliferation, multiple checkpoints control cell cycle progression. In

case of detecting any defect during DNA replication or other steps leading to cell division,
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cells are arrested in the cell cycle and, if the problem is not solved, processes such as
apoptosis, senescence or mitotic catastrophe are triggered to prevent the propagation of
damaged cells (165). The mechanism of action of the cell cycle checkpoints is currently well
established. G1/S checkpoint is an essential regulator of genomic stability, impairing the cell
cycle progression of cells with DNA damage. Intra-S checkpoint is activated during S phase
to minimize replication errors protecting genomic integrity and ensuring replication fidelity.
G2/M checkpoint ensures that cells do not enter prematurely into mitosis and therefore, it
avoids chromosome mis-segregation. The spindle assembly checkpoint (SAC) ensures the
fidelity of chromosome segregation. All these checkpoints minimize genomic instability

during cell-cycle progression.

Deregulation of cell cycle is a hallmark of human cancer (166). Tumors accumulate genetic
alterations that induce sustained proliferation. Genomic instability and aneuploidy distinguish
between malignant cells and non-malignant cells, and these features make malignant cells
particulatly sensitive to anti-mitotic compounds. For that reason, mitotic proteins are

considered attractive targets in cancer therapy.
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1.2.2. Anti-cancer therapies targeting mitosis

Mitosis consists of five phases, based on morphology of chromosomes and spindle. These
mitotic phases are prophase, prometaphase, metaphase, anaphase, and telophase and
cytokinesis. In prophase, chromosomes start condensing and the spindle begins to form. In
prometaphase, the nuclear envelope is fragmented into small vesicles and microtubules attach
at chromosome kinetochores. In metaphase, chromosomes are aligned along the equator of
the cell. Once all chromosomes are properly aligned and the kinetochores attached, the cells
enter to anaphase, when sister chromatids are separated. In telophase, the chromosomes
reach the poles and the nuclear membrane reforms. Finally, the cytoplasm is divided into two

daughter cells in a process known as cytokinesis (167).

Mitosis is tightly regulated by several proteins, including kinases, phosphatases and motor
proteins. More than 32,000 phosphorylation and dephosphorylation events carried out by
kinases and counterbalancing phosphatases occur during M phase to regulate the function
and the correct localization of proteins involved in mitosis (168). The Cyclin-dependent
kinase I (CDK1)-CCNB1 complex is the central driver of mitosis and orchestrates
phosphorylation of mitotic proteins to regulate their activity (169,170). However, not only is
CDKI1 fundamental during mitosis, there are other relevant mitotic protein kinases such as
polo-like kinases (PLKs), Aurora-A and -B, as well as the NEK family of kinases (171). On
the contrary, mitotic phosphatases, such as Weel and Cdc25c¢, counteract mitotic kinases and
regulate mitotic entry and exit (172,173). Ubiquitination and the subsequent degradation of
proteins such as CCNB and securin, is necessary for anaphase onset. The E3 ubiquitin ligase
APC/C-CDC20, activated after the SAC is satisfied, results in the destruction of many
mitotic proteins, leading to cell division (174). Additionally, the rearrangement of
microtubules is crucial for the organization of the mitotic spindle. Kinesins are motor
proteins that regulate spindle formation, maintenance and chromosome segregation. 45
different kinesins have been described in humans, and at least 16 of them are involved in

mitosis and cytokinesis (175).
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Pharmacological agents targeting fundamental mitotic components, such as tubulin, are well-
established treatments for some hematologic and solid malignancies (176). Moreover, several
compounds designed to target distinct mitotic proteins have been developed in the last
decades. Specific inhibitory agents targeting mitotic CDKs (i.e. CDK1), non-CDK kinases
(e.g. PLK1, AURKA, AURKB, MPS1), and mitotic spindle motor proteins (i.e. kinesins) are
currently being tested in clinical studies (Figure 9) (177).

[ Prophase ][Prometaphase ][Metaphase][ Anaphase ][Telophase and cyotekinesis]

KIF11, CDK1, KIF11, CDK1, AURKB, MTAs, Kinesins AURKB, PLK1, Kinesins
AURKA, PLK1 AURKA, PLK1, BUB1, NEKs,
AURKB MPS1

Figure 9. Phases of mitosis and mitotic targets for cancer therapy. Microtubules, CDK1, non-CDK-mitotic
kinases, and kinesins are promising therapeutic targets involved in distinct phases of mitosis. Many compounds
targeting these proteins have been developed in the last decades and several of them have reached clinical studies.
Adapted from (177).

Targeting tubulin

Microtubules are highly dynamic structures that play a fundamental role during mitosis.
Microtubules are heterodimers of a and @-tubulin that assemble head-to-tail to generate
protofilaments which will further polymerize to form the microtubule cylinder (Figure 10).
Microtubules are polar structures. The o-tubulin subunits are at one end (the minus end)
whereas 3-tubulin is at the other end (plus end). Microtubule stability is dictated by the GTP
binding and hydrolysis of 8-tubulin (178).

Microtubule dynamics is crucial during mitosis. When cells undergo mitosis, the microtubule
network is reorganized to form the mitotic spindle. The process of depolymerizing and
assembly to form the mitotic spindle requires highly coordinated microtubule dynamics (179).

Therefore, drugs that block microtubule dynamics have a great impact on mitosis.
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Introduction

Anti-cancer therapies targeting mitosis
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Figure 10. Microtubule structure and assembly. (A) « and B-tubulin heterodimer. (B) Protofilament build
from head-to-tail interaction of « and B-tubulin heterodimers. (C) B-tubulin plus end. (D) Microtubule structure.
Adapted from (178).

Anti-proliferative drugs that target microtubule dynamics have been used to treat certain
hematologic and solid malignancies for decades (176). Microtubule poisons bind to tubulin
causing microtubule stabilization (i.e. taxanes) or destabilization (i.e. vinca alkaloids) which,
in both cases, result in suppression of microtubule dynamics that eventually lead to mitotic
arrest and apoptosis (180). However, microtubule poisons have limitations, such as innate or
acquired resistance and dose-limiting neurotoxicity derived from interfering with the axonal
integrity and transport (181). Specific inhibition of microtubule-interacting-mitotic proteins,
such as kinesins, could improve specificity for malignant cells. Targeting spindle proteins that
mainly function in mitosis is believed to selectively eliminate dividing cells and leave

unaffected the majority of non-proliferating tissues (177).

Targeting kinesins

Kinesins are a family of motor proteins that move unidirectionally along microtubules to
fulfil their main roles, including cell division and intracellular transport of vesicles and

organelles (182,183). Human genome contains about 45 kinesins, and at least 16 of them play
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important roles in spindle assembly, maintenance and chromosome segregation. Over the
past decades, kinesins involved in mitosis have emerged as promising targets for cancer
therapy. Several compounds that inhibit distinct kinesins have entered in clinical studies as

monotherapy or combined with other drugs (175).

Kinesin member family 11 (KIF11) is a kinesin crucial for spindle assembly duting prophase
and prometaphase. More than 43 clinical trials involving different KIF11 inhibitors as a
monotherapy or combined with chemotherapy have been completed (184). Even though the
majority of KIF11-inhibiting agents have shown clear antitumor activity in several preclinical
models, only filanesib (ARRY-520) has recently demonstrated to be effective in patients with
multiple myeloma (185). Further studies testing different schedules of administration might
determine whether a more sustained KIF11 inhibition could improve these results. CENP-
E is a kinesin necessary for chromosome alignment. Its inhibition activates SAC and leads to
mitotic arrest and apoptosis (186,187). A phase 1 study using the CENP-E inhibitor
GSK923295 in refractory solid tumors showed encouraging results, as one patient presented
a durable partial response and one third of patients displayed stable disease for a minimum
of 8 weeks (188). Additional kinesins involved in mitosis, such as KIF15 and KIF18A, are
currently being evaluated as drug targets in preclinical models with promising results

(189,190).

CDK1

CDK-cyclin are key complexes that play fundamental roles during cell cycle and their activity
is frequently deregulated in cancer (191). CDK1 is required for cell division and its deficiency
results in early embryonic lethality (192). Aberrant CDK1 expression has been found in some
malignancies and high levels of this protein are associated with poor outcome (193-195). Due
to its potential role in restoring cell cycle, CDKs have been considered attractive targets for
cancer therapy. Multiple inhibitors targeting CDKs have reached clinical trials. However,
CDK inhibitors targeting CDK1 have shown only modest effects in the clinic with high
toxicities (196). Experiments in mice suggest that CDK1 might be necessary for maintaining
tissue homeostasis and its inhibition could produce general toxicities similar to those induced

by cytotoxic drugs (191,192). On the contrary, inhibition of other CDKs (i.e. CDK2, CDK4
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and CDKGO6) could cause manageable toxicities acceptable for cancer patients. Ongoing
clinical trials are testing CDK4/6 inhibitors in pediatric and adult malignancies. As previously
mentioned, ribociclib is currently being tested in multiple pediatric tumors, including
neuroblastoma (NCT02780128). Moreover, palbociclib has shown encouraging results in the
clinic and has recently been approved by FDA for treatment of patients with HR+/HER2-

advanced breast cancer (197).

Targeting mitotic non-CDK kinases

There are several non-CDK kinases that play relevant roles during mitosis and the SAC.
Aurora kinases are a family of serine/threonine kinases consisting of three members:
AURKA, AURKB and AURKC. AURKA is necessary for spindle assembly and the
formation of bipolar spindle (141). AURKB is a member of the chromosome passenger
complex that mediates DNA condensation, and it is also involved in regulating the SAC,
modulating the correct chromosome alignment (198,199). Aurora kinases are often
overexpressed or amplified in tumors and their expression is associated with poor prognosis
in multiple malignancies. In addition, AURKA and AURKB have been described to confer
resistance to chemotherapy and tamoxifen, respectively (200,201). Thus, Aurora kinases are
expected to be promising therapeutic targets for cancer treatment and several specific
inhibitors have been developed in the last two decades (202). The AURKA inhibitor alisertib
and the AURKB inhibitor AZD1152 have been tested in clinical trials with modest results in
adult patients as monotherapy (203,204). Remarkably, alisertib combined with irinotecan and
temozolamide has shown antitumor activity in neuroblastoma patients, suggesting that
additional studies including combinations with chemotherapy could improve the current

results for adult malignancies (144).

PLK1 is a key serine/threonine kinase activated by AURKA that plays several roles during
cell division, including mitotic entry, centrosome maturation, spindle assembly, APC/C
regulation and cytokinesis (177). PLK1 is commonly overexpressed in cancer and frequently
correlates with poor outcome (205). Even though that PLK1 inhibition exhibited excellent
preclinical results in several malignancies, most of PLK1 inhibitors have shown toxicity and

limited efficacy in clinical trials for solid tumors (206,207). However, PLK1 inhibition using
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volasertib (BI 6727) showed encouraging results in patient with relapsed or refractory acute
myeloid leukemia. 12% (5/43) of patients treated with volasertib alone achieved complete
remission and, volasertib combined with low doses of cytarabine presented better results with
31% of patients achieving complete remission compared to cytarabine alone (13%) (208). On
the other hand, in a clinical trial carried out in children with refractory or relapsed leukemia,
patients only achieved limited responses when treated with volasertib (209). Considering the
results of clinical trials, it is possible that PLK1 inhibition could be effective in a subset of
patients with tumors that contain particular genetic mutations. For example, cells harboring
Ras mutations have been described to be more sensitive to PLK1 inhibition than tumor cells
with Ras wild type (210). For that reason, additional studies have to be performed in order
to clarify whether PLK1 inhibitors could be effective in a particular subset of patients

harboring tumors with certain genetic profiles.

Other mitotic kinases that are emerging as potential therapeutic targets are the NEK family
of protein kinases, BUB1, MPS1, BUBR1, and MASTL. Multiple inhibitors for these proteins
are currently being evaluated in preclinical and clinical studies with successful results. For
example, MPS1 inhibition combined with low doses of taxanes have shown promising
antitumor activity in multiple preclinical models (211,212). The MPS1 inhibitor empesertib
(BAY 1161909) has been recently evaluated in a phase I clinical trial with patients with solid
malignancies. The combination of empesertib with paclitaxel demonstrated good tolerability
with manageable side effects and preliminary sign of efficacy (213) (NCT02138812).
Additional preclinical studies are being carried out with BUB1-inhibiting compounds.
Similarly to MPS1 inhibitors, the BUB1 inhibition using BAY 1816032 exhibited great
efficacy in breast cancer when combined with taxanes and PARP inhibitors in xenograft
models (214). Pharmaceutical agents targeting NEKs and MASTL are currently under
investigation (215,216).
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Introduction

KIF11 structure and function

1.3. Kinesin family member 11

1.3.1. KIF11 structure and function

Kinesin family member 11 (KIF11) is a member of the kinesin superfamily. Kinesins belong
to a class of motor proteins that contribute to cell division and intracellular transport of
organelles and vesicles along microtubule cytoskeleton (183). Human genome codes for 45
kinesins, classified in 14 subfamilies. KIF11 belongs to the kinesin 5 subfamily (175). KIF77
gene is located on the chromosome 10q23.33 and codes for a single isoform composed of
1,056 amino-acids with a molecular weight of 119 kDa. The amino-acid sequence and the
structure of KIF11 are conserved across species (217,218). KIF11 protein contains a motor
domain in the N-terminal, an internal stalk domain, and a tail domain. KIF11 monomers
form homodimers via interaction between the stalk domains. The binding of two antiparallel
dimers arrange the final homotetramer, resulting in two motor domains at both ends (Figure
11A). This structure enables KIF11 to cross-link antiparallel spindle microtubules and

simultaneously move towards the plus end (Figure 11B) (217,219,220).
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Figure 11. KIF11 structure and function. (A) The KIF11 protein contains a motor domain in the N-terminal,
a stalk domain, and a C-terminal tail domain. KIF11 forms homotetramers via interactions between stalk domains.
(B) KIF11 cross-links antiparallel microtubules for bipolar spindle formation during mitosis.
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ATP hydrolysis in the motor domain is fundamental for KIF11 binding to the microtubules.
When ATP is hydrolyzed to ADP, the affinity for the microtubule decreases and the motor
domain releases. When the ATP is restored, there is a conformational change that triggers a
movement towards the next binding site on the microtubule, where it will reattach tightly
thus pushing the antiparallel microtubules in opposite directions (220,221). Even though
both ATPase activity and the microtubule-binding property are in the motor domain, the
stalk and tail domains have essential roles. Stalk domain enables KIFF11 to crosslink and move
antiparalle] microtubules. On the other hand, the tail domain is fundamental for KIF11

localization during mitosis and promotes its binding to microtubules (222)

The main function of KIF11 is to promote spindle assembly during mitosis. KIF11 dimers
have been described to induce microtubule polymerization 7 vifro (223). In addition, KIF11
expression has been found to be fundamental during mitosis in multiple species (220).
Genetic depletion or pharmacological inhibition of KIF11 results in cells with a monopolar
spindle arrested in mitosis (224,225) (Figure 12). The formation of monopolar spindles
support that the main function of KIF11 is to crosslink and move antiparallel microtubules

during mitosis.

Control cell KIF11-depleted cell

Figure 12. KIF11 inhibition suppresses bipolar spindle assembly. Immunofluorescence and schematic
illustrations of the normal metaphase (A) and monopolar spindles in the KIF11-inhibited cells (B).
Immunofluorescence images show a-tubulin (green), KIF11 (red), and chromosomes (blue) in SK-N-BE(2) cells.
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1.3.2. Regulation and subcellular localization of KIF11

Regulation of KIF11 throughout cell cycle

As previously mentioned, phosphorylation and dephosphorylation events play a key role
during mitosis. KIF11 function is tightly regulated during mitosis and its
phosphorylation/dephosphotylation is carefully monitored by multiple kinases and
phosphatases at specific time points. KIF11 has been found to be phosphorylated by CDK1
and NEKG at Thr926 and Ser1033, respectively, leading to its activation and binding to
microtubules (224,226-228). Neatly all KIF11 is phosphorylated by CDK1 at Thr926 during
early mitosis whereas only ~3% is phosphorylated at Ser1033 at this stage. Interestingly, both
phosphorylation sites are critical for proper mitosis. KIF11 depletion phenotype (monoastral
spindles) can be totally rescued by wild type KIF11 but not by KIF11(Thr926Ala) and
KIF11(Ser1033Ala) (228). After metaphase, KIF11 is dephosphorylated by the PP2A/B55
complex, one of the major regulators of mitotic exit. The complex binds to the C-terminal
tail of KIF11 and dephosphorylates the Thr926. Liu and colleagues showed that lack of PP2A
results in abnormal KIF11 activation, delaying mitotic exit (229). Interestingly, He and
colleagues reported that PTEN phosphatase co-localizes and interacts with KIF11 during
mitosis to balance KIF11 phosphorylation. The authors suggested that PTEN inhibits KIF11
phosphorylation to prevent its hyper-phosphorylation, which results in a reduced affinity of
KIF11 to spindle microtubules (230).

Synthesis and degradation of certain proteins in specific time points throughout the cell cycle
is crucial for cells to divide properly. KIF11 stability fluctuates during the cell cycle increasing
its activity during mitosis. The APC/C is a fundamental complex that regulates mitotic
progression, and selectively degrades distinct substrates. There are two subunits that can
interact with the APC/C; CDC20 and CDH1. Both of them gather different substrates to
the APC/C and are crucial for its enzymatic activity (231). In eatly mitosis, CDC20 and
CDH1 are both phosphorylated by CDK1-CCNB1. While phosphorylation of CDC20
promotes its binding to APC/C, CDH1 phosphorylation prevents its association with
APC/C. Once the SAC is satisfied, APC/C-CDC20 is activated and allowed to target its
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substrates, including securin and CCNB1. When CCNB1 is degraded, CDK1 is inactivated
and CDHI1 is allowed to bind to the APC/C and control its activity until late G1 phase (232).
It has been found that the APC/C-CDH1 complex regulates KIF11 protein levels
throughout the cell cycle phases via inducing its proteasome degradation. In fact, the

inhibition of the complex results in KIF11 stabilization that leads to unbalanced forces on

the spindle (233,234).

Protein-protein interactions are necessary to promote their proper function and subcellular
localization. KIF11 dynamic organization relies on its interaction with TPX2, a crucial spindle
assembly factor that plays important roles during mitosis, including microtubules assembly.
KIF11-TPX2 interaction has been found to be required for proper organization and stability
of spindle microtubules. It also guides KIF11 localization into the mitotic spindle and the
transition from the spindle pole to midzone (235,236). Blangy and colleagues described that
KIF11 also interacts with dynein through the p150Glued subunit of the dynactin complex
(237). This interaction, regulated by Thr926 phosphorylation, is important for KIF11

localization in the microtubules (230).

Subcellular localization of KIF11

KIF11 subcellular localization differs between species. For example, in Sus serofa, KIF11
localization into the microtubules is highly dynamic throughout mitosis. In metaphase, it
localizes along the mitotic spindle with an accumulation into the spindle poles. In late
anaphase, KIF11 relocalizes to the midzone (2306). In Caenorhabditis elegans, KIF11 localization
also changes during cell cycle. In prophase, KIF11 begins to interact with mitotic spindle
microtubules. In metaphase, KIF11 is enriched in the inner part of the centrosomes and
kinetochore microtubules. In early anaphase, KIF11 remains associated with kinetochore
microtubules and starts to populate the central spindle and, in late anaphase, KIF11 is
localized mainly in the central spindle. Finally, in telophase, KIF11 is localized to the spindle
midbody (238). On the other hand, in Drosophila melanogaster and Xenopus laevis cells, the

protein is more concentrated near the spindle poles (227,239,240).
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KIF11 subcellular localization is considerably different in plants. In Nicotiana tabacum, KIF11
expression was found to be cell cycle-dependent. Cells in the G1 phase do not express KIF11.
During the S phase, KIF11 begins to appear and distributes along cortical microtubules. In
premitotic cells, KIF11 is present in perinuclear microtubules and in the nucleus. During
mitosis, KIF11 is localized along spindle microtubules and accumulated at the spindle
midzone as the spindle lengthens (241). In, Arabidopsis thaliana KIF11 decorates abundantly
microtubules in both interphase and mitosis, without end-plus accumulation (242).
Surprisingly, KIF11 is not localized in the midzone spindle in Physcomitrella patens, suggesting

that it may be not necessary for spindle bipolarization in this particular cell type (243).
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1.3.3. KIF11 and cancer

Some findings suggest that KIF11 could play an important role in some malignancies. Castillo
and colleagues reported that overexpression of KIF11 in transgenic mice resulted in spindle
alterations and defects in chromosomal segregation. Aberrant KIF11 expression generated a
broad spectrum of tumors that showed genetic instability and aneuploidy, typical hallmarks
of solid malignancies (244). In consonance with the transgenic mice model, KIF11 was
desctibed to be overexpressed in several human tumors types compared to healthy/adjacent

tissues, and its high expression was often associated with poor survival (Table 8).

Table 8. KIF11 expression status in multiple malignancies.

Malignancy KIF11 status Reference

Breast cancer Overexpressed vs. normal tissue (245,2406)
High KIF11 expression is associated with poor outcome

e Overexpressed vs. normal tissue 47)
High KIF11 expression is associated with poor outcome

Oral cancer Overexpressed vs. normal tissue 248)
High KIF11 expression is associated with poor outcome

Malignant pleural mesothelioma Overexpressed vs. normal tissue (249)

Meningioma High KIF11 expression is associated with poor outcome (250)

Bladder cancer Overexpressed vs. adjacent tissue @51)
High KIF11 expression is associated with poor outcome

Neuroblastoma High KIF11 expression is associated with poor outcome (252)

Glioma Overexpressed vs. normal tissue (253)
High KIF11 expression is associated with poor outcome

Glioblastoma Overexpressed vs. normal tissue (254)

Renal cell carcinoma Overexpressed vs. adjacent tissue (255,2506)
High KIF11 expression is associated with poor outcome

Gallbladder cancer Overexpressed vs. adjacent tissue (257)

Non-small cell lung cancer High KIF11 expression is associated with poor outcome (258)

Laryngeal squamous cell carcinoma Overexpressed vs. adjacent tissue (259)
High KIF11 expression is associated with poor outcome

Chronic myelogenous leukaemia Highly expressed in blast crisis chronic myelogenous leukaemia (260)

Pancreatic cancer Overexpressed vs. normal tissue (261)

Moreover, KIF11 inhibition leads to mitotic arrest and a subsequent cell death 7z vitro and
tumor growth impairment 7 vivo in several adult (248,254) and pediatric malignancies (252),

suggesting that KIF11 could be a good therapeutic target for cancer therapy.
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1.3.4. Pharmacological inhibition of KIF11

As mentioned before, KIF11 is essential for bipolar spindle assembly, and its inhibition
results in monoastral microtubule array surrounded by a ring of chromosomes. The first data
supporting that KIF11 is important for spindle bipolarity came from temperature-sensitive
KIF11 mutants. Cells with mutant KIF11 did not establish bipolar spindles at restrictive
temperatures (262,263). Concordantly, KIF11-specific inhibition using antibodies also

induced defects on mitotic spindle bipolarity (239).

The first pharmacological compound targeting KIF11, named monastrol, was discovered in
1999 by Mayer and colleagues (264). Since then, numerous KIF11-inhibiting agents have
been developed (265,266). Co-crystallization of monastrol and KIF11 revealed that
monastrol binds to an allosteric pocket between loop 5, a2 and o3 helices of the motor
domain of KIF11, located 12 A away from its active site (267). L5/a2/a3 is cleatly a hot spot
to inhibit KIF11, as nearly all compounds bind to this pocket, including all of those that have
reached clinical trials (Table 9).

Table 9. KIF11-inhibiting compounds in clinical development. Source: ClinicalTrials.gov.

Agent Company Regimen Phase  Number of trials
Ispinesib Cytokinetics Single agent and in combination 11 16
Filanesib Array BioPharma Single agent and in combination 1T 8
1.Y2523355 Eli Lilly & Co. Single agent 11 7
AZDA877 AstraZeneca Single agent 11 6
SB-743921 Cytokinetics Single agent 1/11 2
4S8C-205 4SC AG Single agent 1 1
ARQ 621 Merck & Co. Single agent 1 1
MK-0731 Merck & Co. Single agent 1 1
EMID534085 Merck & Co. Single agent 1 1

New KIF11 inhibitors that bind to distinct parts of the motor domain have been developed.
For example, FCPT acts as an ATP-competitive inhibitor by binding to the nucleotide
binding site (268). Moreover, Ulaganathan and colleagues described the molecule BIS that
binds to KIF11 in a distinct allosteric pocket formed by helices a4 and o6 (269). However,

the efficacy of these inhibitors have not been evaluated in clinical trials.
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Even though KIF11 inhibitors showed promising preclinical results with low nanomolar
biochemical potency and total tumor regression, clinical efficacy was insufficient for most
agents (270,271). However, some compounds showed activity in clinical trials. For example,
filanesib demonstrated to be effective in patients with relapsed or refractory multiple
myeloma (185), and daily administration of 20 mg 4SC-205 showed signs of efficacy in
patients with advanced solid malignancies and malignant lymphomas (272). These results
suggested that KIF11 inhibitors could be more effective in certain types of malignancies (i.e.
multiple myeloma), and constant drug exposure could increase the ratio of cells that respond

to therapy.

1.3.5. KIF11 and neuroblastoma

Hansson and colleagues recently published promising results regarding KIF11 and
neuroblastoma (252). They reported that neuroblastoma displayed the highest KIF77 gene
dependency among 22 different tumor types. Moreover, neuroblastoma was one of the most
sensitive malignancies to KIF11 inhibition across 27 tumor types. They also demonstrated
that KIF11 inhibition using filanesib resulted in tumor regression and increased survival time
in mice with patient-derived xenograft tumors. All these results suggested that KIF11

inhibition could be effective for patients with high-risk disease.
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2. Hypothesis and objectives

Despite significant advances in recent decades that improved the survival of children and
adolescents with cancer, the 5-year overall survival of patients with high-risk neuroblastoma
is less than 50%, and patients who relapse or present tumor progression display a 10-year
survival rate below 15%. Moreover, survivors suffer a wide variety of treatment-related
complications. Therefore, new therapeutic approaches to improve the efficacy and safety of

standard of care are necessary for high-risk neuroblastoma patients.

Perturbation of transcription factors, kinases, and regulators of cell cycle checkpoints, among
other factors, grant neuroblastoma cells with a high proliferative capacity, which, in turn, is
closely associated with poor patient outcomes. Indeed, anti-proliferative agents that target
microtubule dynamics are currently being used to treat these patients. However, microtubule
poisons have limitations, such as innate or acquired resistance and dose-limiting toxicity.
Strategies to circumvent these issues include targeting alternative mitotic proteins to improve
the specificity towards tumor cells. One of these mitotic specific proteins is KIF11, which is
essential for bipolar spindle formation and mitotic progression in human cells. KIF11 has
been reported to be overexpressed in multiple malignancies and is often associated with poor
outcome. Furthermore, there are several KIF11 inhibitors that have entered clinical trials.
Among them, 45C-205 has demonstrated efficacy in refractory tumors from adult patients,

and it is the only KIF11 inhibitor that can be administered orally tested in clinical studies.

Hypothesis: High-risk neuroblastomas are highly proliferative tumors that need a robust
expression of the cell cycle machinery. Our hypothesis is that elements of this machinery (i.e.
KIF11) have functional roles in neuroblastoma and its specific inhibition could be effective
to impair neuroblastoma proliferation and reduce the side effects associated with the classical

microtubule poisons. We will evaluate our hypothesis through the following objectives:
Objective 1: To evaluate KIF11 prognostic potential in neuroblastoma.

Objective 2: To study genetic and pharmacological inhibition of KIF11 in multiple

preclinical 7 vitro and in vivo models.

Objective 3: Provide a rationale for further development of 4SC-205 in clinical trials through

the combination with other neuroblastoma therapies.
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3. Materials and methods

3.1. Analysis of neuroblastoma gene expression datasets

R2: Genomic Analysis and Visualization Platform (http://t2.amc.nl) was used to analyze the
mRNA expression of KIF11 in neuroblastoma patients. Kaplan-Meier overall survival curves
were generated to estimate the diagnostic power of KIF11 mRNA expression (SEQC498;
GSE62564; (273)). Optimal cutoff value was defined according to the Youden index. Patients
were divided into two groups that expressed high or low KIF11 levels (above or below the
median). The log-rank test was used for comparing the survival outcome. Univariate and
multivariate Cox-proportional hazard regression analysis were used to determine the
prognostic significance of KIF11. Maris dataset (GSE3960; (274)) was used to evaluate
KIF11 mRNA levels in patients with MYCN amplification, gain of 1723, LOH of 1p36 and
11q genomic alterations. Correlation coefficient of KIF11 and MYCN mRNA levels was
assessed using both SEQC498 and Kocak (GSE45547; (275)) datasets. All statistical analysis
were performed with IBM SPSS 21. All P values are based on two-sided tests with p values

< 0.05 considered statistically significant.

3.2. Immunohistochemistry

KIF11 immunohistochemistry in neuroblastoma patients was carried out in collaboration
with Dr. Rosa Noguera (Group of Translational Research in Pediatric Solid Tumors,
University of Valencia-INCLIVA Biomedical Health Research Institute). Twenty-five
primary non-MYCN amplified neuroblastoma samples (at least two representative cylinders
of 1 mm? from each tumor) classified according to INRG pre-treatment stratification criteria
(50) were included in 5 tissue microarrays (Table 4). Patient samples were referred to the
Spanish Reference Centre for Neuroblastoma Biological and Pathological studies
(Department of Pathology, University of Valencia-INCLIVA) between 2008 and 2010. All
patients, their relatives or their legal guardians signed the appropriate written informed
consent. The present study was approved by INCLIVA’s Clinical Research Ethics Committee
(ref. B.0000339).
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For immunostaining, tissue sections were deparaffinized overnight at 60°C and re-hydrated
with graded alcohols. Heat-induced antigen retrieval was performed using citrate buffer (pH
0, 4 minutes, 115°C) with a pressurized heating chamber. Primary antibodies (Table 10) were
incubated at 4°C overnight after blocking endogenous peroxidase. Tissue sections were
incubated with secondary antibody 30 minutes at room temperature, developed using
diaminobenzidine (Dako, K3468) and counterstained with hematoxylin (Sigma-Aldrich;
#H9627). The assessment of immunostained sections was carried out by two independent
researches according to intensity and percentage of KIF11-positive tumor cells. The intensity
of positive cells was scored as: 1 (weak), 2 (moderate), 3 (strong); and the percentage of cells:
1 (1%-25%), 2 (>25%-50%), 3 (>50%-75%), 4 (>75%-100%) in accordance with previous
studies (255). The sum of these parameters allowed us to categorize the samples as follows:
a staining scored less than 3 was considered as low expression, and a score of 4 or more was
considered as high expression. The association between KIF11 protein expression and INRG
features was analyzed using the y? test. Survival analysis was performed using Kaplan-Meier

curves and log-rank tests. Statistical significance was set at P < 0.05. All data were analyzed

using SPSS 26.0 statistical analysis software (SPSS, Inc., Chicago, 1L, USA).

Table 10. Primary and secondary antibodies for immunohistochemistry.

Antibody Dilution Supplier Reference
Primary antibodies for immunohistochemistry
KIF11 1:2,000 Sigma-Aldrich HPA006916
p-Histone H3 (Ser10) 1:100 Cell Signaling Technology #9701
Chromogranin A 1:20 Roche 760-2519
Synaptophysin 1:20 Roche 790-4407
Secondary antibodies for immunohistochemistry

Anti-Rabbit HRP - Dako K4003
Anti-Mouse HRP - Dako K4001
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3.3. Cell lines

Cell lines used in this thesis and their corresponding culture conditions ate listed in Table 11.

All cell lines were amplified and stored in liquid nitrogen. Upon resuscitation, cells were

maintained in culture for no more than 2 months. Cells were cultured at 37°C in a saturated

atmosphere of 95% air and 5% CO:and frequently tested for mycoplasma contamination.

Table 11. Cell lines and medium.

Hygromicin B

Cell line Supplier Medium

SK-N-BE(2) PHECC

LA1-5s PHECC

SH-SY5Y ATTC

SK-N-AS ATTC

IMR-32 ATTC IMDM + 10% FBS (V/V) + 1% ITS (V/V) +
100 U/mL penicillin + 100 pg/mL

SK-N-F1 ATTC streptomycin + 5 pg/mL plasmocin

BE(2)-C ATTC

NBL-S DSMZ

NGP DSMZ

CHLA-90 COG
RPMI1640 + 10% FBS + 2 mM glutamine +

KELLY PHECC 100 U/mL penicillin + 100 pg/mL
streptomycin + 5 ug/mlL plasmocin
RPMI1640 + 10% FBS (v/v) + 25 mM HEPES
+ 4 mM glutamine + 200 ug/mL G418 + 0.5

Tet2IN Dr. Manfred Schwab ug/mL amphotericin B + 10 ug/mL
hygromycin B + 100 U/mL penicillin + 100
ug/mL streptomycin + 5 ug/ml. plasmocin
DMEM + 10% FBS (v/v) + 100 U/mL

HEK293T ATCC penicillin + 100 pg/mL streptomycin + 5
ug/mlL plasmocin

Reagent Description Supplier

IMDM Iscove's Modified Dulbecco's Medium Thermo Fisher Scientific

DMEM Dulbecco's Modified Eagle's Medium Thermo Fisher Scientific

RPMI-1640 Roswell Park Memorial Institute (RPMI) 1640 Thermo Fisher Scientific

FBS Fetal bovine serum South America Premium, Biowest

ITS Insuline-transfertin-selenium supplement Fisher scientific

Pen-Strep Penicillin and streptomycin Fisher scientific

Plasmocin InvivoGen

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid Fisher scientific

Glutamine Fisher scientific

Amphoteticin Fisher scientific

Fisher scientific

Abbreviations: PHECC, Public Health England Culture; ATTC, American Type Culture Collection; COG, Children’s
Oncology Group Cell Culture and Xenograft Repository.
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3.4. Western blot

Proteins were extracted using RIPA buffer 1X (Fisher Scientific; #10017003) supplemented
with 1X EDTA-free complete protease inhibitor cocktail (Roche; #04693159001) and
phosphatase inhibitor cocktail 2 and 3 (Sigma-Aldrich; P5726 and P0044). Tumor lysates
were generated by mechanical dissociation, homogenized (ten seconds; three times; Bead
Ruptor 12 (Omni, Inc)) and sonicated (five seconds; three times; LABSONIC® M (Sartorius
Stedim Biotech)) in lysis buffer. Cell lysis was done on ice for twenty minutes prior
centrifugation at 16,200g for fifteen minutes at 4°C. Protein concentration was determined

using Lowry DC protein assay (Bio-Rad) following manufacturer’s instructions.

Samples containing between 20-40 pg of protein were mixed with loading buffer 1X
(Invitrogen; NP0007), reduced with ditiotreitol (Fisher Scientific; #13296499), and heated
for ten minutes at 70°C to ascertain complete protein denaturation. Samples were run in
precast polyacrylamide gels (Fisher Scientific; #120201606) in MES-running buffer 1X (Fisher
Scientific; #11509166), supplemented with NuPAGE™ Antioxidant (Fisher Scientific;
#11529166) for 1 hour at 150 V at room temperature. Proteins were transferred to PVDF
membranes (Fisher Scientific; #10617354), previously activated by methanol, by wet transfer

method at 110 V for 1.5-2 houts.

Membranes were blocked with Tris-buffered saline with Tween-20 0.1% (v/v) containing
5% bovine serum albumin (BSA) (NZYT; MB04602) or 5% nonfat dry milk (VWR;
#A0830.0500) for 1 hour at room temperature and incubated overnight at 4°C with the
proper primary antibody (Table 12). Membranes were incubated with the corresponding
secondary antibody for 1 hour at room temperature (Table 13). Actin was used as loading
control. Membranes were developed with EZ-ECL Chemiluminescence detection kit (Fisher

Scientific; #10340125). Protein expression was quantified using Image] software (276).
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Table 12. Primary antibodies for western blot.

Antibody M;z;;llltar Specie Dilution Supplier Reference
KIF11 119 kDa Rabbit 1:3,000 in TBS-T 5% milk - (224)
MYCN 67 kDa Mouse 1:1,000 in TBS-T 5% BSA SCBT sc-53993
CCNB1 58 kDa Mouse 1:2,000 in TBS-T 5% BSA Millipore #05-373
p-Histone H3 (Ser10) 17 kDa Rabbit 1:1,000 in TBS-T 5% BSA CST #9701
Mcl-1 40 and 32kDa  Mouse 1:500 in TBS-T 5% BSA SCBT sc-12756
Caspase-3 35 kDa Rabbit 1:3,000 in TBS-T 5% BSA CST #9662
Caspase-3 cleaved 19 and 17 kDa Rabbit 1:1,000 in TBS-T 5% BSA CST #9664
PARP 116 and 89 kDa  Rabbit 1:2,500 in TBS-T 5% BSA CST #9542
mCherry 26 kDa Goat 1:1,000 in TBS-T 5% BSA OriGene AB0081-200
BCL-XL 26 kDa Rabbit  1:10,000 in TBS-T 5% BSA BD Bioscience #610211
BCL-2 26 kDa Mouse 1:10,000 in TBS-T 5% milk Dako #MO0887
NOXA 8 kDa Mouse 1:500 in TBS-T 5% BSA Sigma-Aldrich OP180
Actin HRP 43 kDa Goat 1:40,000 in TBS-T 5% BSA SCBT sc-1616

Abbreviations: SCBT, Santa Cruz, Biotechnology; CST, Cell Signaling Technology, HRP, horseradish peroxidase.

Table 13. Secondary antibodies for western blot.

Antibody Specie Dilution Supplier Reference
Anti-Rabbit IgG-Peroxidase Goat 1:10,000 Sigma-Aldrich #A0545
Anti-Mouse IgG-Peroxidase Rabbit 1:10,000 Sigma-Aldrich #A9044
Anti-Goat IgG-Perodixase Rabbit 1:5,000 Dako #P0449

3.5. Depletion of MYCN in Tet21IN cell line

Tet21N cells are derived from the SHEP neuroblastoma cell line. Tet21N contain a tet-off
system that repress MYCN expression in the presence of doxycycline in the culture medium.
For MYCN depletion experiments, Tet2IN (3 X 105 cells) were seeded in 100-mm dishes.
After 24 hours, MYCN silencing was triggered by the addition of 100 ng/ml. doxycycline
(Fisher Scientific; #15510554) in the cell medium. Cells were harvested at the indicated time

points for further analyses.

3.6. Quantitative real-time PCR

Total RNA was isolated using the miRNeasy Mini Kit (Qiagen; #217084) following
manufacturer’s instructions. MRNA (1 pg) was reverse transcribed using high-capacity
cDNA reverse transcription kit (Fisher Scientific; #10117254) following manufacturet’s

recommendations. Real-time PCR of KIF11 and MYCN was performed using 12.5 ng/ulL,
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Power SYBR Green master mix (Fisher Scientific; #10658255) and 0.5 uM of primers listed
in Table 14. The PCR reaction was run in 96-well plates in duplicate in ABI700 sequence
detection system equipment (Thermo Fisher Scientific) using standard settings (40 cycles, 15
seconds at 95°C followed by 1 minute at 60°C). MRNA expression was normalized against
the GAPDH housekeeping gene. Relative quantification of gene expression was performed

with a comparative 20A2CT) method (277).

Table 14. List of RT-qPCR primer sequences.
Gene Primer sequence (5' to 3") Amplicon (bp)

KIF11 Fw: AAAACAACAAAGAAGAGACAATTCC 3
Rv: CAGATGGCTCTTGACTTAGAGGT

MYCN Fw: AGAGGAGACCCGCCCTAATC 123
Rv: TCCAACACGGCTCTCCGA

Fw: CGCTCTCTGCTCCTCCTGTT
GAPDH 100
Rv: CCATGGTGTCTGAGCGATGT

3.7. Cell transfection

Cellular membranes and nucleic acid molecules are both negatively charged, which blocks
the spontaneous internalization of DNA or RNA by electrostatic repulsion. Transfection
reagents, such as Lipofectamine 2000 (Fisher Scientific; #10696153), are necessary to
overcome this inconvenient. Lipofectamine 2000 is a cationic liposoluble reagent that form
positively charged liposomes that entraps nucleic acid inside and enables their internalization
into the cell by endocytosis. In this thesis, Lipotectamine 2000 was used for transfecting Small
interfering RNA (siRNA) and DNA vectors. The protocol used was adapted following
manufacturer’s recommendations. Briefly, Lipofectamine 2000 and the indicated siRNA
(Table 15) or DNA vector were mixed with Opti-MEM (Fisher Scientific; #11058021) and
incubated for 5-10 minutes. After incubation time, the mix was added into cellular medium

without antibiotics. After 14 hours, cell medium was changed to avoid toxicity.
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Table 15. List of siRNA.

Gene siRNA Sequence (5'-3") Reference Supplier
- siControl BLOCK-T - #10676713 Fisher Scientific
KIF11 CUAGAUGGCUUUCUCAGUA
siKIF11-1 - Sigma-Aldrich
KIF11_as UACUGAGAAAGCCAUCUAG
KIEH KIF11
siKIF11-2 1.-003317-00 GE health
KIF11_as — Dharmacon
MYCN GAAGAAAUCGACGUGGUCA
siMYCN-1 - Sigma-Aldrich
MYCN_as  UGACCACGUCGAUUUCUUC
MYCN
MYCN GAGAGGACACCCUGAGCGA .
siMYCN-2 - Sigma-Aldrich
MYCN_as  UCGCUCAGGGUGUCCUCUC

For MYCN overexpression 2.5 X 103 SK-N-AS or SH-SY5Y were seeded in 35-mm dishes
and reverse transfected using Lipofectamine 2000 (3 ul/plate) with increasing
concentrations of pPCDNA3-HA-human MYCN or empty vector (0, 1, 2 or 4 ng/p35). Forty-
eight hours later, cells were harvested and protein was extracted for western blot analysis.
pCDNA3-HA-human MYCN was a gift from Martine Roussel (Addgene plasmid # 74163 ;
http://n2t.net/addgene:74163 ; RRID:Addgene_74163) (278).

3.8. Immunofluorescence

2 X 105 cells/well SK-N-BE(2) and SH-SY5Y were seeded in 6-well plates on 15 mm
coverslips and left 24 hours prior to drug treatment. For genetic silencing, 7.5 X 105 cells/well
were seeded in 6-well plates and reverse transfected with control or KIF11 siRNA
oligonucleotides (25 nM) using Lipofectamine 2000 (5 uL./well). At the indicated times, cells
were fixed using PTEMF buffer (50 mM Pipes, 0.2% Triton X-100, 10 mM EGTA, 1 mM
MgCl,, 4% formaldehyde) for 10 minutes and washed twice with phosphate-buffered saline
(PBS). Samples were then blocked with 3% of BSA in PBS for 30 minutes at room
temperature. Primary antibodies, diluted in 3% of BSA in PBS, were incubated for 1 hour at
room temperature. Secondary antibody, DAPI (Thermo Fisher Scientific; #62248) and -
Tubulin were incubated protected from light for 1 hour at room temperature (Table 16).

Coverslips were mounted with mounting medium (Thermo Fisher Scientific; P36965).
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Table 16. Primary and secondary antibodies for immunofluorescence.

Antibody Dilution Supplier Reference
Primary antibodies for immunofluorescence
KIF11 1:1,000 - (224)
p-Histone H3 (Ser10) 1:200 Cell Signaling Technology #9701
Caspase-3 cleaved 1:500 Cell Signaling Technology #9664
Secondary antibodies for immunofluorescence

a-Tubulin 1:150 Sigma-Aldrich F2168
Anti-Rabbit IgG-Alexa Fluor ® 555 1:500 Thermo Fisher Scientific A-21428

3.9. Cell cycle analysis

SK-N-BE(2) (2.5 X 106) and SH-SY5Y (3.5 X 109) cells were seeded in 100-mm dishes and
treated 14 hours later with either vehicle (dimethyl sulfoxide, DMSO) or 25 nM 4SC-205. At
the indicated time points, cells were harvested and fixed with cold 70% ethanol and kept at
4°C for at least 24 hours. Prior to flow cytometry analyses, cells were washed twice with PBS
and resuspended in staining solution [0.19 mM sodium citrate (Sigma-Aldrich; W302600),
500 ng/mL propidium iodide (Thermo Fisher Scientific; P1304MP) and 10 mg/mL RNAse
DNAse-free (AppliChem; A3832]. The DNA content was analyzed using a FACScalibur flow
cytometer (BD Biosciences) and data by BD CellQuestTM Pro Software (BD Biosciences).

3.10. In vitro drug sensitivity assays

Between 3.5 X 10% and 14 X 103 neuroblastoma cells/well were seeded in 96-well plates. After
24 hours, cells were treated with vehicle (DMSO) or different concentrations of the indicated
drug. Cells were then fixed with 1% glutaraldehyde for 20 minutes (Fisher Scientific; #
11448900), washed once with PBS, stained with 0.5% crystal violet for 15 minutes (Sigma-
Aldrich; C0775) and washed with distilled water. Crystals were dissolved with 15% acetic acid
(Fisher Scientific; #10041250) and absorbance was read at 590 nm using an Epoch plate
reader (Biotek). Dose-response cutves were calculated using nonlinear regression

approximation in GraphPad Prism 6.0 (GraphPad Software, Inc).

3.11. Hoechst staining

SK-N-BE(2) and SH-SY5Y (3 X 10%) cells were reverse-transfected with control or siKIF11
at 25 nM using 5 pl./plate of Lipofectamine 2000 and seeded in 6-well plates in triplicates.
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For the pharmacological inhibition of KIF11, cells were seeded in 6-well plates and treated
24 houts later with DMSO or 25 nM 4SC-205. At the indicated times, cells were stained with
0.05 pug/mL Hoechst 33258 dye (Sigma-Aldrich; #94403) and photographed. Apoptosis
quantification was made from 8 representative images/well (n = 3 replicates/condition). Cells
with fragmented or condensed chromatin were considered apoptotic cells whereas uniformly-

stained chromatin cells were scored as healthy.

3.12. Differentiation of SH-SY5Y

The protocol followed was adapted from Encinas M et al. (279). Briefly, 1 X 104 SH-
SY5Y/cm? were seeded in 12-well plates and 60-mm dishes pre-coated with poly-D-lysine
(Fisher Scientific, #11436632) and collagen (Fisher Scientific; #11563550). After 24 hours,
cells were treated with all-trans retinoic acid (Selleckchem; #51653) 10 uM in IMDM 10%
fetal bovine serum (FBS) without antibiotics for 5 days. Cells were then washed with IMDM
without FBS and incubated with fresh medium 0.5% FBS and 50 ng/mlL brain derived
neurotrophic factor (BDNF) (Sigma-Aldrich; SRP3014). After three days, cells were treated
with vehicle (DMSO) or 4SC-205 at 25 nM. Cells were fixed with 1% glutaraldehyde or

recollected for western blot analysis at the indicated time points.

3.13. Three-dimensional spheroid culture

For tumor spheroids, SH-SY5Y (4.5 X 10%) and SK-N-BE(2) (6 X 104) cells were seeded in
non-adherent 6-well plates and let them grow in spheroids for 48-72 hours. Spheroids were
then treated with vehicle or 4SC-205. Forty-eight hours later, spheroids were disaggregated
with 0.5 mL of 1x StemPro®Accutase® (ThermoFisher; #15323609) and incubated with a
mixture of PMS:MTS (1:20) for 2-5 hours. Optical density was read at 490 nm using an Epoch

Microplate Spectrophotometer (Biotek).

3.14. Lentivirus production, transduction and isolation of clones

Lentiviruses containing pTRIPZ (Dharmacon, GE Healthcare) or pTRIPZ-shKIF11
(Dharmacon, GE Healthcare; V3THS_391757) were produced using previously described
methods in HEK293T (280). SK-N-BE(2) were seeded (3 X 105 cells/dish) in 60-mm dishes

and incubated overnight with lentiviruses. Infected cells were selected with 1 pg/mL
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puromycin (Sigma-Aldrich; P8833). To isolate monoclonal population of pTRIPZ-KIF11,
transduced SK-N-BE(2) were seeded at very low density into 100-mm dishes. After 10 days,
isolated colonies were sorted and amplified in 96-well plates. pTRIPZ is engineered to be a
Tet-on system that express the shRNA and the turboRFP fluorescent reporter in the presence
of doxycycline. For western blot analysis, SK-N-BE(2) clones transduced with pTRIPZ-
control or pTRIPZ-KIF11 were cultured with 1 ug/mL doxycycline for five days. For cell
proliferation assays, 1.5 X 105 cells/well were seeded in 6-well plates in the presence or

absence of doxycycline, and fixed with 1% glutaraldehyde at the indicated time points.
3.15. In vivo experiments

3.15.1. Subcutaneous xenografts

SK-N-BE(2) and SK-N-AS (5 X 106 cells/flank) were subcutaneously injected into the right
flank of 6-week old female Fox Chase SCID mice (Charles River) in 300 uL. of PBS:Matrigel
(1:1). For genetic KIF11 silencing, when tumor size reached ~100 mm?3, mice were
randomized into control (2% sucrose) and shKIF11 (1 mg/mL doxycycline into the drinking

water) groups.

For pharmacological experiments, mice were randomized into two groups and treated three
times per week by oral gavage with vehicle (5% polyethylene glycol 400 (PEG400, Fisher
Scientific, #11449467), 0.9% NaCl, pH 3-4) or with 40 mg/kg 4SC-205. Tumor volume was
measured every 2-3 days using an electronic caliper. At the end of the experiment, tumors
were dissected, weighed and frozen in liquid nitrogen or fixed in 10% formalin, and

embedded in paraffin.

3.15.2. Patient-derived orthotopic xenograft model

The human tumor sample was a small biopsy of the primary tumor located in the left adrenal
gland of a 7-months old patient with high-risk metastatic neuroblastoma. The biopsy was
performed at diagnosis at Vall d’Hebron University Hospital, Barcelona, Spain. The specimen
was aseptically isolated and placed at room temperature in IMDM. The protocol for the use

of patient’s tumor sample were reviewed and approved according to Ethical Committee of
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Clinical Research and written informed consent was collected from the patient to implant the

tumor in mice.

Immediately after biopsy, the trucut was implanted into nude mice (strain Ctl:NU-Foxnlnu)
(Harlan) at the animal core facility of Bellvitge Biomedical Research Institute
(IDIBELL)_ICO. To generate the patient-derived orthotopic xenograft model (PDOX),
female mice of 5 to 7 weeks were anesthetized with a continuous flow of 2% of
isoflurane/oxygen mixture, the sample was implanted without enzimatic digestion, in the left
adrenal gland of the mice using a 7.0 suture. Mice were monitored twice weekly measuring
their body weight and by palpation of tumors. At mice sacrifice (177 days after inoculation),
the tumor was extracted, cut into small fragments and serially implanted into 3 to 5 new
animals. Engrafted tumors were also cryopreserved in a solution of 90% non-inactivated FBS
and 10% DMSO and stored in liquid nitrogen for subsequent future implantations and also
frozen for advanced molecular analysis. Representative tumor fragments were fixed and then
processed for paraffin embedding. All animal protocols were reviewed and approved
according to regional Institutional Animal Care and Ethical Committee of Animal

Experimentation.

For drug efficacy experiment, PDOX at passage #2 was orthotopically implanted into the
adrenal gland. 65 days after implantation, when tumors measured 300-400 mm?3, mice were
randomized and assigned to vehicle and 4SC-205 groups and treated three times per week
with either vehicle or 4SC-205 for three weeks. At the end of the experiment, tumors were
dissected, weighed and frozen in liquid nitrogen or fixed in 10% formalin, and embedded in

paraffin.

3.15.3. Neuroblastoma liver metastases model

Firefly luciferase-transduced SK-N-BE(2) cells were injected into the lateral tail vein (2.5 X
105 cells/mouse in 150 uL of PBS) of 5-6-week-old female Fox Chase SCID Beige mice
(Chatles River). Twenty-four days after injection, mice were randomized into vehicle and
treatment groups. Metastases growth was followed by # vzvo bioluminescence imaging (IVIS)

once a week. 4SC-205 was administered orally alone (40 mg/kg) or in combination (20
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mg/kg) with topotecan (5 mg/kg). 45SC-205 and topotecan were injected three times and
once a week, respectively. For in vivo experiments, 2 test was used to determine whether
there were statistically significant differences between the treatment group (i.e. vehicle, 45C-
205, topotecan and combo) and tumor response (complete response or progressive disease)

(GraphPad Prism 6.0).
3.16. Genomic analyses
3.16.1. RNA sequencing

For transcriptomic analyses, total RNA was isolated from SK-N-BE(2) subcutaneous tumors
treated with vehicle or 4SC-205 (n = 3/group) for 24 hours using the miRNeasy mini kit
(Qiagen). RNA quality and quantity was determined using Qubit® RNA HS Assay (Life
Technologies) and RNA 6000 Nano Assay on a Bioanalyzer 2100 (Agilent). RNA sequencing
was performed by CNAG-CRG. Briefly, RNASeq libraries were prepared following the
TruSeq® Stranded mRNA LT Sample Prep Kit protocol (Illumina) and sequenced on
NovaSeq 6000 (Illumina). RNAseq reads were mapped against human reference genome
(GRCh38) using STAR software version 2.5.3a (281) with ENCODE parameters. Genes
were quantified using RSEM version 1.3.0 (282) with default parameters and annotation file
from GENCODE version 34. Differential expression analysis was performed with DESeq2
v1.26.0 R package (283) using a Wald test to compare vehicle and treated samples. We
considered differentially expressed genes those with P value adjusted < 0.05 and absolute
fold-change > 1.5. Functional enrichment analysis of “Hallmarks”™ gene set collections from
MSigDB were performed using GSEA software (284,285). The accession number for RNA
sequencing is GSE166984.

3.16.2. Whole exome sequencing

Genomic DNA from patient’s blood, tumor and PDOX (passage 2) samples was extracted
using DNeasy Blood & Tissue Kit (Qiagen) and quantified using Qubit (Thermo Fisher
Scientific). Genomic DNA was fragmented and sample library was prepared using IKAPA
library kit (Roche), hybridized with SeqCap EZ MedExome capture kit (Roche) and
sequenced in a NextSeq500 sequencing machine (Illumina). The R-package XenofilteR to
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remove sequence reads of mouse origin while retaining human sequences (Mismatch
threshold = 8) (286) was used. Whole genome sequencing (WES) was carried out by

qGenomics (Barcelona).

Copy number alterations (CNA), single nucleotide variants (SNV), small insertions/deletions
(Indel) and tumor mutational burden (TMB) from somatic samples as well as SNV and Indel
from germline sample were detected by bioinformatics analysis. The bioinformatics workflow
started mapping sequence reads to the Human genome build (hg19) by using the BWA tool
(287). Variant calling for the identification of SNV and Indel was carried out via the GATK
Haplotype Caller tool (288) together with FreeBayes and Strelka2 (289) for constitutional
DNA and via the VarDict tool (290) together with MuTect2 (291), Strelka2 and VarScan2
(292) for somatic DNA. Germline and somatic variants are considered when are called by at
least two callers. To determine the effect of variants we used SnpEff annotation (293). Other
information, including count of variant allele reads, the variant allele frequency. The TMB
was calculated according to Chalmers et al. (294) counting all coding, SNV and Indels in the
targeted regions, including synonymous alterations. Variants were filtered following
Maximum Population Frequency < 1%, cancer genes list, Tumor Variant Allele Frequency
> 10%, Germline Allele Frequency > 30% and variant consequence (missense, frameshift,
splicing and stop). Filtering parameters for amplifications were number copy > 4 and for

deletions number copy < 1.5.

3.17. Drug combination studies

For drug combination studies with neuroblastoma standard of care, SK-N-BE(2) (2 X 103
cells/well) and SH-SY5Y (2.5 X 103 cells/well) were seeded in 96-well plates. The next day,
cells were treated with the indicated concentration of 4SC-205. 24 hours later, cell medium
was replaced with medium containing the indicated concentration of cisplatin, topotecan and

doxorubicin, and incubated for additional five days.

For drug combination studies with targeted therapies, neuroblastoma cells (6 X 103 - 14 X
103 cells/well) were seeded in 96-well plates. 24 hours later, cells were treated with increasing

concentrations of 4SC-205 plus/minus the ALK or MEK1/2 inhibitor. 48 hours later, cells
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were fixed with 1% glutaraldehyde and stained with 0.5% crystal violet. Pharmacological

agents and their respective solvents used throughout this project are listed in Table 17.

Table 17. List of pharmacological agents.

In vitro experiments

Pharmacological agent  Solvent  Stock concentration Reference
4SC-205 DMSO 50 mM 4SC AG
Cisplatin Saline 1.67 mM MedChemExpress (HY-17394)
Topotecan Water 50 mM MedChemExpress (HY-13768A)
Doxorubicin DMSO 10 mM Selleckchem
Lortlatinib DMSO 10 mM MedChemExpress (HY-12215)
Ceritinib DMSO 10 mM MedChemExpress (HY-15656)
Selumetinib DMSO 10 mM MedChemExpress (HY-50700)

In vivo experiments

Pharmacological agent Solvent Dose
4SC-205 5% PEG400, saline, pH 3 - 4 40 mg/kg
Topotecan Saline 5 mg/kg

The Bliss independence model from SynergyFinder (version 2.0) was used to evaluate if the
pharmacological combination of 4SC-205 with chemotherapeutic agents and targeted

therapies was synergistic, additive or antagonistic (295).

3.18. Statistical analysis

Unless otherwise indicated, statistical significance was determined by unpaired two-tailed
Student’s t-test. Half-maximal inhibitory concentration (IC50) was calculated using nonlinear
regression approximation in GraphPad Prism 6.0 (GraphPad Software, Inc). Differences in
survival times among mice treated with vehicle or 45C-205 were analyzed using Gehan-
Breslow-Wilcoxon test (GraphPad Prism 6.0). * Means P < 0.05, ** means P < 0.01 and ***
means P < 0.001.
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4. Results

4.1. KIF11 is an independent factor of survival in neuroblastoma

In order to characterize the expression profile of KIF11 in neuroblastoma human samples,
we mined gene expression data from publicly available datasets such as the SEQC patient
cohort. KIF11 expression was found to be higher in the high-risk neuroblastoma group than
in the low- and intermediate-risk groups (Figure 13A). Overall survival was significantly
poorer in patients with high KIF11 expression (P < 0.001, Figure 13B), with a hazard ratio
(HR) of 8.190 (Table 18). Interestingly, the association between KIF11 expression and a
worse outcome was maintained in both cohorts: low-intermediate and high risk

(Figure 13C, D).
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Figure 13. KIF11 mRNA expression correlates with poor outcome in neuroblastoma. (A) KIF11 mRNA
expression levels comparing low-/intermediate- with high-risk neuroblastoma (SEQC; GSE62564; n = 498). (B-
D) Kaplan-Meier overall survival curve in a cohort of 498 patients based on KIF11 mRNA expression (B) or
stratified in low- (LR) and intermediate-risk (IR) (C) or high-risk (HR) (D) neuroblastoma subcohorts.
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Table 18. Univariate and multivariate regression analysis.

Univariate regression analysis
Factors Overall survival
HR (95% CI) P value
Sex M vs. F) - 0.252
Age (218 months vs. <18 months) 8.114 (4.980-13.221) < 0.001
MYCN (MNA vs. Non-MNA) 7.793 (5.262-11.542) < 0.001
ISSN Stage (4 vs. others) 8.660 (5.441-13.783) < 0.001
KIF11 (High vs. low) 8.190 (4.663-14.387) < 0.001
Risk (High vs. others) 21.423 (11.932-38.464) < 0.001
Multivariate regression analysis
Factors Opverall survival
HR (95% CI) P value
KIF11 (High vs. low) 3.051 (1.693-5.497) < 0.001
Risk (High vs. others) 14.182 (7.695-26.137) < 0.001

Abbreviations: HR, hazard ratio; M, male; F, female; MIN.A, MYCN amplification.

Furthermore, KIF11 high expression was identified as an independent prognostic factor of
survival in neuroblastoma, together with cancer risk assessment (HR = 3.051, P < 0.001,
Table 18). These results highlighted the importance of KIF11 expression to predict the
outcome of patients with neuroblastoma and indicated its potential inclusion in current risk-
based management. Next, we analyzed KIF11 levels in patients with distinct genetic
alterations associated with aggressive clinical behavior (296). KIF11 expression was found to

be higher in patients with amplification of MYCN, 1p36 LOH or 17q23 gain (Figure 14).
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Figure 14. KIF11 mRINA is more expressed in patients with common neuroblastoma genetic alterations.
KIF11 mRNA expression values are extracted from Maris (GSE3960, n = 101).

To confirm whether these associations were maintained at the protein level, KIF11
expression was assessed in an independent cohort of 25 primary neuroblastoma samples by
immunohistochemistry (Table Al). KIF11 was detected mainly in the cytoplasm of
neuroblastic cells (Figure 15A). Consistent with the previous mRNA analyses, patients

diagnosed with high-risk neuroblastoma showed higher expression of KIF11 protein

74



compared to low- or intermediate-risk neuroblastoma samples (P < 0.05). Moreover, patients
with SCA such as 1p36, 11q LOH and gain of 17923 showed higher KIF11 protein
expression (P = 0.001). (Table 19).The Kaplan-Meier analysis confirmed that high KIF11
protein expression was associated with poorer event-free (100% vs. 41.7%, P = 0.025) and

overall survival (100% vs. 31.3%, P = 0.016) (Figure 15B, C).
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Figure 15. KIF11 protein expression is associated with worse overall survival in neuroblastoma. (A)
Representative images of KIF11 immunohistochemistry in low- and high-risk neuroblastoma tissues. Scale bar
indicates 50 um. (B, C) Kaplan-Meier curves of event-free sutvival (B) and overall survival (C) based on KIF11
protein expression.

Table 19. Relationships between KIF11 expression and clinico-biological characteristics

q KIF11 expression
Variable and category Total, n Tow T Pvalue
<18months 7 6 (85.7%) 1 (14.3%)
Age >18months 17 9 (53%) 8 (47%) 0132
L1,12,MS 15 10 (66.7%) 5 (33.3%)
Stage M 8 3 (37.5%) 5 (62.5%) 0-179
. GNB 7 4 (57.1%) 3 (42.9%)
Hist. C. NB 18 11 (61.1.%) 7 (38.9%) 0-856
dNB 4 3 (75%) 1 (25%)
Hist. D. pdNB 13 8 (61.5%) 5 (38.5%) 0.387
uNB 1 0 (0%) 1.(100%)
ND 20 14 (70%) 6 (30%)
1q D 5 1(20%) 4 (80%) 0.041
ND 18 14 (77.8%) 4(22.2%)
Ip D 3 0 (0%) 3 (100%) 0.008
NG 16 13 (81.2%) 3 (18.8%)
17p G 5 1(20%) 4 (80%) 0011
NCA 14 13 (93%) 1(7%)
Gen. profile SCA 8 2 (25%) 6 (75%) 0.001
. Hiperp. 10 8 (80%) 2 (20%)
Ploidy Dip+tetrap 12 7 (58.3%) 5 (41.75) 0.277
) Non-HR 18 13 (72.2%) 5 (27.8%)
Risk group HR 7 2 (28.6%) 5 (71.4%) 0.045

L7 and 1.2, localized; M, special metastasis; M, metastatic; Hist. C., histopathologic category; GINB, ganglionenroblastoma; NB,
nenroblastoma; Hist.  D., histopathologic ~ differentiation; dINB, differentiating neuroblastoma; pdINB, poorly differentiated
nenroblastoma; uNB, undifferentiated nenroblastoma; ND, non deletion; D, deletion; NG, no gain; G, gainy Gen. Profile, genetic
profile; NCA, numerical chromosomal aberration; SCA, segmental chromosomal aberration; Hiperp., Hiperploid; Dip., diploid;
Tetrap., tetraploidy HR, High risk.
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4.2. KIF11 expression correlates with MYCIN mRNA levels

The correlation between KIF11 and MYCN mRNA expression suggested that KIF11 could
be directly regulated by MYCN in neuroblastoma (Figure 16A). High KIF11 mRNA levels

were also detected in patients with MYCN amplification in multiple datasets (Figure 16B).
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Figure 16. KIF11 mRNA expression correlates with MYCN in distinct neuroblastoma datasets. (A) Linear
correlation between MYCN and KIF11 mRNA expression in the indicated neuroblastoma datasets. Data from
patients with amplification of MYCN is encircled. (B) KIF11 mRNA expression levels comparing neuroblastoma
tumors with amplification of MYCN (MNA) vs. no MYCN amplification (Non-MNA) in two different datasets.

Furthermore, ChIP on chip analysis showed that MYCN was bound to the promoter of
KIF11 in Tet21N cells (297). Thus, to verify whether MYCN was necessary and/or sufficient
to drive KIF11 expression, we first analyzed the expression of KIF11 in a panel of
neuroblastoma cell lines with and without MYCN amplification (Figure 17A). However, we

did not observe any correlation between KIF11 and MYCN protein expression (Figure 17B).
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Figure 17. There is no correlation between KIF11 and MYCN protein expression in multiple
neuroblastoma cell lines. (A) Western blot analysis of KIF11 and MYCN in a panel of neuroblastoma cell lines.
(B) Normalized KIF11 expression in neuroblastoma cells without MYCN amplification (Non-MNA) and with
MYCN amplification (MNA).
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Doxycycline-mediated knockdown of MYCN in the conditional MYCN expressing SHEP
Tet2IN cells caused a reduction in KIF11 mRNA and protein levels (Figure 18A, B).
Nevertheless, when MYCN was silenced using siRNA in other neuroblastoma cell lines,
KIF11 protein remained unaltered (Figure 18C), suggesting that, in general, MYCN was not

necessary for KIF11 expression.
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Figure 18. MYCN silencing induces KIF11 downregulation in Tet2IN but not in SK-N-BE(2) and
CHLA-90. (A) Analysis of MYCN and KIF11 mRNA expression in the Tet21N neuroblastoma model with the
doxycycline (Dox) inducible silencing of MYCN. Results are representative of three independent experiments £
standard error of the mean (SEM). * P < 0.05, ** P < 0.01 and *** P < 0.01, two-tailed student’s t-test. (B)
Western blot analysis of KIF11 in Tet21N cells in the presence of doxycycline (i.e. MYCN depletion) or absence
(i.e. MYCN expression). (C) Immunoblot analysis of MYCN and KIF11 in SK-N-BE(2) and CHLA-90 cells
transfected with two independent siRNAs targeting MYCN for 72 hours.

In order to study whether ectopic expression of MYCN resulted in an increase of KIF11
protein levels, we transfected a vector containing the human MYCN gene in two
neuroblastoma cell lines that presented undetectable levels of MYCN protein expression. We
observed that ectopic expression of MYCN was not sufficient to increase the levels of KIF11
(Figure 19). Our results suggested that, despite the existing correlation between MYCN and
KIF11 mRNA expression, other transcription factors may also be implicated in its regulation
in neuroblastoma.
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Figure 19. Ectopic expression of MYCN does not increase KIF11 protein levels. KIF11 and MYCN protein
expression in SK-N-AS and SH-SY5Y transfected with increasing concentrations of a MYCN-overexpression
vectot.
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4.3. 45C-205 mirrors KIF11 depletion phenotype

4SC-205 is a potent and specific novel chemical class of KIF11 inhibitor with no structural
similarities to previous KIF11 inhibitors (Figure 20). It is a chiral indole derivative with two
stereogenic centers that are synthesized in multiple steps from methoxygramine. Docking
experiments indicated that 4SC-205 is an allosteric inhibitor of the KIF11 protein
(unpublished data). 4SC-205 is the only oral KIF11 inhibitor that has been tested in clinical
studies. Moreover, its daily administration showed signs of efficacy in patients with relapsed
solid malignancies and malignant lymphomas (272). To characterize whether 4SC-205
specifically inhibited KIF11, we compared the molecular effects of KIF11 genetic silencing
using two different siRNAs with the pharmacological inhibition using 45SC-205.

Figure 20. 4SC-205 structure. The molecular formula of 4SC-205 is CosH2sN4O4 x HCL. Its molecular weight is
484.99 g/mol.

It is well established that KIF11 inhibition leads to abnormal monopolar spindle formation
and cell cycle arrest during mitosis (175). Immunofluorescence staining with o-TUBULIN
showed that neuroblastoma cells treated with 4SC-205 were not able to self-organize
microtubules into bipolar spindles and, as well as cells transfected with siKIF11, they induced

aberrant spindles with monopolar morphology (Figure 21).
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Figure 21. KIF11 inhibition using 4SC-205 induces monopolar spindle phenotype in neuroblastoma cells.
Mitotic spindle immunofluorescence of SK-N-BE(2) and SH-SY5Y transfected with siKIF11 or treated with 4SC-
205 (25 nM) for 24 hours. KIF11: red, «a-TUBULIN: green, DAPI: blue. Scale bar, 5 um.
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Next, we proceeded to analyze the cell cycle profile of neuroblastoma cells treated with 4S-
205. Cell cycle analysis by flow cytometry showed that a large fraction of 4SC-205-treated
neuroblastoma cells were arrested in the G2/M phase (Figure 22).
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Figure 22. 4SC-205 blocks cell cycle progression in mitosis. Cell cycle analysis of SK-N-BE(2) and SH-SY5Y
treated with DMSO or 4SC-205 (25 nM) for 24 hours analyzed by FACS. Histograms show one representative
experiment (from three independent experiments). Graphs represent the average percentage of living cells in
Go/Gt, S or G2/M phases of three independent expetriments + SEM. * P < 0.05, two-tailed student’s t-test.
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Consistent with flow cytometry analysis, siKIF11-depleted and 45SC-205-treated cells showed
phosphorylation of histone H3 at serine 10 and accumulation of CCNB1, both typical
markers of mitotic cells (Figure 23) (298,299).
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Figure 23. Genetic and pharmacological inhibition of KIF11 induce histone H3 phosphorylation of serine
10. (A) Western blot analysis of KIF11 and cell cycle-related proteins CCNB1 and phospho-histone H3 at serine
10 in cells transfected with siControl, siKIF11 or treated with 25 nM 4SC-205 at the indicated time points. (B)
Representative immunofluorescence images of phospho-histone H3 in the indicated neuroblastoma cell lines
transfected with two independent KIF11-targeting siRNA or treated with 45C-205 at 25 nM for 12 and 24 hours.
Scale bar, 10 um. The percentage of phospho-histone H3 positive cells is shown below each condition and
represents the average of 7 representative fields = SEM.

These results demonstrated that 4SC-205 strongly interfered with mitotic spindle formation,
thereby impeding the progression through mitosis. These effects mirrored those observed

with the genetic depletion of KIF11.
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4.4. KIF11 inhibition reduces neuroblastoma proliferation

Since neuroblastomas are molecularly diverse tumors, we sought to investigate the effect of
inhibiting KIF11, both genetically and pharmacologically, in a panel of well-characterized
neuroblastoma cell lines (Table 20). This panel contained multiple cell lines with numerous
genetic alterations frequently found in neuroblastoma, including MYCN amplification (18),

11q LOH (43) and activating mutations in ALK (300).

Table 20. List of neuroblastoma cell lines used in this study.

Cell line Stage MYCN 11q P53 ALK
SK-N-AS 4 Non amplified del Non-functional WT
SH-SY5Y 4 Non amplified WT Functional ALK mut (F1174L)
SK-N-BE(2) 4 Amplified WT Non-functional WT
LA1-5s 4 Amplified WT Non-functional ~ No expression (301)
IMR-32 4 Amplified WT Functional PA, WT
KELLY 4 Amplified ND Non-functional ALK mut (F1174L)
BE(2)-C 4 Amplified ND Non-functional WT

Abbreviations: del, deletion; WT, wild type; ND, not determined; PA, partial amplification

Neuroblastoma cells were transfected with siRNA targeting KIF11 or treated with 45C-205
for 96 and 48 hours, respectively. Crystal violet staining was performed to assess the effect
of KIF11 genetic and pharmacological inhibition on cell proliferation. We observed that all
cell lines exhibited comparable sensitivity to KIF11 genetic or pharmacological inhibition
regardless of their respective genetic background (Figure 24). These results suggested that
KIF11 inhibition may be effective in a broad spectrum of neuroblastomas, including the most

aggressive subtypes, characterized by the amplification of MYCN (18).
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Figure 24. Genetic and pharmacological inhibition of KIF11 reduce cell proliferation. (A) Cell viability
assay in the indicated cell lines transfected with 25 nM of siControl or siKIF11 for 96 hours. Protein knock-down
was analyzed by western blot 72 hours post-transfection (lower panels). (B) Dose-response curves of
neuroblastoma cell lines treated with increasing concentrations of 4SC-205 for 48 hours. IC50 values are presented

Log [4SC-205, nM]

as the average of three independent experiments = SEM.
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4.5. KIF11 inhibition induces apoptosis in neuroblastoma cells

Since cell proliferation assays demonstrated a significant reduction in cell number, we
proceeded to analyze whether the effects of KIF11 inhibition on cell proliferation were
induced by loss of viability. While control cells presented uniform chromatin staining, a
significant proportion of neuroblastoma cells treated with 4SC-205 or transfected with
siKIF11 displayed fragmented or condensed chromatin, indicating that these cells underwent
apoptosis (Figure 25A, B).
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Figure 25. KIF11 inhibition induces apoptosis in neuroblastoma cells. (A, B) Apoptosis assay in SK-N-
BE(2) (A) and SH-SY5Y (B) transfected with siControl / siKIF11 or treated with 25 nM 4SC-205. Each graph
represents the mean of three independent experiments (n = 6 per experiment). * P < 0.05, ** P < 0.01, *** P <
0.001, two tailed Student’s t-test. Lower images are representative pictures of Hoechst chromatin staining. White
arrowheads point to cells with condensed and/or fragmented chromatin. Scale bat, 50 pm. (C, D) Western blot
analysis of the indicated apoptosis-related proteins in SK-N-BE(2) (C) and SH-SY5Y (D) transfected with
siControl / siKIF11 or treated with 4SC-205 (25 nM) at the indicated time points.
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It has been described that the arrest in mitosis leads to the activation of the intrinsic apoptotic
pathway which is induced by a progressive degradation of the anti-apoptotic protein Myeloid
cell leukemia 1 (Mcl-1) (302,303). Here, we showed by western blot analysis that KIF11
inhibition resulted in the degradation of Mcl-1 with the concomitant cleavage of caspase-3
and the processing of its substrate PARP (Figure 25C, D and Figure 26). All this data

confirmed the orchestrated induction of apoptosis upon KIF11 inhibition.
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Figure 26. KIF11 inhibition increases the levels of active caspase-3. Active caspase-3 immunostaining of
SK-N-BE(2) and SH-SY5Y transfected with siKIF11 (A) or treated with 25 nM of 4SC-205 at the indicated time
points (B). Scale bar, 50 um.
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4.6. 4SC-205 is a reversible inhibitor of KIF11

To clarify whether 45C-205 binding to KIF11 was reversible, SK-N-BE(2) and SH-SY5Y

were treated with 4SC-205 for 12 hours, washed and refeed with fresh medium in the

presence or absence of 4SC-205. After 12 hours, cells were fixed and analyzed by flow

cytometry. In this scenario, if 4SC-205 binding to KIF11 is reversible we would see that cells
cultured for 12 hours with 45C-205 and 12 additional hours with fresh medium without the
inhibitor are able to reenter into G1 phase (Figure 27A). On the other hand, if 45C-205

binding to KIF11 is irreversible, cells would remain arrested in mitosis after removal of 4SC-

205 (Figure 27B).
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Figure 27. Effects of 4SC-205 on cell cycle are reversible. (A, B) Schematic representation of the expected
results of reversible (A) and irreversible (B) KIF11 inhibition. (C, D) SK-N-BE(2) (C) and SH-SY5Y (D) cells
were treated with DMSO or 25 nM of 45C-205. After 12 hours, cell medium was replaced for fresh medium in
the presence or absence (i.e. DMSO) of 45C-205 and incubated for additional 12 hours. Cell cycle profile was

analyzed by flow cytometry.
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We observed that 4SC-205 interaction with KIF11 was reversible as cells treated with 4SC-
205 for 12 hours and cultured in fresh cell medium for additional 12 hours were able to
reenter into the cell cycle (Figure 27C, D). Therefore, continuous dosing of 45C-205 to

ensure steady bioavailability will be necessary to maintain the therapeutic effect z vivo.

4.7. KIF11 inhibition does not reduce cell viability of differentiated cells

Vincristine, a vinca alkaloid, is currently being used as a standard treatment for neuroblastoma
(104). Vincristine is an antimitotic chemotherapeutic agent that inhibits microtubule
assembly, which target both proliferating and non-proliferating cells (95). This mechanism of
action leads to severe dose-limiting side effects such as neurotoxicity derived from interfering
with the axonal integrity and microtubule’s transport function (181). Specific inhibition of
mitosis by targeting proteins that function exclusively during cell division is thought to
improve the specificity for tumor cells and leave the majority of non-proliferating tissues in
the body unaffected. Conceptually, this should provide a better therapeutic index
(understood as a better efficacy-to-toxicity ratio). To investigate whether KIF11 inhibition
using 4SC-205 specifically induced cell death in proliferating rather than non-proliferating
cells, we tested the effects of 4SC-205 in differentiated SH-SY5Y cells. To differentiate SH-
SY5Y cells, they were sequentially cultured with retinoic acid and brain-derived neurotrophic
factor (BDNF) in serum-free medium. This procedure resulted in homogeneous
differentiated cell population withdrawn from the cell cycle with neuronal morphology

(Figure 28A, B) (279).

We found that KIF11 inhibition did not reduce cell viability of differentiated SH-SY5Y
(Figure 28C). Concordantly, immunoblot analysis revealed that differentiated cells treated
with 4SC-205 presented less phosphorylation of histone H3 at serine 10 and apoptosis
activation (Figure 28D). These findings suggested that 4SC-205 exclusively induces cell death
in proliferating cells and therefore, might avoid one of the most frequent dose-limiting side

effects of microtubule poisons (i.e. neurotoxicity).
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Figure 28. 4SC-205 does not affect cell viability of differentiated SH-SY5Y cells. (A) Overview of the
experimental design. ATRA means all-trans-retinoic acid. (B) Representative images of SH-SY5Y before (upper
image) and after 10 uM all-trans-retinoic acid / 50 ng/mL BDNF-induced differentiation (lower image). Scale
bar, 50 pm. (C) Left, representative images of crystal violet staining. Right, cell proliferation of SH-SY5Y treated
with DMSO or 4SC-205 in proliferating vs. differentiated cells. Results are expressed as the average of three
independent experiments (n = 2 condition) = SEM. *** P < 0.001, two-tailed student’s t-test. (D) Western blot
analysis of phosphorylation of histone H3 and apoptosis-related proteins in differentiated and undifferentiated
SH-SY5Y cells treated with 25 nM 4SC-205 for 24 hours
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4SC-205 reduces cell proliferation of tumor spheroids

4.8. 4SC-205 reduces cell proliferation of tumor spheroids

Since cells grown in three-dimensional (3D) spheroid culture have been described to predict
more accurately # vivo efficacy (304), we generated 3D neuroblastoma spheroids by culturing
SK-N-BE(2) and SH-SY5Y in non-adherent 6-well plates and let them grow in spheroids for
48-72 hours. Then, we proceeded to treat neuroblastoma spheroids with 4SC-205. We found
that spheroid cultures of SK-N-BE(2) and SH-SY5Y were sensitive to KIF11 inhibition with
slightly higher 1Csp values than in adherent cells, i.e. ICso (15-25 nM vs. ~50 nM) for both
cell lines (Figure 29A, B). The increment of histone H3 phosphorylation at serine 10 and

caspase-3 activation confirmed the antitumor activity of 4SC-205 in 3D cultures (Figure 29C).
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Figure 29. 4SC-205 reduces the viability of 3D neuroblastoma spheroid cultures. (A) Representative images
of 3D spheroid cultures of SK-N-BE(2) and SH-SY5Y. Scale bar, 100 um. (B) Cell viability assay of
neuroblastoma spheroids treated with DMSO or the indicated doses of 45SC-205 for 48 hours. Cell viability was
measured by MTS. Graphs represent the average of three independent experiments £ SEM. * P < 0.05; ** P <
0.01; *** P < 0.001. (C) Western blot analysis of phosphorylation of histone H3 at serine 10 and apoptosis-related
proteins in SH-SY5Y and SK-N-BE(2) spheres treated with 25 nM 4SC-205.
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4.9. KIF11 silencing inhibits neuroblastoma growth in vivo

To evaluate the effects of silencing KIF11 7 vivo, SK-N-BE(2) cells were transduced with a
doxycycline-inducible shKIF11 lentiviral vector. Monoclonal populations of SK-N-BE(2)
transduced with pTRIPZ-shKIF11 were isolated, and KIF11 expression was analyzed by
western blot in 3 independent shKIF11 clonal cell lines (Figure 30A). In the presence of
doxycycline, SK-N-BE(2)-shKIF11 clones knocked down expression of KIF11 and mirrored
the phenotype of siKIF11 transfected cells (Figure 30B, C).
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Figure 30. Genetic silencing of KIF11 using inducible shRNA mirrors siKIF11 phenotype. (A) Western
blot analysis of KIF11 expression in SK-N-BE(2) cells transduced with pTRIPZ-control (pool) or in the indicated
clones of pTRIPZ-shKI11 transduced cells. Cells were treated with doxycycline (+) or not (=) for 96 hours. (B)
Cell proliferation assay, after 1, 4 and 7 days upon doxycycline treatment. Results are expressed as average of three
independent experiments + SEM. * P < 0.05; ** P < 0.01, two-tailed Student’s t-test. (C) Immunoblot analysis of
transduced neuroblastoma cells in presence (+ Dox) or absence (— Dox) of 1 pg/mL doxycycline for 5 days.

SK-N-BE(2) transduced with pTRIPZ-control or pTRIPZ-shKIF11 were injected
subcutaneously into the right flank of NMRI-nude mice. Once tumors reached ~100-200
mm?3 in size, mice were randomized to receive 1 mg/ml doxycycline and 2% sucrose (+
doxycycline) or 2% sucrose (— doxycycline). As expected, doxycycline itself did not produce

any significant change neither in tumor volume nor in tumor weight of mice with pTRIPZ-

control SK-N-BE(2) tumors (Figure 31).
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Figure 31. Doxycycline does not reduce tumor growth of pTRIPZ-control xenografts. (A) Analysis of
individual tumor growth of pTRIPZ-control transduced SK-N-BE(2) xenografts. (B) Tumor weight at the end
of the experiment. (C) Image of the dissected tumors. Scale bar, 1 cm. (D) Western blot analysis of resected-
tumor samples from pTRIPZ-control. TurboRFP was used as a control of shRNA transgene induction.

Sixteen mice were then injected with SK-N-BE(2) cells previously transduced with pTRIPZ-
shKIF11. When tumor size was ~100 mm?3 (day 18), mice were randomized into control and
shKIF11 groups. At the end of the experiment (day 28), we observed that KIF11 silencing
caused a 3-4-fold reduction in tumor volume (Figure 32A) and weight (Figure 32B). Images
of dissected tumors at day 28 corroborated the decrease in the tumor size between the control
and shKIF11 groups (Figure 32C). We additionally estimated the tumor growth fold change
for each mice between day 18 (beginning of doxycycline treatment) and day 28 (end of the
experiment). Interestingly, we observed that all control mice presented a higher tumor growth
fold change compared to any of the animals randomized into the shKIF11 group (Figure
32D). Western blot analysis also revealed an increase of PARP-1 cleavage in the shKIF11
group, which indicated that neuroblastoma cells underwent apoptosis after KIF11 depletion
in vivo. Western blot analyses and immunohistochemistry confirmed KIF11 depletion and the
induction of the reporter gene turboRFP, which was co-expressed with the shRNA that
targets KIF11 (Figure 32E, F). Moreover, immunohistochemistry of formalin fixed paraffin-
embedded samples showed a marked increase in the phosphorylation of histone H3 at serine
10 in tumor cells, thereby indicating that a significant number of cells were arrested during

mitosis in KIF11 silenced tumors (Figure 32G, H).

90



A B
154 _=
o
T i
E 21.04
o ey
: g ﬁT@
3 3
z 9]
: =8
°
= *
¥
0.0-—o®
8 12162024 28 é é
Time (days post-injection) T 3
E
Mouse ID
SV ST S o (o) ™
™ = v AN 0D D <
- - = = + % +
1 1 1 1 1 1 1
—_ 1
100 _——— KIF
20 A | tRFP
Phospho-H3
15 — L —— (Ser10)
A S PARP-1
100 Cleaved PARP-1

- Dox

X

o
a
+

- Dox

+ Dox

o

Tumor growth (fold change)

G
Phospho-H3 (

e
1ty i

i

Ser10)
R

Phospho-H3 positive cells (%)

] - Dox
[ + Dox
101~ o
gl %

°
6 -

o
%
2o
[

- Dox
+ Dox

Figure 32. Genetic silencing of KIF11 reduces tumor growth in neuroblastoma xenografts. (A) Analysis of
tumor volume of SK-N-BE(2) cells transduced with an inducible shKIF11 lentiviral construct comparing the
effects of KIF11 silencing (+ Dox) vs. control (— Dox). (B) Tumor weight at the end of the experiment. (C)
Image of the dissected tumors. Scale bar, 1 cm. (D) Waterfall plot comparing the change in tumor volume at day
18 (first day of treatment) and day 28 (end of the experiment). (E) Western blot analysis of excised tumors at the
termination of the experiment. (F) Representative image of KIF11 immunohistochemistry in control (— Dox) vs.
KIF11 silenced tumors (+ Dox). Scale bar, 10 um. (G) Representative image of phosphorylation of histone H3
immunohistochemistry from control (— Dox) vs. KIF11-depleted tumors (+ Dox). Scale bar, 100 um. (H)
Quantification of phosphorylation of histone H3 at serine 10 positive cells in formalin-fixed paraffin-embedded
tumor sections (n = 4/condition). *** P < 0.001, two-tailed Student’s t-test.
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4.10. 45C-205 reduces tumor growth of subcutaneous xenografts

To investigate whether 45C-205 mirrored shKIF11 effects iz vivo, we used two subcutaneous
xenografts of neuroblastoma cell lines harboring genomic alterations curtently associated
with poor outcome, such as MYCN amplification (SK-N-BE(2)) or 11q LOH (SK-N-AS)
(18,43). While SK-N-BE(2) tumors from vehicle-treated mice grew exponentially, tumors
from the 4SC-205-treated mice showed a remarkable shrinkage of the original tumors (Figure
33A). Of note, 9 out of 10 mice from the 45C-205 group presented tumor regression and 1
out of 10 presented stable disease (Figure 33B). Western blot analysis showed a significant
increase in phosphorylation of histone H3 at serine 10 and the cleavage of PARP-1 in the
4SC-205-treated group, thereby indicating that tumor cells were arrested during mitosis and

died by apoptosis after 4SC-205 treatment (Figure 33C).

On the other hand, SK-N-AS subcutaneous xenografts of mice treated with 45C-205 showed
a significant delay in tumor growth compared to the vehicle group (Figure 33D). Even though
we did not see neither tumor regression nor stabilization in SK-N-AS xenografts after 4SC-
205 treatment, we observed that the highest fold change tumor growth of 4SC-205-treated
mice was lower than the lowest of the vehicle-treated group (Figure 33E). Increased
phosphorylation of histone H3 at serine 10 and apoptotic hallmarks (i.e. cleavage of PARP-
1) were also found in SK-N-AS xenografts after 4SC-205 treatment (Figure 33F). We suspect
that the difference between SK-N-BE(2) and SK-N-AS response to 45C-205 could be caused
by the rapid growth of the SK-N-AS subcutaneous tumors, which were treated with 4SC-205
only for 7 days.

These results confirmed that the antitumor effect of 4SC-205 was comparable to genetic

KIF11 silencing 7 vivo.
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Figure 33. 4SC-205 impairs tumor growth in subcutaneous xenografts. (A) Individual tumor growth of
xenograft detived from SK-N-BE(2) comparing vehicle (n = 10) vs. 4SC-205 (40 mg/kg, n = 10). (B) Waterfall
plot comparing the change in tumor volume at day 16 post-treatment vs. day 4. (C) Western blot analysis of cell-
cycle and apoptosis-related proteins in SK-N-BE(2) resected tumors. (D) Tumor growth of subcutaneous
xenografts derived from SK-N-AS treated with vehicle (n = 10) or 45C-205 (40 mg/kg, n = 10). (E) Tumor
volume fold change at day 7 post-treatment. (F) Western blot analysis of resected tumors at the end of the
experiment.

To elucidate the molecular effects of KIF11 inhibition in neuroblastoma subcutaneous
xenografts, we proceeded to perform a transcriptomic analysis by RNA-seq of SK-N-BE(2)
xenografts treated with 4SC-205 for 24 hours. We found that 582 genes were downregulated
and 125 were upregulated after 4SC-205 treatment (Figure 34A). Then, we used gene set
enrichment analysis to find functionally related genes that were upregulated or downregulated
upon KIF11 inhibition (Figure 34B). We observed a downregulation of certain proteins
involved in mTOR signaling pathway (Figure 34C, D). Moreover, we confirmed the
upregulation of genes with crucial functions during mitosis, including mitotic kinases (i.e.
PLK1, BUB1, NEK2 and AURKA), mitotic phosphatases (CDKN3), spindle assembly
factors (TPX2, DLGAP5, CENPA and HMMR), kinesins (CENPE, KIF2C and KIF4A),
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and components of the APC/C complex (CDC20) in tumors treated with 4SC-205 (Figure

34E, F).
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Figure 34. Transcriptomic analysis confirms that 4SC-205 arrests xenograft tumors in mitosis. (A) Venn
diagram of the upregulated and downregulated genes after 45C-205 treatment. (B) Gene set enrichment analysis
(GSEA) of SK-N-BE(2) xenografts treated with vehicle or 4SC-205. Graph represents normalized enrichment
score (NES) values of enriched sets with P < 0.05. Up and down mean upregulated or downregulated after 4SC-
205 treatment. (C) GSEA of the “mTORCI1 signaling” gene set of tumors from mice treated with vehicle or 45C-
205. (D) Heat map representing differentially expressed mTOR signaling related genes. (E) GSEA of “G2M
checkpoint” and E2F “targets” gene sets of tumors from vehicle- and 4SC-205-treated mice. (F) Heat map
representing top 20 differentially expressed genes of G2/M checkpoint and E2F targets.
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Tumor volume of subcutaneous xenografts significantly correlated with tumor weight at the

end of the experiment (Figure 35), which confirmed the accuracy of the measurements.
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Figure 35. Tumor weight of subcutaneous xenografts correlates with tumor volume measurements.
Correlation between tumor weight and tumor volume measurements in pTRIPZ-control (A), shKIF11-Clone #3
(B), SK-N-BE(2) (C) and SK-N-AS (D) xenografts treated with vehicle or 45C-205.
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4.11. KIF11 pharmacological inhibition is effective in neuroblastoma PDOX

PDOX have been described to recapitulate the genetic heterogeneity of the original tumor,
as well as its response to therapy (305). To address whether 4SC-205 was also effective in a
model that could closely recapitulate the aggressive behavior of high-risk neuroblastomas, a
fragment of a tumor obtained at the time of diagnosis was implanted in the suprarenal gland
of immunocompromised mice and further expanded into a larger cohort (Figure 36A). Of
note, the PDOX model was derived from a very high-risk neuroblastoma patient who died 6
months after diagnosis due to the lack of response to the standard therapy. To investigate if
the PDOX retained the histopathological features of the original tumor, we compared the
histology of the PDOX and the patient’s tumor. The majority of the original tumor sections
were comprised of round undifferentiated small cells with a high nucleocytoplasmic ratio,
typical features of the undifferentiated neuroblastoma subtype (306). Hematoxylin and eosin
staining revealed that the PDOX preserved all these features (Figure 36B). We additionally
performed the immunohistochemistry staining of synaptophysin and chromogranin A, both
markers of neuroblastoma cells (307,308). Chromogranin A is a hydrophilic acidic protein
expressed in neuroendocrine tissues and malignancies derived from them (309).
Synaptophysin, a glycoprotein expressed in neuroendocrine cells, is also expressed in
neuroendocrine tumors of neural type (310). We detected both synaptophysin and

chromogranin A in the original tumor and the PDOX sections by immunohistochemistry.

Next, we evaluated by WES whether the PDOX conserved the key molecular features of the
original tumor. The copy number analysis revealed that both PDOX and the original tumor
presented chromosome alterations frequently found in neuroblastoma (i.e. 1p loss, gain of
7q and 17q) (43,311,312). Moreover, the PDOX and the original tumor harbored genetic
alterations such as amplification of MYCN, ABCB7 and AI.K¢'?54 mutation (300,313)
(Figure 36C).
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Figure 36. VH-NBG608 PDOX model retains most of histological and molecular features of the original
tumor. (A) Schematic representation of PDOX generation and characterization. (B) Immunohistochemistry of
neuroblastoma markers in formalin-fixed paraffin-embedded tumors sections from the original tumor (upper
panels) and after implantation in mice (lower panels). H&E: hematoxylin and eosin staining. Bar represents 110
um. (C) Copy number analysis of the original tumor and after implantation in mice. CNA commonly found in
neuroblastoma are highlighted.

When tumors were detected by palpation (~300-400 mm?), mice were randomized and
treated 3 times per week for 3 weeks with 40 mg/kg 4SC-205 (Figure 37A). At the end of the
experiment, 4SC-205-treated mice displayed a 14.75 fold reduction in tumor weight
compared to the vehicle group (Figure 37B). Mice treated with 4SC-205 presented small
tumors located in the adrenal gland, whereas vehicle-treated mice had big tumors with the
kidney totally surrounded by the tumor (Figure 37C). Furthermore, 4SC-205 tumors had a
larger fraction of cells with phosphorylation of histone H3 at serine 10, thereby indicating a
specific targeting of KIF11 in those tumors, and suggesting that tumors were still sensitive

to the inhibitor after 3 weeks (Figure 37D, E).
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Results

KIF11 pharmacological inhibition is effective in neuroblastoma PDOX and metastases model
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Figure 37. 45C-205 impairs PDOX growth. (A) Schematic illustration of the treatment schedule. Mice bearing
PDOX wete treated for 3 weeks with either vehicle (n = 7) or 4SC-205 (40 mg/kg, n = 11). (B) Tumor weight
at the end of the experiment. (C) Representative pictures of excised tumors (T: tumor; K: kidney). Scale bar: 1
cm. (D) Representative images of phosphorylated histone H3 immunohistochemistry. Scale bar: 10 pm. (E)
Quantification of phospho-histone H3 positive cells in histological sections from vehicle- and 4SC-205-treated
tumors. Graph represents the average percentage of positive cells + SEM from vehicle or 4SC-205-treated tumors
(10 representative fields/tumor) (n = 5/group). * P < 0.05, *** P < 0.001, two-tailed Student’s t-test.

4.12. 4SC-205 improves overall survival in a metastases mouse model

Since approximately half of neuroblastoma patients present metastases at the time of
diagnosis (306), we proceed to test the efficacy of 4SC-205 in a neuroblastoma metastases
model. The most frequent sites of metastases in neuroblastoma are bone marrow, bones,
regional lymph nodes, liver and skin (67). We found that SK-N-BE(2) injected into the tail
vein of immunocompromised mice formed metastases mainly into the liver and bone

marrow.

After SK-N-BE(2) cells were injected, metastatic growth was followed by i wivo
bioluminescence imaging. Metastases were developed for three weeks and then, mice were
randomized and treated with either vehicle or 40 mg/kg of 4SC-205 three times per week for
one month (Figure 38A). Mice treated with 4SC-205 displayed a smaller increment of

bioluminescence signal compared to mice treated with vehicle, indicating a significant delay
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in metastatic outgrowth (Figure 38B, C). As a consequence, the median lifespan of the

animals treated with 45C-205 was significantly expanded (Figure 38D; vehicle: 33 days vs.
4SC-205: 42 days, P = 0.008).
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Figure 38. KIF11 inhibition prolongs survival of mice bearing neuroblastoma metastases. (A) Scheme of
the experimental design. SK-N-BE(2) cells were injected into the tail vein and 21 days later, mice were randomized
into vehicle (n = 13) and 40 mg/kg 4SC-205 groups (n = 15). Mice received oral administration three times per
week during five weeks. (B) Quantification of individual tumor bioluminescence (left panel). Scatter dot plots
represent the average quantification of tumor bioluminescence = SEM at the indicated time post-treatment (right
panels). ** P < 0.01, two-tailed student’s t-test. (C) Representative images of luciferase activity in 8 mice from
vehicle and 45C-205 treatment groups at 28 days post-treatment. (D) Kaplan-Meier survival curve of mice with
neuroblastoma liver metastases treated with either vehicle or 40 mg/kg 4SC-205 for one month. Statistical
differences were calculated using the Gehan-Breslow-Wilcoxon test.
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4.13. 4SC-205 has a manageable toxicity profile in mice

Pharmaceutical compounds have to be safe and effective to succeed in the clinical trials.
Safety refers that adverse effects can be tolerated by patients and potential benefits outweigh
the risks of the treatment. To evaluate whether 4SC-205 was well tolerated in mice, we
proceeded to analyze the evolution of body weight of control and 4SC-205-treated mice. We
found that 4SC-205 minimally affected mice weight (< 10%) during the treatment (Figure

39A-D), thus offering a new potential therapeutic option for neuroblastoma patients.
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Figure 39. 48-205 is well tolerated in mice. Average (left panels) and individual (right panels) mouse weight
variation during vehicle or 4SC-205 oral administration in SK-N-BE(2) (A), SK-N-AS (B), PDOX (C) or
metastases (D) xenograft models.
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4.14. 4SC-205 enhances standard chemotherapy efficacy

The clinical management of high-risk neuroblastoma patients require the combination of
multiple chemotherapeutic agents with different mechanisms of action, including alkylating
agents (i.e. cisplatin and carboplatin), microtubule poisons (i.e. vincristine), topoisomerase 1
inhibitors (topotecan and irinotecan), and topoisomerase Il inhibitors (etoposide and

doxorubicin).

In an attempt to investigate whether KIF11 inhibition in combination with standard
chemotherapy displayed enhanced efficacy, we selected three chemotherapeutic agents (i.e.
cisplatin, topotecan and doxorubicin) to evaluate their respective combinations with 4SC-

205.

First, we observed that topotecan and doxorubicin alone induced a strong reduction of cell
viability at very low concentrations (10-35 nM). On the other hand, much higher doses of
cisplatin were required to inhibit cell growth (900-1,500 nM) (Table 21).

Table 21. IC50 values for cisplatin, doxorubicin and topotecan in neuroblastoma cell lines.

Cell line IC50 cisplatin (nM)  IC50 doxorubicin (nM) IC50 topotecan (nM)
SH-SY5Y 925 £ 76 10.4 £ 0.7 11.2£0.8
SK-N-BE(2) 1511 + 143 348+ 75 119+15

Several studies suggest that combination of pharmaceutical agents targeting different cell
cycle events can lead to a phenomenon known as cell-cycle mediated drug resistance. These
studies described that a better therapeutic outcome was achieved when antimitotic drugs (i.e.
taxanes) were administered prior to DNA damaging agents (314). Thus, we proceeded to
treat neuroblastoma cells with a sequential combination of 45C-205 for 24 hours and then
add the chemotherapeutic drugs cisplatin, topotecan or doxorubicin for additional 5 days
(Figure 40A). In all cases, the combination of 45SC-205 with chemotherapy almost doubled
therapeutic effect of the single drug treatments (Figure 40B, C).
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Results

4SC-205 enhances standard chemotherapy efficacy
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Figure 40. Combination of 4SC-205 with chemotherapy leads to enhanced efficacy. (A) Scheme of the
experimental design. Images are representative of crystal violet staining of SK-N-BE(2) and SH-SY5Y cells treated
with the indicated drugs and their corresponding combinations (Combo). (B) Heatmaps showing the percentage
of the cellular fraction affected. (C) Graphs represent the average effect on cell viability from of three independent
experiments £ SEM. * P < 0.05, ** P < 0.01, *** P < 0.001, two tailed Student’s t-test.
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To study if the combination of 4SC-205 with cisplatin, doxorubicin and topotecan exerted
synergistic or additive antitumor effects, we analyzed the synergy score using the
SynergyFinder tool (version 2.0) (295). We performed the analysis using the Bliss
independence model, which assumes that the effect of two drugs are independent (315). In
this model, if the synergy score is larger than 10, the combination between two drugs is likely
to be synergistic. If the score value ranges from -10 to 10, the combination is likely to be

additive. Finally, if the synergy score value is smaller than -10, it is likely to be antagonistic.

We observed that the combination between 4SC-205 and cisplatin, doxorubicin and
topotecan exerted additive antiproliferative effects in SK-N-BE(2) and SH-SY5Y cell lines,

as neatly all synergy score values ranged between 0 and 10 (Figure 41).
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Figure 41. Combination of 4SC-205 with standard chemotherapy exerts additive antitumor effects in
neuroblastoma.

The common induction regimen in Europe to treat high-risk neuroblastoma consist of a rapid
and dose intensive chemotherapy, which include cisplatin, vincristine, carboplatin, etoposide
and cyclophosphamide (104). Patients who relapse or do not respond to the standard
chemotherapy schedule are treated with non-cross-resistant drugs such as topotecan and
doxorubicin (125). The underlying assumption is that tumor cells have become resistant to
previously used drugs (316). If 4SC-205 alone or in combination with chemotherapy enter in
clinical studies, it will be used after relapse in patients with advanced neuroblastoma.
Therefore, second-line chemotherapy, such as topotecan or doxorubicin, should be
prioritized to evaluate the combination with 4SC-205 in mice over drugs used in the induction

phase (i.e. cisplatin).
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Since neatly all neuroblastoma patients who relapse present metastatic disease (317), we
tested the combination of 45C-205 and chemotherapy in the SK-N-BE(2) metastases model.
SK-N-BE(2) cells showed to be very sensitive to topotecan (Table 21). For that reason, we

selected this drug to test the combination with 4SC-205 7 vivo.

As both 4SC-205 and topotecan induce hematologic side effects such as neutropenia (318),
we first evaluated the safety of this combination by testing four dosing regimens for
topotecan in combination with 20 mg/kg of 4SC-205 three times per week. We obsetved
that both topotecan 10 mg/kg once weekly and 5 mg/kg twice weekly caused a rapid decrease
in mice weight. On the other hand, the dose of 2.5 and 5 mg/kg of topotecan once weekly
alone or in combination with 4SC-205 did not cause any noticeable side effect (Figure 42).
For that reason, we selected the schedule of 5 mg/kg of topotecan once a week and 20 mg/kg

4SC-205 three times a week to evaluate the efficacy of the combination.
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Figure 42. Combination of 5 mg/kg of topotecan once weekly and 20 mg/kg of 4SC-205 three times per
week is well-tolerated in mice.

SK-N-BE(2) cells were injected into the tail vain of 35 SCID-Beige mice. After 11 days, mice
were randomized into vehicle (n = 7), 20 mg/kg 4SC-205 (n =10), 5 mg/kg topotecan (n =
8) and combo (n = 10) groups. Mice received oral administration of 4SC-205 three times per
week and intraperitoneal injection of topotecan once weekly (Figure 43A). At 28 days post-
treatment, we observed a ~25 and 3,000 fold reduction in bioluminescence activity in mice
treated with 4SC-205 and topotecan alone, respectively. Of note, mice treated with the
combination of 4SC-205 and topotecan presented a 10,000 fold reduction in the

bioluminescence activity (Figure 43B, C). In this line, mice treated with vehicle, 4SC-205,
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topotecan and the combination presented a median survival of 45, 59, 87 and 120 days,

respectively (Figure 43D).
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Figure 43. Combination of 4SC-205 and topotecan expands the lifespan of mice bearing SK-N-BE(2)
metastases. (A) Scheme of the experimental design. (B) Images of luciferase activity at day 0 and 28 post-
treatment. (C) Quantification of luminescence signal = SEM from all imaged mice. (D) Kaplan-Meier survival
curves of each group of mice.
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Even though no substantial changes were found in the liver bioluminescence activity between
topotecan and combination cohorts during treatment (Figure 44A), significant differences
were observed at the end of the experiment where 80% (8 out of 10) of mice treated with the
combination and only 25% (2 out of 8) treated with topotecan presented a complete
remission of liver metastases (Table 22; P = 0.0002). These results indicated that although
topotecan alone efficiently reduced the size of liver metastases during treatment, the

combination of both drugs improved the overall response rate.

Table 22. Relationship between tumor response and treatment.

Site of metastasis Response  Vehicle 4SC-205 Topotecan Combo Pz’;l)ue
0, 0, 0 0,
Liver metastasis PD 7/7 (100%) 10/10 (100%)  6/8 (75%) 2/10 (20%) 0.0002.
CR 0/7 (0%) 0/10 (0%) 2/8 (25%) 8/10 (80%)
0, 0, 0, 0,
Bone marrow metastasis PD 6/6 (100%)  4/4 (100%)  6/7 (85.7%) 1/8 (12.5%) 0.0007
CR 0/6 (0%) 0/4 (0%) 1/7 (14.3%)  7/8 (87.5%)

Abbreviations: PD, progressive disease; CR, complete response

Of note, 87.5% (7 out of 8) of mice treated with the combination presented complete
remission of bone marrow metastases at the end of the experiment. On the contrary, only
14.3% (1 out of 7) of topotecan-, 0% (0 out of 6) of vehicle- and 0% (0 out of 4) of 45C-205-
treated mice were in complete remission (Table 22; P = 0.0007). In this line, mice treated
with the combination presented less bone marrow bioluminescence activity compared to the

other groups (Figure 44B).
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Figure 44. Combination of 4SC-205 and topotecan efficiently removes liver and bone marrow metastases.
Bioluminescence activity of liver (A) and bone marrow metastases (B).
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4.15. 4SC-205 and ALK inhibitors cooperate to impair neuroblastoma growth

Pediatric precision medicine programs led to the discovery of a small number of recurrent
mutations that constitute the basis for the development of targeted therapies against high-
risk neuroblastoma tumors. Among them, 4L K activating mutations or amplifications are
found in a significant number of neuroblastoma patients (32). Thus, we proceeded to
combine 4SC-205 with two ALK inhibitors currently used in clinical trials for neuroblastoma
patients (i.e. ceritinib and lorlatinib). The combination of 4SC-205 with ALK inhibitors was
conducted in SH-SY5Y and KELLY cell lines, which harbor the constitutively activated
mutant ALK protein (F1174L). We found that both cell lines showed a similar reduction of

cell proliferation when were treated with ceritinib and lorlatinib alone (Table 23).

Table 23. IC50 values for ceritinib and lorlatinib in ALK mutated neuroblastoma cell lines.
Cellline  Molecular alteration IC50 ceritinib (nM)  IC50 lorlatinib (nM)
SH-SY5Y ALK mut (F1174L) 74.4 £ 11.6 59.8 £ 10.8
KELLY ALK mut (F1174L) 162.8 *+ 28.7 51.9%6

Abbreviations: mut, mutated

Interestingly, when both ALK inhibitors were combined with 4SC-205, a ~2-3 fold reduction
in cell proliferation was observed compared to lotlatinib and ceritinib alone (Figure 45A-D).
To identify if simultaneous inhibition of KIF11 and ALK exerted synergistic or additive
antiproliferative effects, we treated SH-SY5Y and KELLY cell lines with different
concentrations of 4SC-205 and lotlatinib/ceritinib and calculated the synergy score using the
SingergyFinder tool. We found that the combination of 4SC-205 and ceritinib exerted
synergistic antitumor effects in SH-SY5Y and additive effects in KELLY. On the other hand,

lorlatinib exerted additive antiproliferative effects in both cell lines (Figure 45E).
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Results

4SC-205 and ALK inhibitors cooperate to impair neuroblastoma growth
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Figure 45. 4SC-205 and ALK inhibitors combination impairs neuroblastoma proliferation. (A) Schematic
representation of the experimental design combining 45C-205 and ALK inhibitors. Representative images of
crystal violet of the ALK mutated SH-SY5Y and KELLY cell lines treated with ceritinib and lorlatinib with or
without 4SC-205. (B) Heatmaps show the percentage of the cellular fraction affected by the drug combination
treatments. (C, D) Graphs represent the average = SEM of cell proliferation after combination of 4SC-205 and
ceritinib/lotlatinib in SH-SY5Y (C) and KELLY (D). * P < 0.05, ** P < 0.01, two tailed Student’s t-test. (E)

Combinatorial analysis performed using SynergyFinder tool (version 2.0).
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4.16. 4SC-205 and selumetinib cooperate to reduce neuroblastoma growth

Only 3-5% of newly diagnosed neuroblastoma display mutations in the canonical MAPK
pathway. However, around 80% of relapsed tumors could present genetic alterations

predicted to activate RAS signaling (150).

We first selected two neuroblastoma cell lines with alterations on the RAS/MAPK pathway.
SK-N-BE(2) has a genomic loss of the tumor suppressor NF7, which leads to increased
RAS/MAPK singling (319); and SK-N-AS harbors the NRAS (Q61K) activating mutation
(320).

For combination studies with 4SC-205, we selected the MEK1/2 inhibitor selumetinib.
Selumetinib has shown promising results in children with recurrent low-grade gliomas (151),
and it is currently being tested in phase II studies for children with solid malignancies,
including neuroblastoma, harboring mutations in MAPK pathway (NCT03155620). We
found that selumetinib alone induced a strong reduction in cell growth in both neuroblastoma
cell lines. However, SK-N-AS were much more sensitive to selumetinib than SK-N-BE(2),

54.5 nM and 330 nM, respectively (Table 24).

Table 24. IC50 values for selumetinib in neuroblastoma cell lines.

Cell line Molecular alteration IC50 selumetinib (nM)
SK-N-BE(2) NF1 copy number loss 330 £ 55
SK-N-AS NRAS mut (Q61K) 545 % 15

Abbreviations: mut, mutated

Neuroblastoma cells were then treated with selumetinib combined with 4SC-205 (Figure
46A). We observed that the combination of 4SC-205 with selumetinib exerted additive anti-

tumor effects in both neuroblastoma cell lines (Figure 46B-D).
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4SC-205 and selumetinib cooperate to reduce neuroblastoma growth
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Figure 46. Combination of 4SC-205 and MEK1/2 inhibitors impairs neuroblastoma growth. (A) Schematic
representation of the experimental design combining 45C-205 and selumetinib. Representative images of crystal
violet of SK-N-BE(2) and SK-N-AS treated with selumetinib, 4SC-205 or their combination. (B) Heatmaps
showing the fraction of cells affected after the combination of 4SC-205 and selumetinib at the indicated
concentrations for 48 hours. (C) Graph representing the average percentage of cell proliferation (n = 2/condition)
+ SEM from crystal violet staining. * P < 0.05, ** P < 0.01, two tailed Student’s t-test. (D) Combinatorial analysis
performed using SynergyFinder tool (version 2.0).
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5. Discussion

5.1. Clinical challenges in the management of high-risk neuroblastomas

Neuroblastoma is a highly heterogeneous rare malignancy, ranging from spontaneous
regression to high-risk disease. Standard treatment of high-risk neuroblastoma patients
consists in multimodal therapy which includes high doses of chemotherapy, surgical
resection, and radiotherapy followed by biological and immunological treatments (91).
Although around 80% of patients respond to induction chemotherapy (102), 10-20% will not
achieve remission, and between 50% and 60% of patients who complete treatment will
relapse (321). These relapsed tumors are significantly different from untreated malignancies
due to the presence of acquired molecular and genetic aberrations induced or selected by
prior therapies (322,323), and to date, there are no curative treatments for these patients
(324,325). Therefore, better induction chemotherapy schedules are necessary to improve the
initial response rates, and standard curative second-line therapies must be developed for
refractory and relapsed disease. Thus, high-risk neuroblastoma clinical management remains

a challenge for both oncologists and researchers.

Genome-wide sequencing studies have been conducted to find molecular alterations that lead
to the identification of new therapeutic targets. However, the small number of recurrent
somatic alterations found in neuroblastoma at diagnosis, limits these precision therapies to a
small subset of patients (53). Thus, it is clinically necessary to find therapeutic agents that can
work in a broader number of neuroblastoma patients. Mitotic spindle is a validated target for
cancer therapy in some types of malignancies (326). For instance, in neuroblastoma,
vincristine is used as a standard of care during the induction chemotherapy (104). Classic
antimitotic drugs disrupt microtubule dynamics by stabilizing or destabilizing tubulin
polymers (95). Microtubules are dynamic structural components involved in several cellular
processes, such as cell shape, intracellular trafficking, motility and generating mitotic spindle
(327). Hinder microtubule dynamics not only induces cell death in proliferating cells, but also
affects other cellular processes leading to severe side effects, such as peripheral neuropathy,

which is frequent in patients treated regularly with these drugs (328). For this reason,

113



development of mitotic-specific inhibitors has been thought to be a valid strategy to

overcome dose-limiting toxicities.

In this present work, we propose KIF11 as a therapeutic target for high-risk neuroblastoma
due to: (i) its key role in the mitotic spindle assembly (329), and (ii) the possibility to use the
4SC-205 inhibitor, a KIF11-inhibiting drug that can be orally administered (NCT01065025).
Even though KIF11 mRNA expression has recently been reported to be upregulated in high-
risk neuroblastoma (252), no data regarding the status of KIF11 protein expression has been
published yet in this disease. In this line, we found that KIF11 expression levels, both mRNA
and protein, were consistently upregulated in the high-risk neuroblastoma group. Loss-of-
function approaches using siRNA, shRNA and 45C-205 demonstrated that KIF11 was an
attractive therapeutic target for this particular malignancy. We also examined the efficacy of
4SC-205 in multiple high-risk neuroblastoma models, including subcutaneous xenografts, a
PDOX, and a mouse model for metastatic disease. Our findings validated that 4SC-205
impaired primary and metastatic neuroblastoma growth iz vivo. Moteover, our research also
revealed that KIF11 inhibition using 4SC-205 cooperated with standard of care
chemotherapy (i.e. cisplatin, topotecan and doxorubicin) and targeted anticancer agents
(ALK and MEK1/2 inhibitors) that are currently being tested in neuroblastoma patients (e.g.
NCT03213691, NCT03107988 and NCT02559778).

5.2. KIF11 as a potential prognostic biomarker of survival

KIF17 has been reported to harbor heterozygous truncation mutations in familial exudative
vitreoretinopathy, a rare hereditary disease that cause blindness (330,331), and microcephaly
associated with congenital lymphedema and chorioretinopathy (332,333). In cancer, even
though the specific role of KIF11 has not been fully characterized, several studies showed
that KIF11 was upregulated in several adult malignancies compared to healthy tissues, and
high expression levels correlated with poor survival rates in certain tumors. For instance, in
breast cancer, KIF11 was upregulated in nearly all breast cancer biopsies, and multivariate
analysis showed that KIF11 expression could be an independent prognostic marker for the

survival of these patients (245,246). In hepatocellular carcinoma, Li and colleagues described
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that the upregulation of eight kinesins, including KIF11, was significantly associated with the
tumor stage, pathological tumor grade, and shorter overall survival. KIF11 expression was
also found to be increased in hepatocellular carcinoma compared to normal liver tissues (247).
In oral cancer, KIF11 was expressed in 65% of oral cancer tissues but not in healthy oral
epithelia. Moreover, the authors showed that KIF11 expression correlated with poor
outcome and could be an independent biomarker for survival (248). Additionally, KIF11 was
found to be upregulated compared to healthy tissue in malignant pleural mesothelioma (249),

glioblastoma (254), gallbladder (257), and pancreatic cancer (261).

Accordingly, here we demonstrated that KIF11 is widely expressed in neuroblastoma, and
high mRNA and protein expression levels correlated with high-risk clinical stage and poor
survival. Furthermore, we reported that KIF11 was significantly upregulated in patients with
unfavorable features, including SCA (i.e. 1p36, 11q LOH and gain 17g23), and MYCN
amplification, linked to tumor progression and chemoresistance (18,42). Our results
evidenced that KIF11 expression, both at mRNA and protein levels, could be an independent
biomarker of survival in neuroblastoma, a fact that could be particulatly relevant to predict

the prognosis of patients within the already low/intermediate- or within high-risk groups.

All these findings indicated that KIF11 upregulation could be required for cancer cell
proliferation, and its overexpression might cooperate in developing a more aggressive
malignancy. An important issue will be to determine whether KIF11 expression can
distinguish between neuroblastoma patients that do not relapse and those who eventually
relapse and become resistant to additional therapies. Interestingly, data mining using R2
visualization platform revealed that tumors from relapsed patients presented higher levels of
KIF11 mRNA (Figure 47). Nevertheless, additional studies have to be performed to elucidate
if KIF11 upregulation in those tumors occurred due to a role of this protein in neuroblastoma

aggressiveness or was a mere consequence of its overexpression in high-risk disease.
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Figure 47. High expression of KIF11 correlates with neuroblastoma patient recurrence. KIF11 expression
in neuroblastoma patients who did not relapse compated with patients who relapse (n = 498). *** P < 0.001.

5.3. Why is KIF11 more expressed in high-risk neuroblastoma?

Our data determined KIF11 as an independent prognostic marker for high-risk disease. In
this context, a question remains to be elucidated: Why is KIF11 more expressed in patients
with high-risk neuroblastoma? We still do not know if the consistent KIF11 overexpression
is due to its role in tumorigenesis or is a consequence of the higher proliferation rate of these

tumors.

There are multiple studies supporting that KIF11 overexpression could contribute to
tumorigenesis in distinct cell types. For instance, Castillo and colleagues reported that a
transgenic mice model overexpressing Kifl1 under control of Pim1 promoter generated a
broad spectrum of tumors with genetic instability and aneuploidy (244). Specifically, 24%
(41/170) of these mice generated hematologic or solid malignancies. These results suggested
that the aberrant expression of KIF11 leaded to cancer malignant transformation in multiple
cell types. The authors did not report any case of neuroblastoma, which indicated that (i)
KIF11 by itself may not be a main driver oncogene in this particular neoplasm or (i) that
Pim1 promoter might not induce sufficient Kifl1 overexpression in neural crest cells to
induce tumorigenesis in this specific cell type. Genetically engineered mouse models that
overexpress Kifll under tyrosine hydroxylase promoter would elucidate whether Kifl1

aberrant expression is sufficient to drive neuroblastoma onset.
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KIF11 is located on the long arm of chromosome 10 (10q23.33). Even though SCA and
genetic amplifications ate frequent in neuroblastoma (334), no 10923 gains or KIF77
amplifications have been described in this malignancy, suggesting that 10923 genomic
alterations are not the cause of KIF11 increased expression in high-risk neuroblastoma. In
the same line, according to cBioportal for Cancer Genomics (http://www.cbioportal.org/),
among 240 neuroblastoma patients, no mutations were detected in KIF77. Thus, we suggest
that other mechanisms of regulation may explain KIF11 overexpression rather than genomic

amplifications or mutations.

Another mechanism that might lead to KIF11 overexpression could be a defective
degradation of the protein. KIF11 is degraded by the APC/C-CDH1 complex (233), which
has been described to act as a tumor suppressor (335,336). Unfortunately, no data regarding

APC/C-CDHI1 activity in neuroblastoma has been published yet.

Another option would be to investigate which transcription factors could bind to KIF11
promoter and contribute to its overexpression in high-risk neuroblastoma. Transcription
factors are transcriptional regulators whose aberrant activation and/or expression can lead
to deregulation of their target genes (337). MYCN is a transcription factor that promote cell
growth and proliferation. About 20% of all neuroblastoma patients present MYCN
amplification (> 10 copies), and its amplification is one of the most important markers
associated with poor outcome (4,19,50). We found a positive correlation between KIF11 and
MYCN mRNA levels. Additionally, tumors with MYCN amplification presented increased
KIF11 mRNA levels compared to MYCN non-amplified neuroblastomas. Of note, Murphy
and colleagues showed using ChIP-on-chip analyses that MYCN binds to the promoter of
KIF77 in Tet21N neuroblastoma cells (297). All these findings suggested that MYCN could
regulate KIF11 expression in neuroblastoma. When we analyzed KIF11 protein expression
in Tet2IN cell line, we found that KIF11 mRNA and protein were downregulated after
MYCN silencing. However, we did not observe any clear association between KIF11 and
MYCN protein levels in a panel of nine neuroblastoma cell lines, and when MYCN was
silenced or overexpressed in other neuroblastoma cell lines, KIF11 protein levels remained

unaltered. These results suggested that even though KIF11 may be regulated by MYCN,
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other transcription factors might be more relevant to control KIF11 expression in

neuroblastoma.

To date, only AP-1 transcription factor, an heterodimer composed by the Jun, Fos and ATF
protein families, has been described to regulate KIF11 (338). To evaluate if AP-1 could be
controlling KIF11 in neuroblastoma, we carried out an iz silico analysis using the R2
visualization platform to correlate the expression of KIF11 and members of Jun, Fos and
ATF protein families. We did not find any positive correlation between KIF11 and these
proteins (Table 25). These evidences suggested that the AP-1 complex may not regulate

KIF11 in this particular tumor.

Table 25. [ silico correlation analysis between the expression of KIF11 and the AP-1 complex subunits.

GSEA45547 (n = 649) GSE62564 (n = 498)

Transcription Correlation Correlation

factoI; coefficient (R) P value coefficient (R) P value
c-Jun -0.301 4.5E-15 -0.051 0.260
JunD -0.198 3.7E-07 -0.228 2.7E-07
JunB -0.413 4.2E-28 -0.004 0.927
c-Fos -0.333 3.1E-18 -0.208 2.7E-06
FosB -0.301 4.2E-15 -0.203 4.9E-06
Fra-1 -0.018 0.64 0.143 1.4E-03
Fra-2 -0.285 1.3E-13 -0.102 0.023
ATF2 0.039 0.32 0.184 3.6E-05
ATF3 -0.375 3.7E-23 0.198 8.2E-06
ATF4 -0.119 2.4E-03 0.171 1.2E-04
B-ATF -0.296 1.3E-14 -0.18 5.4E-05

To identify transcription factors that induce KIF11 overexpression in neuroblastoma, we
carried out an s silico analysis correlating KIF11 expression with 720 proteins with
transcriptional regulation activity through the R2 visualization platform. Interestingly,
FOXM1, MYBL2 and E2Fs were the transcription factors with higher Pearsons’s correlation
coefficient with KIF11. All of them are related to oncogenesis (Table 26).
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Table 26. I silico correlation analysis between the expression of KIF11 and 720 transcription factors. Only
transcription factors with positive correlation are listed in the table.

GSE45547 (n = 649) GSE62564 (n = 498)
Correlation Correlation
Gene coefficient ®) L V" | coefficient ®) L VAU
FOXM1 0.843 1.57E-173 0.927 1.21E-210
E2F7 0.829 3.02E-163 0.832 6.39E-127
E2F8 0.821 2.57TE+157 0.857 6.54E-143
MYBL2 0.79 1.91E-137 0.91 3.80E-189
E2F1 0.773 5.42E-128 0.899 9.01E-178
ZNF93 0.767 1.31E-124 0.743 1.04E-96
E2F2 0.764 1.89E-123 0.837 7.16E-130
TCF19 0.744 1.37E-113 0.783 2.08E-102
E2F3 0.679 4.37E-87 0.735 8.78E-84
ZNF367 0.661 6.05E-81 0.887 3.71E-166

FOXMT is a transcriptional regulator essential for cell proliferation and cell cycle progression
through the activation of several genes involved in mitosis (339). FOXM1 was found to be
overexpressed in most human cancers, and it is a promising molecular target for cancer
therapy (340), including neuroblastoma (341). Interestingly, Thiru and colleagues reported
that cell division genes are usually coordinately regulated as part of a general activation of the
cell division program that seems to occur downstream of FOXM1 (342). These results
suggested that KIF11 might be a member of a large cluster of mitotic proteins regulated by
FOXMI1 and/or other transcription factors involved in mitosis. In this line, chromatin
immunoprecipitation followed by sequencing (ChIP-seq) to study the chromatin binding
profile of FOXM]1 revealed its interaction in genes involved in controlling late cell cycle
events in G2/M phases (343,344). Coordinated expression of mitotic genes suggests that
KIF11 overexpression itself is unlikely to activate the cell division program and induce
genomic instability in malignant cells. Supporting these results, Carter and colleagues
described a signature of cell cycle genes whose overexpression predicted poor clinical
outcome in various cancer types (345). In this line, we found that 13 of the 16 previously
described mitotic kinesins (175), such as KIF11, KIF20A, CENPE, KIF18A, were
significantly more expressed in high-risk than low- and intermediate-risk neuroblastoma
(Table 27). Thus, mitotic genes, including kinesins, seem to be frequently upregulated

together in human cancer as a result of malignant transformation.
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Table 27. Fold change of the expression of mitotic kinesins in high-risk vs. low- and intermediate-risk
neuroblastoma patients. The analysis was assessed using SEQC498 dataset (GSE62564; n = 498).

Gene symbol Family F.old change (hi.gh-risk vs. low- and Pt
intermediate-risk neuroblastoma)

KIF4A 4 2.25 537E-47
CENP-E 7 2.24 4.88E-33
KIF18A 8 2.20 1.09E-43
KIF15 12 2.19 5.97E-31
KIF4B 4 2.18 591E-42
KIF20A 6 2.04 1.60E-32
KIF18B 8 1.94 2.09E-24
KIFI11 5 1.92 2.36E-27
KITFC1 14A 1.83 3.78E-24
KIF23 6 1.82 497E-28
KIF14 3 1.72 5.20E-21
KIF2C 13 1.60 5.15E-15
KIF22 10 1.50 5.85E-31
KIF20B 6 1.49 9.21E-18
KIF24 13 -1.06 2.70E-02
KIF2B 13 = =

Overall, it is unlikely that KIF11 deregulation itself induce neuroblastoma tumorigenesis.
However, coordinated overexpression of KIF11 together with other cell division
components may be necessary to maintain the cell division program and induce genomic

instability in this particular tumor.

5.4. Targeting KIF11: exploring mitotic arrest and apoptotic cell death

Several studies have investigated the therapeutic potential of KIF11 inhibition in multiple
types of human cancer. Overall, results indicate that KIF11 inhibition halts cell cycle
progression in mitosis, and subsequently, induces apoptosis through the activation of
executioner caspases (e.g. CASP3) (346). In this line, a study recently published in Science
Translational Medicine by Hansson and colleagues, showed that neuroblastoma cells treated
with filanesib stopped proliferating and died through this particular mechanism (252). Our
results are consistent with these previous findings. KIF11 loss-of-function experiments using

both genetic (i.e. siRNA and shRNA) and pharmacological tools (4SC-205) indicated that
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neuroblastoma cells are highly sensitive to KIF11 depletion, and strengthened the essential

role of KIF11 in neuroblastoma proliferation.

In this thesis, we provided a complete preclinical characterization of the KIF11 inhibitor
4SC-205. We observed that neuroblastoma cells treated with 4SC-205 displayed the
morphological features expected for KIF11 loss of function, i.e., incapacity of forming
bipolar spindles. Moreover, we reported that 4SC-205 caused G2/M cell cycle arrest, which
subsequently induced accumulation of CCNBI1, an essential cyclin to initiate and sustain
mitosis and also for inhibiting mitotic exit (347), and increased histone H3 phosphorylation
at serine 10, a serine residue phosphorylated during mitosis (348). Interestingly,
neuroblastoma cells treated with 45C-205 displayed high KIF11 protein levels. That could be
explained by the fact that KIF11 is regulated during cell cycle being more expressed in mitosis
and being degraded by APC/C-CDHI1 during mitotic exit (233). These results confirmed the
high KIF11 specificity of 45C-205.

It has been described that the death of cells arrested in mitosis is generally mediated by the
caspase-dependent apoptotic pathway controlled by BCL-2 family proteins (349-351). This
family is divided into three groups based on their function (i) anti-apoptotic proteins,
including BCL-2, BCL-xLL and Mcl-1, (ii) pro-apoptotic pore-formers proteins, such as BAK
and BAX, and (iii) pro-apoptotic BH3 proteins, e.g. NOXA and PUMA. The BCL-2 family
members mediate apoptosis by direct binding interactions that control mitochondrial outer
membrane permeabilization (MOMP) which results in caspase activation and apoptosis. The
affinities and the relative abundance of these proteins dictate the prevalent interactions
between anti-apoptotic and pro-apoptotic BCL-2 family members that control MOMP (352).
In cells arrested in mitosis, the CDK1-CCNB1 complex mediates BCL-2 and BCL-xL.
phosphorylation, which does not affect protein levels but could prevent their association with
the pro-apoptotic BCL-2 family members, such as BAX (353). Moreover, phosphorylation
of Mcl-1 during mitosis by CDK1 and other kinases leads to Mcl-1 degradation which enables
the release of pro-apoptotic proteins, such as BAK, and thus promotes apoptosis (354-350).
Of note, it has been reported that NOXA accumulates in G2 phase, and binds to Mcl-1

during mitosis triggering co-degradation of both proteins (351). Interestingly, we found that
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KIF11 inhibition using 4SC-205 resulted in Mcl-1 and NOXA degradation, and no changes

in BCL-2 and BCL-xL protein expression were observed upon KIF11 inhibition (Figure 48

and 49). Collectively, our data suggested that KIF11 loss-of-function using 4SC-205 leaded

to cell cycle arrest in mitosis, and a subsequent cell death induced by the inhibition and

degradation of the anti-apoptotic BCL-2 family protein Mcl-1. However, as the particular

mechanism that induce mitotic cell death is still controversial (357), additional experiments

should be performed to elucidate the exact mechanism that promote apoptosis in

neuroblastoma cells arrested in mitosis.
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5.5. 4SC-205 is a candidate therapeutic agent for high-risk neuroblastoma

KIF11 inhibition using different pharmacological agents has been evaluated in multiple
preclinical models representing different malignancies. For instance, filanesib showed to be
effective in preclinical studies of hematologic malignancies (358,359) and solid malignancies
(360), including neuroblastoma (252). Similarly, ispinesib demonstrated efficacy in several
preclinical studies in solid adult malignancies such as breast cancer (361), glioblastoma

(254,362), and in a panel of diverse pediatric hematologic and solid malignancies (363).

In this study, 4SC-205 has shown significant antitumor activity in different preclinical models
of neuroblastoma, supporting its potential for therapeutic intervention in high-risk disease.
In vitro, 4SC-205 presented a broad antiproliferative effect in a panel of 7 neuroblastoma cell
lines with distinct genetic alterations. The 7 vitro activity profile of 4SC-205 was characterized
by nanomolar concentration range IC50 values for all cell lines. Interestingly, 4SC-205
exhibited no apparent specificity for MYCN and TP53 status. I vivo, we tested this inhibitor
in different types of tumor xenograft mouse models, including a PDOX and a metastatic
mouse model. 45C-205 proved to be effective in subcutaneous xenografts from SK-N-BE(2)
and SK-N-AS cell lines, both of them derived from high-risk neuroblastoma. Moreover, we
evaluated 4SC-205 efficacy in a PDOX derived from a very high-risk neuroblastoma patient
who did not respond to the standard of care. In line with the subcutaneous xenografts, mice
treated with 4SC-205 presented smaller tumors than vehicle-treated mice. Interestingly, we
observed an increased ratio of cells with phosphorylation of histone H3 at serine 10, thereby
suggesting than these tumors were still sensitive to 45C-205 after 3 weeks of treatment. As
most high-risk neuroblastomas display metastatic lesions at diagnosis, and metastases remains
the main cause of the deaths of solid cancer patients (364), inhibition of metastatic growth is
crucial to improving a person’s chance of survival. For this reason, we tested 4SC-205 efficacy
in mice with SK-N-BE(2) metastases. We observed that KIF11 inhibition using 45SC-205
resulted in metastases growth attenuation and extended survival of the animals. In
conclusion, 45C-205 was effective in diverse preclinical xenograft models, including tumors
with MYCN amplification (SK-N-BE(2) and VH-NB608 PDOX), 11q LOH (SK-N-AS),
ALK activating mutations (VH-NB608 PDOX), and TP53 mutations (SK-N-BE(2) and SK-
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N-AS), suggesting that it might be useful in the treatment of a broad range of high-risk

neuroblastomas.

One of the major concerns of cancer survivors is the long term side effects derived from
cancer treatment. Standard therapeutic strategies and salvage treatments for high-risk
neuroblastoma are based on high doses of chemotherapeutic agents and radiotherapy.
Although these regimens have leaded to a significant improvement in survival and relapse
rates, almost all patients experience treatment-associated acute side effects, including
chemotherapy-induced renal dysfunction, pain and impaired growth. Furthermore, serious
late side effects, such as hearing loss, hypothyroidism and an increased risk of developing a
second neoplasm, are common in these children (160). The vast majority of side effects are
derived from the mechanism of action of the chemotherapeutic agents and radiotherapy.
Radiation and most chemotherapy disrupt DNA strings, which cause cell cycle arrest and the
activation of the DNA damage response machinery. Cell death is ultimately activated with
the aim of eliminating irreversibly damaged cells (365). Standard chemotherapy and
radiotherapy not only target rapidly dividing cancer cells but also certain healthy tissues.
Mutations and chromosome aberrations in normal cells can lead to the development of
second neoplasms (366-368). Therefore, alternative therapies safer than standard

chemotherapy and radiotherapy are necessary for these children.

At this point, a question regarding the safety of KIF11 inhibitors remains to be elucidated:
Are KIF11 inhibitors safer than conventional chemotherapy and radiotherapy? Conventional
anti-tubulin agents and antimitotic inhibitors display a similar mechanism of action to induce
mitotic arrest and a subsequent cell death 7 vitro (369). However, microtubule poisons have
limitations, including innate or acquired resistance and dose-limiting neurotoxicity derived
from interfering with the axonal integrity and transport (328,370). For this reason, inhibition
of proteins specifically involved in mitosis, such as KIF11, without affecting other cellular
processes has been thought to (i) improve response rates, and (ii) avoid acute and late side

effects derived from the toxicity of these drugs in non-proliferating tissues.

In this study we reported that differentiated SH-SY5Y remained unaltered after KIF11

inhibition, whereas only ~10% of undifferentiated SH-SY5Y cells were alive after 48 hours
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at the same dose. Therefore, 4SC-205 seemed to be specifically effective in neuroblastoma
proliferating cells rather than in differentiated cells. Nevertheless, we should take into account
that certain healthy tissues, such as bone marrow and gut, display higher proliferation rates
than most tumors, and KIF11 inhibition is likely to cause mitotic arrest and cell death in these
particular tissues (371). In this line, Castillo and colleagues reported that KIF11 is
fundamental for maintenance of embryogenesis (372). Therefore, KIF11 seems to be
essential for cell cycle progression of most human cells, both malignant and non-malignant.
For this reason, we cannot discard dose-limiting toxicities derived from those tissues with
high proliferation rates. Clinical trials using distinct KIF11 inhibitors (e.g. filanesib, ispinesib
and 4SC-205) showed that all of them are generally well-tolerated with no indications of
neurotoxicity; however, side effects such as neutropenia, anemia, leukopenia,
thrombocytopenia, fatigue, diarrhea, nausea and vomiting are frequent (373,374). Therefore,
KIF11 inhibition seems to affect hematopoietic precursors inducing a decrease in the number
of leukocytes, platelets and red blood cells, also common in patients treated with
chemotherapy (375). Concerning second neoplasms derived from cytotoxic drugs, KIF11
inhibition using siRNA and monastrol has been described to increase chromosome instability
in different cell lines (376). Chromosome instability is well-known for its contribution with
oncogenesis and disease aggressiveness by enhancing tumor heterogeneity and clonal
evolution, which ultimately facilitate tumor adaptation to stressful environments and
cytotoxic anticancer drugs (377). Therefore, it would be interesting to carry out #n vive
experiments to investigate if KIF11 inhibition using distinct pharmacological agents can lead
to the development of second neoplasms caused by KIF11 loss of function. A positive aspect
of 4SC-205 is that its continuous daily treatment might enable the administration of lower
doses compared to other KIF11 inhibitors, and thereby reduce the main side effects of

inhibiting KIF11 in healthy tissues.
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5.6. Overcoming treatment resistance: combination therapies

5.6.1. Results of clinical trials of KIF11 inhibitors

Even though KIF11 inhibitors showed promising preclinical results with low nanomolar
biochemical potency and tumor regression, clinical efficacy has been insufficient for most
agents (184). More specifically, in the case of AZD4877 (378), in a phase I clinical study, only
four out of the 22 patients (18%) with relapsed/refractory solid tumors and lymphoma
presented stable disease, and no complete or partial responses were observed among these
patients (379). In a phase II study of patients with advanced urothelial cancer, only one out
of the 39 patients (2.6%) treated with AZD4877 achieved a partial objective response, and
seven patients (18%) presented stable disease for more than eight weeks (271). In a phase
I/1I study of AZDA4877 in patients with acute myeloid leukemia, no objective responses were
observed in evaluable patients (380). In case of MK-0731 (381), although no objective tumor
responses were achieved, four out of 28 patients (14%) with solid tumors treated with the
maximum tolerated dose (MTD) presented disease stabilization for more than 5 months
(382). Similar results were obtained in a phase I study of ARQ 621 (383) in patients with solid
malignancies, where six out of 48 patients (12.5%) achieved disease stabilization for more
than 4 months (384). In the case of LY2523355 (litronesib) (385), a phase I study showed
that two out of 7 evaluable patients (28.6%) with advanced solid tumors achieved disease
stabilization (380). In this line, seventeen out of 86 evaluable patients (20%) maintained stable
disease for more than 6 cycles, and only two patients (2%) achieved partial response in a

phase II study of LY2523355 in patients with advanced malignancies (387).

Ispinesib (SB-715992) has been extensively evaluated clinically in multiple tumor types
showing good safety and tolerability profile. However, limited responses were achieved after
administration of ispinesib, being stable disease the best response in most cases, including
melanoma (35% of patients) (270), metastatic squamous cell carcinoma of the head and neck
(25%) (388), hepatocellular carcinoma (47%) (389), renal cell cancer (30%) (390), pediatric
solid tumors (12.5%) (391), and in distinct advanced solid tumors (30%) (392). In the case of

breast cancer, the results were slightly better for ispinesib, as one out of 15 patients (6.7%)

126



achieved partial response and nine out of 15 (60%) showed stable disease lasting at least 42
days (373). Interestingly, ispinesib did not show neither objective responses nor stable disease
in androgen-independent prostate cancer patients previously treated with taxanes (393). The
authors suggested that the lack of efficacy of ispinesib was caused by the low mitotic index
of primary prostate tumors and the poor levels of the KIF11 protein in these cancer. On the
contrary, when ispinesib was combined with docetaxel, seven out of 24 patients (29%) (six
of them with androgen-independent prostate cancer) showed stable disease lasting more than

18 weeks (394).

A phase I study using the inhibitor SB-743921 in patients with advances solid tumors or
relapsed/refractory lympohomas provided similar results. Six out of 41 patients (28.6%) had
stable disease for over four cycles, and one patient (2.4%) with metastatic
cholangiocarcinoma achieved partial response and remained in the study until disease
progression after neatrly 12 months (395). As neutropenia was detected as the only dose
limiting toxicity, SB-74921 was combined with the granulocyte-colony stimulating factor (G-
CSF) to stimulate the bone marrow, specifically the proliferation and differentiation of the
neutrophilic granulocyte lineage. Interestingly, patients supported by G-CSF presented a
MTD 50% higher than patients treated with SB-74921 alone, 9 mg/m? and 6 mg/m?
respectively. In this clinical study, four out of 56 patients (7.1%) achieved partial response,
19 experienced stable disease (34%), and 33 had progressive disease (59%). These results
showed that stimulation of bone marrow with G-CSF enabled the increase of the MTD of

SB-74921, which ultimately increased the efficacy of this drug (396).

ALN-VSP is a lipid nanoparticle formulation of siRNA targeting KIF11 and VEGF. In a
phase I trial in cancer patients with liver involvement, ALN-VSP was well tolerated and
reached liver tumors and multiple metastases. Interestingly, one out of 37 evaluable patients
achieved complete response. This particular patient presented an endometrial cancer with
multiple hepatic and lymph node metastases. The complete regression was obtained after 40
doses. The patient remained in remission and completed the treatment after receiving 50
doses. Three additional patients achieved stable disease for at least 8 months (397). These

results highlight the importance of testing combination therapies with the aim to potentiate
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the efficacy of each drug. Unfortunately, no further clinical studies of ALN-VSP have been

performed to date.

Filanesib is a potent KIF11 inhibitor that showed promising results in multiple preclinical
studies in distinct tumor types; specifically, partial or complete responses were reported in
thirteen out of 16 xenograft models (81%). Of note, hematologic tumors were especially
sensitive to the inhibitor with a 100% complete response in some models (359). Filanesib
was eventually tested in multiple clinical studies, including solid and hematologic
malignancies. Filanesib was first tested as monotherapy in a phase I study in patients with
advanced or refractory myeloid leukemia. Of 34 evaluable patients, one (3%) achieved partial
response, and 10 (28%) had stable disease (398). For solid malignancies, stable disease was
the best response observed in seven out of 39 evaluable patients (18%) (374). On the other
hand, a phase 2 clinical study of multiple myeloma patients showed encouraging results.
Response rates (= partial response) were observed in 16% of patients treated with filanesib
alone, and 15% in patients treated with filanesib in combination with dexamethasone, a
steroid drug frequently used in the treatment of multiple myeloma (399). Interestingly,
combination of filanesib with bortezomib, a proteasome inhibitor approved for patients with
multiple myeloma, and dexamethasone, showed promising results in a phase I clinical study
in multiple myeloma patients. Of 19 patients treated with = 1.25 mg/m? of filanesib (days 1,
2, 15 and 16 of a 28-day cycle), and 1.3 mg/m? of bortezomib and 40 mg/m? of
dexamethasone (days 1, 8 and 15), one patient (5%) achieved neatly complete response, four
(21%) experienced very good partial responses, and 3 (16%) had partial response.
Prophylactic G-CSF was incorporated to avoid hematologic toxicities (400). Similar results
were obtained when filanesib was combined with the second generation proteasome inhibitor
carfilzomib and dexamethasone. Five out of 63 patients (8%) with multiple myeloma
achieved very good partial response, and eighteen (29%) experienced partial response (401).
Importantly, the efficacy of filanesib was found to be better in patients with low levels of a-
1 acidic glycoprotein (AAG), as they had superior response (overall response rate of 62% vs.
17%) and longer median progression-free survival (9 vs. 2 months) than patients with high

AAG levels (> 800 mg/1) (402). Therefore, AAG levels in serum could be used as a biomarker
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of response to filanesib, and specific selection of patients depending on AAG levels might

increase filanesib response rates.

In the case of 45SC-205, a phase I clinical study involving 59 patients with advanced solid
malignancies and malignant lymphomas refractory to prior standard therapies was
performed. Patients were randomized in different cohorts and treated once weekly, twice
weekly or daily with different doses of 4SC-205. Fifteen patients (25.4%) showed stable
disease as their best response during the course of this study. Best response results were
observed in the 20 mg continuous daily dosing group, with 4 out of 6 patients (66.7%)
achieving stable disease, and in the 50 mg once-weekly dosing group with 3 out of 3 patients
(100%). Interestingly, daily dosing scheme was better tolerated than the other treatment
schedules, and 10 and 20 mg seemed to be the doses of the daily dosing regimen that were
best tolerated (272,403). Importantly, prophylactic G-CSF could still be incorporated to

increase the MTD of 45SC-205 in order to increase its efficacy.

5.6.2. Why excellent KIF11 inhibitors failed in clinical trials?
The proliferation rate paradox

Among all KIF11 inhibitors tested in clinical trials, filanesib showed the best results. This
brings up an important question: why did filanesib work and the others did not? We know
that the other compounds, i.e. ispinesib, AZD4877, L.Y2523355, SB-743921, ARQ 621, and
MK-0731 were targeting KIF11 as they targeted normal cell proliferation inducing
neutropenia. However, pharmacokinetics properties between these compounds were very
distinct (Table 28). The elimination half-life of filanesib was more than 90 hours, wheteas
other compounds presented a half-life below 30 hours. Therefore, the longer half-life of
filanesib compared to other KIF11 compounds might be one determining factor for the

better efficacy of filanesib in clinical studies.
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Table 28. Pharmacokinetics properties and administration schedules of KIF11 inhibitors (modified from (184)).

Inhibitor Company ml:’:::;njise EE:;‘;:“;:“ Administration schedule
Filanesib Array BioPharma 1.5 m)g/m2 >90h 1, 2,15, and 16 of a 28-day cycle
1.Y2523355 Eli Lilly & Co. 8 mg/mz 10-31h 1, 5and 9 of a 21-day cycle
4SC-205 4SC AG 20 mg 10 h Daily
ALN-VSP02 Alnylam 1 mg/kg 10 h Two times weekly
Ispinesib Cytokinetics 18 mg/m2 16 h Day 1 of each 21-day cycle
AZD4877 AstraZeneca 11 mg 16 h 1, 4, 8 and 11 of a 21-day cycle
SB-743921 Cytokinetics 4-6 mg/m2 29h Day 1 of each 21-day cycle
ARQ 621 Merck & Co. 280mg/m’ = Once weekly
MK-0731 Merck & Co. 16 mg/ m’ 6h Day 1 of each 21-day cycle

Another key factor for the efficacy of KIF11 inhibitors might be the proliferation status of
the tumor. It is known that most solid tumors, including the chemo-sensitive ones, have low
proliferation rates. This phenomenon, which became known as the proliferation rate paradox
(371), may be determinant for antimitotic targeted drugs. Antimitotic compounds, including
KIF11 inhibitors, are only effective during mitosis and, therefore, have to be present long
enough to be effective in patients with slow proliferating tumors. Specifically, the agent
should remain in the tumor in sufficient concentration longer than the duration of the cell
cycle in the particular tumor. Filanesib, with a half-life of more than 90 hours, seemed to
accomplish that objective in some malignancies with high proliferation rates, i.e. multiple
myeloma. Supporting this hypothesis, promising results were obtained with the continuous
dosing schedule of 20 mg/daily of 4SC-205, where 67% of patients presented stable disease
for more than 100 days (272). Therefore, continuous administration of antimitotic drugs
could overcome the proliferation rate paradox and improve the therapeutic index of these

compounds.

Functional plasticity of mitotic kinesins to replace KIF11 function

There are 45 members of the kinesin superfamily, and at least 16 of them play important
roles during mitosis (175). Among them, KIF11 is essential for spindle formation during
mitosis through crosslinking antiparallel microtubules and providing the forces for
centrosome separation. Another one, KIF15, was described to enable centrosome separation

during bipolar spindle assembly (404). KIF15 was found to be able to change its normal
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localization in the spindle microtubules and contribute to bipolar spindle formation during
prometaphase (405). Raaijmaker and colleagues elegantly demonstrated that KIF15 could
replace KIF11 activity during mitosis. The authors generated human cells that could grow in
the complete absence of KIF11 activity (406). Surprisingly, they observed that KIF11-
independent cells needed KIF15 in prometaphase but not in prophase, where nuclear
envelope-associated dynein drove prophase centrosome separation. Therefore, combination
of KIF11 and KIF15 inhibitors could be a promising therapeutic strategy to target rapidly

proliferating cancer cells.

In the same line, KIF11 inhibition sensitivity could be related to the timing of centrosome
separation. Mardin and colleagues described that epidermal growth factor (EGF) signaling
stimulated eatly centrosome separation in S phase, which ultimately impaired mitotic arrest
upon KIF11 inhibition (407). In this model, KIF11 was also not required in prometaphase,
since KIF15 replaced KIF11 to drive spindle assembly.

Alterations of proteins that antagonize KIF11 function during prophase were found to
confer resistance to mitotic arrest induced by KIF11 inhibition. CDK1 is the master regulator
that drive and oppose centrosome separation to control the appropriate balance for correct
chromosome alignment during prophase. Specifically, CDK1 stimulates KIF11 proper
localization by phosphorylating its C-terminal. KIF11 phosphorylation induces its binding to
microtubules, and drives centrosome separation. On the other hand, CDKI1 also
phosphorylates Tiam1 (S1466), which antagonize KIF11 function by activating Pak1/2.
Whalley and colleagues reported that depletion of Pak1/2 enabled cells to evade monopolar
arrest induced by KIF11 inhibition (408). Thus, the modulation of Tiam1-Pak axis might
potentially confer resistance to KIF11 inhibitors. However, further studies of this pathway
need to be performed to elucidate whether this modulation is one of the factors that confers

resistance against KIF11 inhibitors.
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KIF11 point mutations

Genomic instability, a feature of most tumors, might be one of the reasons for the lack of
efficacy of KIF11 inhibitors. Genomic instability includes aneuploidy, chromosome
rearrangements and mutations in nucleic acid sequences (409). Preexisting mutations within
the L5 loop of KIF77 in the tumor could lead to a reduction of affinity between the KIF11
inhibitor and the protein. In fact, amino acid changes in the binding pocket have been
reported to induce resistance to monastrol, BRD9647, STLC, SB-743921, filanesib and
ispinesib (reviewed in (184)). However, it is difficult to think that most tumors harbor
preexisting specific mutations within the KIFF77 that result in resistance to KIF11-inhibiting
agents. In fact, to find those particular mutations, most authors had to perform extensive
mutagenesis analysis in the allosteric binding site (410,411) or clonal selection of tumor cells
exposed to KIF11 inhibitors (412,413). Interestingly, Wacker and colleagues reported that
only 4 out of 14 (28.5%) clones resistant to STLC harbored mutations within KIF77 (413).
In the same line, no clinically relevant KIF77 mutations have been reported to date in any
clinical trial testing KIF11-inhibiting agents. This data suggest that the proliferation rate
paradox and the functional plasticity of KIF15 to replace KIF11 function might be more

relevant for the lack of efficacy of KIF11 inhibitors than point mutations in KIF77.

5.6.3. Combination of KIF11 inhibitors with standard and targeted therapies

Drug resistance is one of the major problems in the oncology field. Even though most tumors
initially go into remission, they frequently develop resistance, which results in disease relapse.
It is well-known that malignant cells become resistant to anticancer agents by distinct
mechanisms, such as suppression of cell death, altering the drug metabolism, epigenetic
changes, mutations, among others (414). The initial solution to overcome cancer drug
resistance against single-agent chemotherapy was the combination of multiple
chemotherapeutic agents with distinct mechanism of action. Since then, complex schedules
combining different chemotherapeutic drugs with radiotherapy and surgery have become the
standard regimen for most malignancies (415). In fact, the standard therapy for high-risk
neuroblastoma includes the combination of multiple chemotherapeutic agents (i.e. cisplatin,

vincristine, carboplatin, etoposide, and cyclophosphamide).
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Resistance to targeted monotherapy is very common, and is frequently derived from
reactivation of the signaling pathway. For this reason, rational combinations of targeted
therapies with chemotherapy or other targeted therapies need to be studied (416). In this line,
some combination treatments using KIF11 inhibitors with chemotherapy and other targeted
therapies have been tested in preclinical models. For example, Purcell and colleagues reported
that ispinesib enhanced the antitumor activity of doxorubicin, trastuzumab (a monoclonal
antibody that specifically target the human epidermal growth factor receptor 2 (HER2)) and
lapatinib (which binds to the ATP-binding pocket of the EGFR/HER?2) in breast cancer
(361). Similarly, the KIF11 inhibitor SCH 2047069 was found to potentiate paclitaxel,
gemcitabine, or vincristine antitumor activity in ovarian xenograft tumors (417). Our findings
showed that 4SC-205 had a good combination profile with standard chemotherapeutic agents
for high-risk neuroblastoma (i.e. cisplatin, doxorubicin and topotecan). Moreover, we
demonstrated that the combination of 4SC-205 and topotecan efficiently induced complete
regression of neuroblastoma liver and bone marrow metastases compared to single
treatments. We additionally found that 4SC-205 enhanced the antitumoral activity of ALK
and MEK1/2 inhibitors, which are currently being tested in clinical trials for relapsed
neuroblastoma patients. Thus, the combination of 45C-205 with distinct chemotherapeutic
agents and targeted inhibitors could reduce the ability of cancer cells to develop resistance
against each inhibitor as monotherapy and improve the results of clinical trials of KIF11

inhibitors performed to date.

5.7. Future directions: 4SC-205, from bench to bedside

In this thesis we provided a full molecular and functional characterization of the 4SC-205
compound. We also investigated the combination of this compound with standard
chemotherapy and targeted therapies. In particular, we found that 45SC-205 potentiated the
anti-tumor effects of both chemotherapy (i.e. cisplatin, topotecan and doxorubicin) and
targeted therapies (i.e. ALK and MEK1/2 inhibitors) in multiple neuroblastoma cell lines 7
vitro, and we evaluated the efficacy of the combination of topotecan and 4SC-205 7z vivo.
Interestingly, the combination of both agents effectively induced complete tumor regression

of liver and bone marrow metastases compared to each single treatment regimen. These
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results are particularly interesting as neuroblastoma bone marrow metastases are highly

tumorigenic and are still difficult to remove with the standard therapies (418).

On the other hand, we still have to test the combination of 4SC-205 with ALK and MEK1/2
inhibitors 7z vive. In order to conduct these experiments, we will select clinically representative
models that harbor activating mutations in ALK (i.e. the PDOX VH-NBG608) or alterations
on the RAS/MAPK pathway (i.e. SK-N-BE(2) or SK-N-AS). The result that we would
expect to obtain is a reduction of tumor growth of the primary and metastatic lesions in the

combination group compared to the single treatment regimens.

We also would like to test 4SC-205 alone and in combination in a clinical trial of patients with
relapsed or refractory high-risk neuroblastomas. First, we would have to determine the
recommended dose and dosing schedule of 45C-205 as single agent in pediatric patients. This
clinical study would also assess the safety and antitumor activity of 4SC-205 in a small cohort
of neuroblastoma patients. Considering previous clinical studies testing distinct KIF11
inhibitors, daily administration of 45C-205 to ensure uninterrupted KIF11 inhibition could
be the best strategy to overcome the proliferation rate paradox, and in the same time, increase
the therapeutic index of KIF11 inhibition. If this first stage achieves positive results, such as
partial objective clinical responses or consistent stable disease, we could start a second clinical
study testing the safety and efficacy of the combination between 4SC-205 and other

therapeutic agents (i.e. chemotherapy and/or targeted therapies).
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6. Conclusions

First: KIF11 mRNA and protein expression are independent prognostic factors of survival

in neuroblastoma.

Second: Proliferative neuroblastoma cells are sensitive to the genetic and pharmacological

inhibition of KIF11.

Third: 4SC-205 is safe and effective in multiple iz vivo primary and metastatic neuroblastoma

models.

Fourth: 45C-205 enhances the antitumor activity of neuroblastoma standard of care and

targeted therapies.
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LETTER TO EDITOR

CLINICAL AND TRANSLATIONAL MEDICINE

el WILEY

The oral KIF11 inhibitor 4SC-205 exhibits antitumor activity
and potentiates standard and targeted therapies in primary
and metastatic neuroblastoma models

Dear Editor,

Neuroblastoma remains incurable for most patients
with high-risk disease.! Perturbation of transcription fac-
tors (MYCN and PHOX2B), kinases (ALK, MEK), and cell
cycle regulators (CDK4/6, CHECK1), among other factors,
make neuroblastoma cells highly proliferative, which is
associated with poor patient outcomes.>* To circumvent
the limitations of the classical microtubule poisons such as
vinca alcaloyds used in the treatment of neuroblastoma,'
we sought to explore alternative mitotic regulators as new
therapeutic targets for high-risk neuroblastoma patients.
One of these mitotic spindle-specific proteins is kinesin
family member 11 (KIF11), also known as kinesin spindle
protein, kinesin-5, or Eg5, which is essential for bipolar
spindle formation and mitotic progression in human cells.*

Transcriptomic analyses showed that the expression of
multiple kinesins, including KIF1I was higher in the high-
risk neuroblastoma compared with low- and intermediate-
risk groups (Figures 1A and SI; Table SI). Overall sur-
vival was significantly poorer in patients with high KIF11
expression (Figure 1B-D; Table S2). KIF1I high expression
was identified as an independent prognostic factor of sur-
vival, together with risk assessment (HR = 3.051; Table S3)
and found to be higher in patients with amplification of
MYCN, 1p36 loss, or 1723 gain (Figure 1E). At the protein
level, KIF11 expression was detected in the cytoplasm of
neuroblastic cells (Figure 1F) and showed higher expres-
sion compared to low- or intermediate-risk neuroblastoma
samples (p < 0.05) and in tumors with segmental chro-
mosome alterations such as 1p36, 11q deletion, and gain
of 1723 (Table S4). Kaplan-Meier analysis confirmed that
high KIF11 protein expression was associated with shorter
event-free and overall survival (Figures 1G and H). While
there is a positive correlation between KIFIl and MYCN
mRNA expression levels, MYCN is neither sufficient, nor
necessary for KIF11 expression (Figure S2).

According to functional genomics, neuroblastoma cells
seem to be one of the cell types that are more dependent
on the expression of KIF11 for survival being particularly
sensitive to its pharmacological inhibition.> Concurring
with these observations, the silencing of KIF11 caused a
reduction in cell viability (Figure S3A-C) and a 3-4 fold
reduction in the growth of established neuroblastoma sub-
cutaneous xenografts (Figure 2A-C and S3D-R). KIFI1
inhibitors have moved forward toward phase 1 and 2 clini-
cal trials in adult tumors,®’ with very limited development
for childhood cancer. Herein, we provide a complete pre-
clinical characterization of the potent and highly selective
KIF11 inhibitor, 4SC-205 (Figure 2D), the first oral KIF11
inhibitor that has been evaluated in phase I clinical trials
in adult patients (NCT01065025). Compared to other KIF11
inhibitors, 4SC-205 can be administrated daily, thus being
able to hit the target in a more sustained manner. Neu-
roblastoma cells treated with 4SC-205 (Figure 2E; Table
S5) displayed all the expected phenotypic features resulting
from KIF11 inhibition such as the inability to form bipo-
lar spindles (Figures 2F and S4A), cell cycle arrest during
mitosis (Figure S4B-H), and induction of apoptosis (Fig-
ure S5), thereby confirming the high KIF11 specificity of
this compound. While similar effects were observed in 3D
spheroid cultures (Figure S6A-C), 4SC-205 did not affect
the viability of differentiated cells (Figure S6D-G).

When used in vivo, 4SC-205 treated mice showed a
remarkable shrinkage of the original SK-N-BE(2) subcu-
taneous xenograft (Figures 2G and 2H) or tumor growth
delay in SK-N-AS xenografts (Figures 2J, 2K, and Figure
S7). Increased phosphorylation of histone H3 and apop-
totic hallmarks (i.e., processing of PARP) confirmed that
the antitumor effect of 4SC-205 was comparable to that of
genetic KIF11 silencing in vivo (Figures 2I.L). Transcrip-
tomic analysis of the 4SC-205-treated tumors confirmed
the expected genetic changes of arrested cells in mitosis
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FIGURE 1 KIFII expression is an independent prognostic factor of survival in neuroblastoma. (A) KIFII mRNA expression levels
comparing low-/intermediate- with high-risk neuroblastoma tumors (GSE62564, n = 498). (B-D) Kaplan-Meier overall survival curve in a
cohort of 498 patients based on KIF1I mRNA expression (B) or stratified in low- and intermediate-risk (C) or high-risk (D) neuroblastoma
subcohorts. (E) KIF11 mRNA expression in neuroblastoma patients with different genomic alterations (GSE3960, n = 101). (F) Representative
images of KIF11 immunohistochemistry in low-and high-risk neuroblastoma tissues. Scale bar indicates 50 um. (G and H) Kaplan-Meier
curves of event-free survival (G) and overall survival (H) based on KIF11 protein expression
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day 0. (L) Western blot analysis of resected tumors at the end of the experiment. (M) Gene set enrichment analysis of SK-N-BE(2) xenografts
treated with vehicle or 4SC-205. Graph represents normalized enrichment score (NES) values of enriched sets with p < 0.05. (N and O)
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and tumor cells with reduced proliferation or viability (Fig-
ure 2M-0). We next tested 4SC-205 in a patient-derived
orthotopic xenografts (PDOX) derived from a very high-
risk neuroblastoma patient. VH-NB608 PDOX retained
most of the histological and molecular features of the orig-
inal tumor (Figure 3A-D). 4SC-205-treated mice displayed
a 14.75-fold reduction in tumor weight compared to the
vehicle group (Figures 3E and 3F). Mice treated with 4SC-
205 presented small tumors located in the adrenal gland,
whereas vehicle-treated mice had large tumors with the
kidney completely surrounded by the tumor (Figure 3G).
Furthermore, 4SC-205 tumors had a larger fraction of cells
with phosphorylation of histone H3, thereby indicating a
specific targeting of KIF11 in these tumors, and suggest-
ing that tumors were still sensitive to the inhibitor after
3 weeks (Figure 3H,I).

Half of neuroblastoma patients present metastases at
the time of diagnosis.8 Therefore, we proceeded to test the
efficacy of 4SC-205 in a neuroblastoma liver metastasis
model. In response to treatment, a clear delay in metastatic
outgrowth was observed in 4SC-205-treated mice (Fig-
ure 3J-L and S8). As a consequence, the median lifespan
of the animals was significantly expanded by ~27% (Fig-
ure 3M; vehicle: 33 days vs. 4SC-205: 42 days). Noticeable,
4SC-205 administration minimally affected mice weight
(<10%) during the course of the treatment (Figure S9). To
achieve a better therapeutic effect and provide a rationale
for further development of 4SC-205 in clinical trials, we
combined 4SC-205 with chemotherapies, such as platine
derivatives (cisplatin), doxorubicin, and topotecan, which
are currently used as standard treatment for patients with
high-risk neuroblastoma. In all cases, the combination of
4SC-205 with the chemotherapies showed additive effects
(Figures 4A-D and S10A-C; Table S6). Pediatric precision
medicine programs have discovered a small number of
recurrent alterations such as ALK activating mutations or
hyperactivation of the ERK Pathway,”!? which constitute
the basis for the development of targeted therapies against
high-risk neuroblastoma tumors. Thus, we combined 4SC-
205 with two ALK inhibitors (ceritinib and lorlatinib) or
with the MEK1/2 inhibitor selumetinib. The combination
of 4SC-205 with ALK or MEK inhibitors showed a ~2-
3-fold reduction in cell proliferation compared with the

inhibitors alone, with most of the combination doses show-
ing additive effects (Figures 4E-J and S10D-G; Table S7).

In summary, our study provides a rationale for the future
therapeutic integration in clinical trials of 4SC-205, an
structurally distinct oral KIF11 inhibitor that shows potent
antitumor activity in multiple preclinical neuroblastoma
models and sensitizes neuroblastoma cells to standard
chemotherapy and specific neuroblastoma-targeted thera-
pies.
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The oral KIF11 inhibitor 4SC-205 exhibits antitumor activity and potentiates standard and
targeted therapies in primary and metastatic neuroblastoma models

Marc Masanas et al.

SUPPORTING INFORMATION

Materials and methods

Analysis of mRNA neuroblastoma data sets

KIF11 mRNA expression was analyzed with the R2 software: Genomics Analysis and Visualization Platform
(http://r2.amc.nl) using SEQC498 (GSE62564), Kocak (GSE45547), and Maris (GSE3960) datasets. Receiver
operating characteristic curves were constructed to determine the diagnostic power of KIF11 expression for
clinical outcome prediction using the SEQC498 dataset. The optimal cutoff value was defined according to the
Youden index. KIF11 expression was categorized as “high” (= median) and “low” (<median). Overall survival
(OS) and the cumulative survival rate were estimated using the Kaplan-Meier method, and the log-rank test
was performed to assess differences between groups. Univariate and multivariate Cox proportional hazard
regression analyses were used to assess the prognostic significance of KIF11 on survival. The Maris (GSE3960)
dataset was used to correlate KIF/] mRNA expression with MYCN amplification, gain of 17q23, loss of
heterozygosity of 1p36 and 11q genomic alterations. All statistical analyses were performed using the IBM
SPSS 21. All reported p values were based on two-sided tests with p values <0.05, which were considered
statistically significant.

Immunohistochemistry

Twenty-five primary non-MYCN-amplified neuroblastoma samples (at least two representative cylinders of 1
mm? from each tumor) classified according to the International Neuroblastoma Risk Group (INRG) pre-
treatment stratification criteria (1) were included in five tissue microarrays. Patient samples were referred to
the Spanish Reference Center for Neuroblastoma Biological and Pathological studies (Department of
Pathology, University of Valencia-INCLIVA) between 2008 and 2010. All patients, their relatives, or their
legal guardians provided written informed consent. The present study was approved by the Clinical Research
Ethics Committee of INCLIVA (ref. B.0000339).

For immunostaining, tissue sections were deparaffinized overnight at 60°C and rehydrated using graded
alcohols. Heat-induced antigen retrieval was performed using citrate buffer (pH 6, 4 min, 115°C) in a
pressurized heating chamber. Primary antibodies (Table S8) were incubated overnight at 4°C after blocking
endogenous peroxidase. Tissue sections were incubated with secondary antibody for 30 min at room
temperature (RT), developed using diaminobenzidine (Dako, K3468), and counterstained using hematoxylin.
The assessment of immunostained sections was performed by two independent studies according to the
intensity and percentage of KIF11-positive tumor cells. The intensity of positive cells was scored as 1 (weak),
2 (moderate), or 3 (strong), and the percentage of cells as 1 (1-25%), 2 (>25-50%), 3 (>50-75%), or 4 (>75—
100%), as per previous studies (2). The sum of these parameters allowed us to categorize the samples as follows:
a staining score of < 3 was considered as low expression, and a score of >3 was considered as high expression.
The association between KIF11 protein expression and INRG features was analyzed using the ¥2 test. Survival
analysis was performed using Kaplan-Meier curves and log-rank tests. Statistical significance was set at p <
0.05. All data were analyzed using SPSS 26.0 statistical analysis software (SPSS, Inc., Chicago, IL, USA).



Cell lines

SK-N-AS, SH-SY5Y, IMR-32, SK-N-F1, SK-N-BE(2)-C, and HEK293T cell lines were purchased from the
American Type Culture Collection. SK-N-BE(2), KELLY, and LA1-5s were purchased from Public Health
England Culture Collection. The CHLA-90 cell line was acquired from the Children’s Oncology Group Cell
Culture and Xenograft Repository. NBL-S and NGP were provided by the Cell Bank DSMZ (German
Collection of Microorganisms and Cell Cultures). All cell lines were amplified and stored in liquid nitrogen.
Upon resuscitation, the cells were maintained in culture for no more than two months. Cell lines were cultured
and maintained in Iscove’s Modified Dulbecco’s medium (Thermo Fisher Scientific) supplemented with 1%
insulin-transferrin-selenium supplement (Thermo Fisher Scientific). KELLY cells were cultured in RPMI 1640
medium (Thermo Fisher Scientific). HEK293T cells were grown in Dulbecco’s modified Eagle medium
(Thermo Fisher Scientific). All media were supplemented with 10% heat-inactivated fetal bovine serum (South
America Premium, Biowest), 100 U/mL penicillin, 100 pg/mL streptomycin (Thermo Fisher Scientific), and 5
pg/mL plasmocin (InvivoGen). All cultures were maintained at 37°C in a humidified atmosphere of 95% air
and 5% CO; and periodically tested for mycoplasma contamination.

Inducible MYCN silencing

The MYCN-Tet-off-inducible Tet2IN cell line was a generous gift from Manfred Schwab (DKFZ, Heidelberg,
Germany). Cells were cultured in RPMI 1640 medium (Thermo Fisher Scientific) supplemented with 10%
heat-inactivated fetal bovine serum (South America Premium, Biowest), 25 mM HEPES, 4 mM L-Glutamine,
200 ug/mL G418, 0.5 ug/mL amphotericin B, 10 ug/mL hygromycin B, 100 U/mL penicillin, 100 ug/mL
streptomycin (Thermo Fisher Scientific), and 5 pg/mL plasmocin (InvivoGen). MYCN depletion was triggered
by the addition of 100 ng/mL doxycycline.

MYCN overexpression

pCDNA3-HA-human MYCN was a gift from Martine Roussel (Addgene plasmid # 74163;
http://n2t.net/addgene: 74163; RRID: Addgene_74163)(3). For MYCN overexpression 2.5 x 10* SK-N-AS or
SH-SYS5Y were seeded in 35 mm dishes and reverse transfected using Lipofectamine 2000 (Thermo Fisher
Scientific; 3 pL/plate) with increasing concentrations of pPCDNA3-HA-human MYCN or empty vector (0, 1,2
or 4 ug/p35). Forty-eight h later, cells were harvested and protein was extracted for western blot analyses.

Quantitative real-time PCR

Total RNA was isolated using the miRNeasy Mini Kit (Qiagen). MRNA (1 pug) were reverse transcribed using
a Tagman RT kit (Applied Biosystems, Thermo Fisher Scientific). Real-time PCR of KIF11 and MYCN was
performed using 2X Power SYBR Green Master Mix (Applied Biosystems, Thermo Fisher Scientific). MRNA
expression was normalized against the GAPDH housekeeping gene. Primer sequences are listed in Table S9.
Relative quantification of gene expression was performed with a comparative 222D method (4).

Lentivirus production, transduction and isolation of clones

Lentiviruses containing pTRIPZ (Dharmacon, GE Healthcare) or pTRIPZ-shKIF11 (Dharmacon, GE
Healthcare; V3THS_391757) were produced using previously described methods in HEK293T (5). Virus
particles were concentrated by ultracentrifugation. SK-N-BE(2) were seeded (3 x 10° cells/dish) in 60-mm
dishes and incubated overnight with lentiviruses. Infected cells were selected with 1 pg/mL puromycin (Sigma-
Aldrich). To isolate monoclonal population of pTRIPZ-KIF11, transduced SK-N-BE(2) were seeded at very
low density into 100-mm dishes. After 10 days, isolated colonies were sorted and amplified in 96-well plates.



In vivo experiments

Subcutaneous xenografts: SK-N-BE(2) and SK-N-AS were subcutaneously injected into the right flank (5 x
108 cells/flank) of 6-week old female Fox Chase SCID mice (Charles River) in 300 uL of PBS: Matrigel (1:1).
When tumor size reached 100-200 mm?, mice were randomized into control (2% sucrose) and shKIF11. KIF11
knockdown was induced by adding 1 mg/mL doxycycline to drinking water.

For drug efficacy experiments, mice bearing measurable tumors (~100-200 mm?) were randomized into two
groups and treated three times per week by oral gavage with vehicle (5% polyethylene glycol 400 (PEG400,
Fisher Scientific, 11449467), 0.9% NaCl, pH 3-4) or with 40 mg/kg 4SC-205. Tumor volume was measured
every 2-3 days. At the end of the experiment, tumors were dissected, weighed, frozen in liquid nitrogen, fixed
in 10% formalin, and embedded in paraffin.

Orthoxenografts or patient-derived orthotopic xenograft model (PDOX): A biopsy of a primary tumor located
in left adrenal gland of a 7-month old female patient with high risk metastatic neuroblastoma was performed at
diagnosis at the Vall d’Hebron University Hospital (VH), Barcelona, Spain. The specimen was aseptically
isolated and placed at RT in IMDM (Life Technologies, Thermo Fisher Scientific) supplemented with 20%
FBS (South America Premium, Biowest), 1% of insulin—transferrin—selenium supplement plus 100 U/ml
penicillin and 100 pg /ml streptomycin (Life Technologies, Thermo Fisher Scientific) and 5 pg/mL plasmocin
(InvivoGen). The protocol for the use of patient’s tumor sample was reviewed and approved according to
Ethical Committee of Clinical Research and written informed consent was collected.

Immediately after biopsy the trucut was implanted into a NU-Foxnlnu mouse (Harlan) at the animal core
facility of Bellvitge Biomedical Research Institute (IDIBELL). A seven weeks-old female mouse was
anesthetized with a continuous flow of 2% to isoflurane/oxygen mixture; the sample was implanted without
enzymatic digestion in the left adrenal gland of the mice using a 7.0 suture and monitored twice weekly
measuring their body weight and by palpation of tumors. At 177 days post-implantation, the tumor was
extracted, cut into small fragments and serially implanted into 3 to 5 new animals. Engrafted tumors were also
cryopreserved in a solution of 90% non-inactivated FBS and 10% dimethyl-sulfoxide, stored in liquid nitrogen
for subsequent future implantations, and frozen for advanced molecular analysis. Representative tumor
fragments were fixed and then processed for paraffin embedding.

For drug efficacy experiments, eighteen nude mice were implanted with PDOX at passage two. Sixty-five days
after implantation, when tumors measured 300-400 mm?, mice were randomized and assigned to the vehicle
and 4SC-205 groups. At the end of the experiment, tumors were dissected, weighed, frozen in liquid nitrogen,
fixed in 10% formalin, and embedded in paraffin.

Neuroblastoma liver metastasis model: Firefly luciferase-transduced SK-N-BE(2) cells were injected into the
lateral tail vein (2.5 x 10° cells/mouse in 150 uL of PBS) of 5-6-week-old female Fox Chase SCID Beige mice
(Charles River). Twenty-four days after injection, the mice were randomized into vehicle and 4SC-205 groups.
Metastasis growth was monitored by in vivo bioluminescence imaging (IVIS) once a week during 5 weeks. All
animal protocols were reviewed and approved according to regional Institutional Animal Care and Ethical
Committee of Animal Experimentation.

Immunofluorescence

SK-N-BE(2) and SH-SY5Y cells were seeded in 6-well plates (2 x 10° cells/well) on 15 mm coverslips and left
for 24 h before drug treatment. Cells were seeded in 6-well plates (7.5 x 10° cells/well), and for siRNA
experiments, reverse transfected with control or KIF11 siRNA oligonucleotides (25 nM) (Table S10) using
Lipofectamine 2000 (Thermo Fisher Scientific; 5 uL/well). Alternatively, 24 h after seeding, cells were treated
using 25 nM 4SC-205. At the end of the experiment, cells were fixed using PTEMF buffer (50 mM Pipes, 0.2%



Triton X-100, 10 mM EGTA, 1 mM MgCl,, 4% formaldehyde) for 10 min and washed twice with PBS. The
samples were then blocked with 3% BSA in PBS for 30 min at RT. Primary antibodies (Table S8) were diluted
in 3% BSA in PBS and incubated for 1 h at RT. Secondary antibodies, DAPI and FITC-a-tubulin, were
incubated for 1 h at RT in the dark. The coverslips were mounted with a mounting medium (P36965, Thermo
Fisher Scientific).

Cell cycle analysis

SK-N-BE(2) (2.5 x 10° and SH-SY5Y (3.5 X 10°) cells were seeded in 100-mm dishes. After 14 h, cells were
treated with either vehicle (DMSO) or 25 nM 4SC-205. At 12 and 24 h post-treatment, cells were harvested
and fixed with cold 70% ethanol and kept at 4°C for at least 24 h. Cells were washed with PBS and resuspended
in propidium iodide (PI) buffer (500 pg/mL PI, RNAse 10 pug/mL). DNA content was analyzed using a
FACSCalibur flow cytometer (BD Biosciences) and data were analyzed using BD CellQuestTM Pro Software
(BD Biosciences).

Western blot

Cells were harvested in RIPA buffer 1X (Thermo Fisher Scientific) supplemented with a 1X EDTA-free
complete protease inhibitor cocktail (Roche). Tumors were cut into small pieces, disaggregated using a
homogenizer (10 s, three times), and sonicated (5 s, three times) in RIPA buffer 1X with 1X EDTA-free
complete protease inhibitor cocktail and phosphatase inhibitor cocktail 2 and 3 (Sigma-Aldrich; P5726 and
P0044). Protein extracts (20-40 pg of protein) were resolved on NuPAGE 4-12% Bis-Tris gels and transferred
to PVDF membranes (Thermo Fisher Scientific). Membranes were blocked with Tris-buffered saline with
Tween-20 containing 5% BSA or 5% non-fat dry milk for 1 h at RT and incubated overnight at 4°C with the
appropriate primary antibody (Table S8). Membranes were incubated with the corresponding secondary
antibodies for 1 h at RT. Actin was used as loading control. Membranes were developed using the EZ-ECL
chemiluminescence detection kit (Fisher Scientific).

In vitro drug sensitivity assays

For cell proliferation assays, neuroblastoma cells were seeded in 96-well plates (3.5-14 x 10° cells/well) and
treated 24 h later with vehicle (DMSO) or the indicated drugs. Cells were then fixed with 1% glutaraldehyde
(Sigma-Aldrich) and stained with 0.5% crystal violet (Sigma-Aldrich). Crystals were dissolved in 15% acetic
acid (Fisher Scientific) and the optical density was read at 590 nm using an Epoch microplate
spectrophotometer (Biotek). Dose-response curves were calculated using nonlinear regression approximation
in GraphPad Prism 6.0 (GraphPad Software, Inc.).

Cell death assay

For gene silencing experiments, SK-N-BE(2) and SH-SY5Y cells were seeded in 6-well plates (3 x 10
cells/well) in triplicate and reverse transfected with control or KIF11 siRNA (25 nM) using Lipofectamine
2000 (Thermo Fisher Scientific, 5 uL/well). For drug-induced cell death, cells were seeded in 6-well plates (2
x 107 cells/well) and treated 24 h later with DMSO or 25 nM 4SC-205. At the indicated times, cells were stained
using 0.05 ug/mL Hoechst 33258 dye and photographed. Apoptosis quantification was performed using eight
representative images per well (n = 3 replicates per condition). Cells with fragmented or condensed chromatin
were scored as apoptotic cells, whereas uniformly stained chromatin cells were considered healthy.

Three-dimensional spheroid culture

For tumor spheroids, SH-SY5Y (4.5 x 10* cells/well) and SK-N-BE(2) (6 x 10* cells/well) cells were seeded
in non-adherent 6-well plates and let them grow in spheroids for 48-72 h. Spheroids were then treated with
DMSO or 25 nM 4SC-205. Forty-eight h later, spheroids were disaggregated with 0.5 mL of 1X



StemPro®Accutase® (Thermo Fisher Scientific) and incubated with a mixture of PMS:MTS (1:20) for 2-5 h.
Optical density was read at 590 nm using an Epoch Microplate Spectrophotometer (Biotek).

Differentiation of neuroblastoma cells

The protocol followed was adapted from (6). 1 x 10* SH-SY5Y/cm? were seeded in 12-well plates and 60-mm
dishes pre-coated with poly-D-lysine (Fisher Scientific) and collagen (Fisher Scientific). After 24 h, cells were
treated with all-trans retinoic acid (ATRA) (Selleckchem) 10 uM in IMDM 10% FBS without antibiotics for 5
days. Cells were then washed with IMDM without FBS and incubated with fresh media 0.5% FBS and 50
ng/mL brain-derived neurotrophic factor (BDNF) (Sigma-Aldrich). After three days, cells were treated with
vehicle (DMSO) or 4SC-205 at 25 nM. Cells were fixed with 1% glutaraldehyde or recollected for western blot
analysis at the indicated time points.

Genomic analyses

RNA sequencing. For transcriptomic analyses, total RNA was isolated from SK-N-BE(2) subcutaneous tumors
treated with vehicle or 4SC-205 (n = 3/group) for 24 h using the miRNeasy mini kit (Qiagen). RNA quality
and quantity were determined using a Qubit® RNA HS Assay (Life Technologies) and RNA 6000 Nano Assay
on a Bioanalyzer 2100 (Agilent). RNASeq libraries were prepared following the TruSeq® Stranded mRNA LT
Sample Prep Kit protocol (Illumina) and sequenced on a NovaSeq 6000 system (Illumina). RNAseq reads were
mapped against the human reference genome (GRCh38) using STAR software version 2.5.3a (7) with
ENCODE parameters. Genes were quantified using RSEM version 1.3.0 (8) with default parameters and
annotation files from GENCODE version 34. Differential expression analysis was performed with the DESeq2
v1.26.0 R package (9) using a Wald test to compare the vehicle and treated samples. We considered
differentially expressed genes with p values adjusted to < 0.05, and absolute fold-change (FC) > 1.5. Functional
enrichment analysis of “Hallmarks” gene set collections from MSigDB was performed using GSEA software
(10,11).

Whole exome sequencing (WES): Genomic DNA from the patient’s blood, tumor, and PDOX samples were
extracted using the DNeasy Blood & Tissue Kit (Qiagen) and quantified using Qubit (Thermo Fisher
Scientific). Genomic DNA was fragmented and a sample library was prepared using the KAPA library kit
(Roche), hybridized with the SeqCap EZ MedExome capture kit (Roche), and sequenced on a NextSeq500
sequencing system (Illumina) with the 2 x 150 bp paired-end mode. The R-package XenofilteR to remove
sequence reads of mouse origin while retaining human sequences (mismatch threshold=8) (12) was used.

Copy number variants (CNVs), single nucleotide variants (SNVs), and small insertions/deletions (indels) from
somatic samples as well as SNV and indel from germline samples were detected by bioinformatics analysis.
The bioinformatics workflow started mapping sequence reads to the human genome build (hg19) using the
BWA tool (13). Variant calling for the identification of SNVs and indels was carried out using the GATK
Haplotype Caller tool (14) together with FreeBayes and Strelka2 (15) for constitutional DNA and via the
VarDict tool (16), together with MuTect2 (17) and Strelka2 and VarScan2 (18) for somatic DNA. Both
germline and somatic variants were considered when called by at least two callers. To determine the effect of
variants, we used the SnpEff annotation (19). Control-FREEC was used to investigate genomic CNV and B-
alelle frequency (20). Variants were filtered following maximum population frequency <1%, cancer genes list,
tumor variant allele frequency >10%, germline allele frequency >30%, and variant consequence (missense,
frameshift, splicing, and stop). Filtering parameters for amplifications were number copy >4 and deletions
number copy <1.5. RNA sequencing is available at the GEO public repository (GSE166984), and WES data
analyses will be available upon request.



Drug combination studies

For drug combination studies with standard chemotherapies, SK-N-BE(2) (2 x 10* cells/well) and SH-SY5Y
(2.5 x 10°% cells/well) cells were seeded in 96-well plates. The next day, the cells were treated with the indicated
concentrations of 4SC-205. Twenty-four h later, cell medium was replaced with a medium containing the
indicated concentrations of cisplatin, topotecan, and doxorubicin, and incubated for additional 5 days.

In combination with ALK inhibitors, SH-SY5Y (8 x 10° cells/well) and KELLY (1 x 10* cells/well) cells were
seeded in 96-well plates and treated 24 h later with increasing concentrations of 4SC-205 plus/minus cerlitinib
or lorlatinib. For combinations with MEK inhibitors, SK-N-BE(2) and SK-N-AS (6 x 103 cells/well) cells were
seeded in 96-well plates and treated 24 h later with the indicated doses of 4SC-205 plus/minus selumetinib.
Forty-eight h later, cells were fixed with 1% glutaraldehyde (Sigma-Aldrich) and stained with 0.5% crystal
violet (Sigma-Aldrich).

The Bliss independence model from SynergyFinder (version 2.0) was used to evaluate if the pharmacological
combination of 4SC-205 with chemotherapeutic agents and targeted therapies was synergistic, additive or
antagonistic (21).

Statistical analyses

Unless otherwise indicated, statistical significance was determined using an unpaired two-tailed Student’s t-
test. Half-maximal inhibitory concentration (IC50) was calculated using nonlinear regression approximation in
GraphPad Prism 6.0 (GraphPad Software, Inc.). Differences in survival times among mice treated with vehicle
or 4SC-205 were analyzed using the Gehan-Breslow-Wilcoxon test (GraphPad Prism 6.0). * indicates p < 0.05,
** indicates p < 0.01, and *** indicates p < 0.001.
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Supplementary Figures
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Figure S1. Multiple kinesins are highly expressed in high-risk neuroblastoma compared to low- and intermediate-
risk groups. Heatmap and hierarchical clustering analysis of the expression of 19 kinesins in 498 NB samples (low- and
intermediate-risk, n = 322; high-risk, n = 176) measured by RNAseq.
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Figure S2. KIF11 correlates with MYCN in distinct neuroblastoma datasets. (A) Linear correlation between MYCN
and KIFI11 mRNA expression in the indicated neuroblastoma datasets. Data from patients with amplification of MYCN
(MNA) is encircled. (B) KIFI11 mRNA expression levels comparing neuroblastoma tumors with amplification of MYCN
versus no MYCN amplification (Non-MNA). (C) Western blot analysis of KIF11 in a panel of neuroblastoma cell lines
with and without MYCN amplification. (D) Analysis of MYCN and KIF11 expression in the Tet21N neuroblastoma model
with the doxycycline (Dox) inducible silencing of MYCN. Results are the mean of three independent experiments = SEM.
*p <0.05, ** p<0.01 and *** p < 0.01 two-tailed student’s t-test. (E) Western blot analysis of KIF11 in Tet21N cells in
the presence of doxycycline (i.e., MYCN depletion) or absence (i.e., MYCN expression). (F) Immunoblot analysis of
MYCN and KIF11 in SK-N-BE(2) and CHLA-90 cells transfected with two independent siRNAs targeting MYCN 72 h
post-transfection. (G) KIF11 and MYCN protein expression in SK-N-AS and SH-SYS5Y cell lines transfected with
increasing concentrations of a MYCN-overexpression vector.
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Figure S3. KIF11 knockdown halts tumor growth and induces apoptosis. (A) Cell viability assay in the indicated cell
lines transfected with 25 nM of siControl or siKIF11 at 96 h post-transfection. Protein knock-down was analyzed by
western blot 72 h post-transfection (lower panels). (B) Western blot analysis of KIF11 in SK-N-BE(2) cells transduced
with pTRIPZ-control (pool) or pTRIPZ-shKI11 lentiviral vectors (upper panel). Cells were treated with + / — doxycycline
for 96 h. Graph representing cell proliferation after 1, 4 and 7 days upon doxycycline treatment (lower panel). Results are
expressed as average of three independent experiments = SEM. * p < 0.05; ** p < 0.01; two-tailed Student’s t-test. (C)
Immunoblot analysis of transduced neuroblastoma cells in presence (+ dox) or absence (— dox) of 1 pg/mL doxycycline



for 5 days. (D, E) Analysis of individual (D) or average (E) tumor growth of pTRIPZ-control transduced SK-N-BE(2)
xenografts. (F) Tumor weight at the end of the experiment. (G) Image of the dissected tumors. Scale bar, 1 cm. (H)
Western blot analysis of resected-tumor samples from pTRIPZ-control. TurboRFP (tRFP) was used as a control of shRNA
transgene induction. (I) Tumor growth of shKIF11-clone #3 SK-N-BE(2) xenografts comparing control (= dox) vs
silencing of KIF11 (+ dox). (J) Tumor weight at the end of the experiment. (K) Image of the dissected tumors. Scale bar,
1 cm. (L) Representative image of KIF11 immunohistochemistry in control (— dox) vs KIF11 silenced tumors (+ dox).
Scale bar, 10 um. (M) Representative image of phospho-histone H3 immunohistochemistry from control (— dox) vs KIF11-
depleted tumors (+ dox). Scale bar, 100 um. (N) Quantification of phospho-histone H3 positive cells in FFPE tumor
sections (n = 4/condition). *** p < 0.001, two-tailed Student’s t-test. (O-R) Correlation between tumor weight and tumor
volume measurements in pTRIPZ-control and shKIF11-Clone #3 xenografts.
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Figure S4. Genetic and pharmacological inhibition of KIF11 reduces neuroblastoma cell proliferation and induces
cell cycle arrest in mitosis. (A) Mitotic spindle immunofluorescence of SH-SYSY cells transfected with siKIF11 or



treated with 4SC-205 (25 nM) for 24 h. KIF11: red, a-TUBULIN: green, DAPI: blue. Scale bar, 5 um. (B, C) Cell cycle
analysis of SK-N-BE(2) and SH-SYSY cells treated with DMSO or 4SC-205 (25 nM) for 24 h analyzed by FACS.
Histograms show one representative experiment from three independent experiments. (D) Graphs represent the average
percentage of living neuroblastoma cells in GO/G1, S or G2/M phases of three independent experiments + SEM. (E, F)
Western blot analysis of KIF11 and cell cycle-related proteins CCNB1 and phospho-histone H3 at serine 10 in cells
transfected with siControl, siKIF11 or treated with 25 nM 4SC-205 at the indicated time points. (G, H) Representative
immunofluorescence images of phospho-histone H3 in the indicated neuroblastoma cell lines transfected with two
independent KIF11-targeting siRNA (H) or treated with 4SC-205 at 25 nM (G). Scale bar, 10 um. The percentage of
phospho-histone H3 positive cells is shown below each condition and represents the average of 7 representative fields +
SEM. * p <0.05, *** p < 0.001, two tailed Student’s t-test.
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Figure S5. Genetic and pharmacologic inhibition of KIF11 induces apoptosis. (A, B) Quantification of apoptotic cells
in SK-N-BE(2) (A) and SH-SYSY (B) by Hoechst staining. Each graph represents the mean + SEM of three independent
experiments (n = 6 per experiment). * p <0.05, ** p <0.01, *** p <0.001, two-tailed Student’s t-test. Lower panels show
representative images of chromatin staining of neuroblastoma cells transfected with control siRNA (siControl) / siKIF11
or treated with 25 nM 4SC-205 for 48 h. White arrowheads point to cells with condensed and/or fragmented chromatin.
Scale bar, 20 um. (C, D) Western blot analysis of the indicated apoptosis-related proteins in SK-N-BE(2) and SH-SY5Y
cells transfected with siControl/siKIF11 or treated with 4SC-205 (25 nM) at the indicated time points. (E, F) Active
caspase-3 immunostaining of SK-N-BE(2) and SH-SYSY cells transfected with siKIF11 (E) or treated with 25 nM of
4SC-205 (F) for 48 h. Scale bar, 20 um.
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Figure S6. Characterization of the 4SC-205 inhibitor. (A) Representative images of three-dimensional (3D) spheroid
culture of SK-N-BE(2) and SH-SY5Y. Scale bar, 100 um. (B) Cell viability assay of neuroblastoma spheroids treated with
DMSO or the indicated doses of 4SC-205 for 48 h. Cell viability was measured by MTS. Graphs represent the average of
three independent experiments = SEM * p < 0.05; ** p < 0.01; *** p < 0.001. (C) Western blot analysis of phospho-
histone H3 at serine 10 and apoptosis-related proteins in SH-SYSY and SK-N-BE(2) spheres treated with 25 nM 4SC-
205. (D) Overview of the experimental design. (E) Representative images of SH-SY5Y cells before (upper image) and
after 10 uM all-trans-retinoic acid / 50 ng/mL BDNF-induced differentiation (lower image). Scale bar, 50 um. (F) Left,
representative images of crystal violet staining. Right, cell proliferation of SH-SYSY treated with DMSO or 4SC-205 in
proliferating versus differentiated cells. Results are expressed as the average of three independent experiments (n =
2/condition) + SEM. *** p < (.001, two-tailed student’s t-test. (G) Western blot analysis of phospho-histone H3 and
apoptosis-related proteins in differentiated and undifferentiated SH-SYSY cells treated for 24 h with 25 nM 4SC-205.
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Figure S7. 4SC-205 impairs tumor growth in vitro and in vivo. (A, B) SK-N-AS cells were treated with 25 nM 4SC-
205 at the indicated time points. Cell cycle-related genes (A) or apoptosis-related genes (B) were analyzed by western

blot. (C, D) Correlation analysis between tumor weight and tumor volume in from SK-N-BE(2) and SK-N-AS
subcutaneous xenografts.
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Figure S8. 4SC-205 delays neuroblastoma liver metastases growth. /n vivo bioluminescence imaging of all mice
bearing SK-N-BE(2) liver metastases at the indicated days. Mouse #6, #8, #10 from vehicle and #6 from 4SC-205 groups

were euthanized before the last in vivo bioluminescence imaging.
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Figure S9. 4SC-205 is well tolerated in mice. Average (left panels) and individual (right panels) mouse weight variation
during vehicle or 4SC-205 oral administration in SK-N-BE(2) (A), SK-N-AS (B), PDOX (C) or liver metastases (D)
xenograft models.
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Figure S10. 4SC-205 potentiates neuroblastoma therapies. (A) Scheme of the experimental design for combination of
4SC-205 and standard chemotherapies. Representative images of SH-SYSY cells treated with CDDP (750 nM),
doxorubicin (7.5 nM), topotecan (5 nM), 4SC-205 (15 nM) and their corresponding combinations. (B) Heatmaps showing
the percentage of the cellular fraction affected by the drug combination treatments. (C) Graphs represent the average effect
on cell viability from of three independent experiments = SEM (n = 2 /condition). (D) Schematic representation of the
experimental design combining 4SC-205 and neuroblastoma targeted therapies. Images (lower panels) are representative
of the ALK-mutated KELLY cell line treated with the ALK inhibitors ceritinib (120 nM) and lorlatinib (120 nM) alone or
in combination with 15 nM 4SC-205 (Combo). (E) Heatmaps show the percentage of the cellular fraction affected by the
drug combination treatments. Graph represents the average of three independent experiments (n = 2/condition) + SEM.
(F) The NRAS-mutated cell line SK-N-AS was treated with selumetinib (120 nM), 15 nM 4SC-205 or in combination
(Combo) for 48 h. Images are representative of the crystal violet staining. (G) Heatmap shows the percentage of the cellular
fraction affected by the drug combination treatments. Graph represents the average of three independent experiments (n =
3/condition) = SEM. Selumetinib was used at 120 nM and 4SC-205 at 15 nM. * p <0.05, ** p <0.01, *** p <0.001, two
tailed Student’s t-test.



Supplementary Tables

Table S1. Risk-associated expression of kinesin family members in neuroblastoma

Gene symbol Family Fold change low and intermediate risk vs high risk p value
KIF5A 1 -2.20 2.58E-40
KIF1B 3 -1.95 3.29E-54
KIFC2 14B -1.90 1.89E-35
KIF13A 3 -1.70 8.61E-45
KIF12 12 -1.66 2.60E-02
KIF5C 1 -1.65 4.89E-26
KIF13B 3 -1.48 4.01E-32
KIF1A 3 -1.43 1.13E-24
KIF3A 2 -1.42 3.25E-27
STARD9 3 -1.42 4.28E-17
KIF3C 2 -1.38 4.97E-21
KIF1C 3 -1.34 3.91E-14
KIF25 14B -1.23 1.00E-02
KIF3B 2 -1.21 2.17E-09
KIF16B 3 -1.20 5.75E-04
KIF17 2 -1.07 4.20E-01
KIF2A 13 -1.06 2.70E-02
KIF9 9 -1.06 3.50E-02
KIF5B 1 -1.02 3.60E-01
KIFC3 14B -1.01 8.59E-01
KIF19A 8 1.05 1.00E-01
KIF21A 4 1.07 1.80E-01
KIF26B 11 1.09 2.30E-01
KIF27 4 1.14 7.66E-07
KIF26A 11 1.18 1.50E-02
KIF21B 4 1.28 1.20E-02
KIF6 9 1.31 2.13E-25
KIF7 4 1.46 1.05E-25
KIF20B 6 1.49 9.21E-18
KIF22 10 1.50 5.85E-31
KIF2C 13 1.60 5.15E-15
KIF24 13 1.61 4.19E-25
KIF14 3 1.72 5.20E-21
KIF23 6 1.82 4.97E-28
KIFC1 14A 1.83 3.78E-24
KIF11 5 1.92 2.36E-27
KIF18B 8 1.94 2.69E-24
KIF20A 6 2.04 1.60E-32
KIF4B 4 2.18 5.91E-42
KIF15 12 2.19 5.97E-31
KIF18A 8 2.20 1.09E-43
CENP-E 7 2.24 4.88E-33
KIF4A 4 2.25 5.37E-47
KIF2B 13 n.d. n.d.

KIF19B 8 n.d. n.d.

Abbreviations: FC, fold change; ND, not determined



Table S2. Univariate regression analysis

Overall survival

Factors HR (95% CI) P value
Sex (Mvs F) - 0.252
Age (218 months vs <18 months) 8.114 (4.980-13.221) <0.001
MY CN (MNA vs Non-MNA) 7.793 (5.262-11.542) <0.001
ISSN Stage (4 vs others) 8.660 (5.441-13.783) <0.001
KIF11 (High vs low) 8.190 (4.663-14.387) <0.001
Risk (High vs others) 21.423 (11.932-38.464) <0.001
Abbreviations: HR, hazard ratio; MNA, MY CN amplification
Table S3. Multivariate regression analysis
F Overall survival

actors HR (95% CI) p value
KIF11 (High vs low) 3.051 (1.693-5.497) < 0.001
Risk (High vs others) 14.182 (7.695-26.137) < 0.001

Abbreviations: HR, hazard ratio

Table S4. Relationships betw een KIF11 expression and clinico-biological characteristics

KIF11 expression

Variable and category p value
Total, n Low High
<18months 7 6 (85.7%) 1 (14.3%)
A 0.132
ge >18months 17 9 (53%) 8 (47%)
L1,L2MS 15 10 (66.7%) 5 (33.3%)
17
Stage M 8 3 (37.5%) 5 (62.5%) 0-179
- GNB 7 Z(57.1%) 3 (42.9%)
Hist. C. 0.856
ist. C NB 18 11 (61.1.%) 7 (38.9%)
dNB 7 3 (75%) T (25%)
Hist. D. pdNB 13 8 (61.5%) 5 (38.5%) 0.387
uNB 1 0 (0%) 1 (100%)
D 20 T4 (70%) 6 (30%)
041
1q D 5 1(20%) 4 (80%) 0.0
D 18 14 (77.8%) 7 (22.2%)
1 0.008
P D 3 0 (0%) 3 (100%)
NG 16 13 (81.2%) 3(18.8%)
o011
17p G 5 1(20%) 4 (80%) 0.0
- NCA 14 13 (93%) T(7%)
. profil 0.001
Gen. profile SCA 8 2 (25%) 6 (75%)
Ploidy Hiperp. 10 8 (80%) 2 (20%) 0277
Dip+tetrap 12 7 (58.3%) 5 (41.75)
) Non-HR 18 13 (72.2%) 5 (27.8%)
04
Risk group HR 7 2 (28.6%) 5 (71.4%) 0.045

L1 and L2: localized; MS: special metastatic; M: metastatic; Hist. C.: histopathologic category; GNB:
ganglioneuroblastoma; NB: neuroblastoma; Hist. D.: histopathologic differentiation; dNB: diff erentiating
neuroblastoma; pdNB: poorly differentiated neuroblastoma; uNB: undifferentiated neuroblastoma; ND: non
deletion; D: deletion; Hiperp.: Hiperploid; Dip.: diploid; Tetrap.: tetraploid; Gen. Profile: genetic profile; NCA:
numerical chromosomal aberration; SCA: segmental chromosomal aberration; HR: High risk; Gen. Instab.:

genetic instability

Table S5. IC50 of 4SC-205 in neuroblastoma cell lines

Cell line Stage MYCN 11q P53 1C50 (nM)
SK-N-AS 4 Non amplified del Non-functional 26.1+6.5
SH-SY5Y 4 Non amplified WT Functional 146+1.4
SK-N-BE(2) 4 Amplified WT Non-functional 245+48
LA1-5s 4 Amplified WT Non-functional 50.5+6.6
IMR-32 4 Anmplified WT Functional 10.1£0.9
KELLY 4 Anmplified ND Non-functional 13.7+1.4
BE(2)-C 4 Amplified ND Non-functional 73.6+75

Abbreviations: del, deletion; WT, wild type; ND, not determined



Table S6. IC50 values for cisplatin, doxorubicin and topotecan in neuroblastoma cell lines

Cell line IC50 cisplatin (nM) 1C50 doxorubicin (nM) IC50 topotecan (nM)
SH-SY5Y 925 +76 104+0.7 11.2+0.8
SK-N-BE(2) 1511 £143 34.8+75 11915

Table S7. IC50 values for ceritinib, lorlatinib and selumetinib in neuroblastoma cell lines

Cell line Molecular alteration 1C50 ceritinib (nM) IC50 lorlatinib (nM)

IC50 selumetinib (nM)

SK-N-BE(2) NF1 copy number loss 330 £ 55
SK-N-AS NRAS mut (Q61K) - - 54.5+15
SH-SY5Y ALK mut (F1174L) 744 +11.6 59.8 £10.8 -
KELLY ALK mut (F1174L) 162.8 +£28.7 51.9+6 -
Abbreviations: mut, mutated
Table S8. Antibodies
Primary antibodies for inmunohistochemistry
Antibody Dilution Supplier Reference
KIF11 1:2,000 Sigma-Aldrich HPA006916
p-Histone H3 (Ser10) 1:100 CST #9701
Chromogranin A 1:20 Roche 760-2519
Synaptophysin 1:20 Roche 790-4407
Secondary antibodies for inmunohistochemistry
Anti-Rabbit HRP - Dako K4003
Anti-Mouse HRP - Dako K4001
Primary antibodies for western blot
KIF11 1:3,000 - 1
MYCN 1:1,000 SCBT sc-53993
CCNBH1 1:2,000 Milipore #05-373
p-Histone H3 (Ser10) 1:1,000 CST #9701
MCL1 1:500 SCBT sc-12756
Caspase-3 1:3,000 CST #9662
Caspase-3 cleaved 1:1,000 CST #9664
PARP 1:2,500 CST #9542
mCherry 1:1,000 OriGene AB0081-200
Actin HRP 1:40,000 SCBT sc-1616
Secondary antibodies for western blot
Anti-Rabbit IgG-Peroxidase 1:10,000 Sigma-Aldrich #A0545
Anti-Mouse IgG-Peroxidase 1:10,000 Sigma-Aldrich #A9044
Anti-Goat lgG-Peroxidase 1:5,000 Dako #P0449
Primary antibodies for immunofluorescence
KIF11 1:1,000 - 1
p-Histone H3 (Ser10) 1:200 CST #9701
Caspase-3 cleaved 1:500 CST #9664
Secundary antibodies for inmunofluorescence
a-Tubulin 1:150 Sigma-Aldrich F2168
Anti-Rabbit lgG-Alexa Fluor ® 555 1:500 TFS A-21428

Abbreviations: SCBT, Santa Cruz Biotechnology; CST, Cell Signaling Technology; TFS, Thermo Fisher Scientific

Table S9. List of RT-qPCR primer sequences

Gene Primer sequence (5' to 3')

Amplicon (bp)

Fw: AAAACAACAAAGAAGAGACAATTCC

KiF11 Rv: CAGATGGCTCTTGACTTAGAGGT 9
Fw : AGAGGAGACCCGCCCTAATC

MYCN Rv: TCCAACACGGCTCTCCGA 123

GAPDH Fw : CGCTCTCTGCTCCTCCTGTT 100

Rv: CCATGGTGTCTGAGCGATGT




Table S10. List of siRNA

Gene siRNA Sequence (5'-3) Reference Supplier
- siControl  BLOCK-iT N #10676713 Fisher Scientific
i KIF11 CUAGAUGGCUUUCUCAGUA , )
siKIF11-1 - Sigma-Aldrich
KIF11 KIF11_as UACUGAGAAAGCCAUCUAG
KIF11 -
siKIF11-2 L-003317-00  GE health Dharmacon
KIF11_as —
MYCN GAAGAAAUCGACGUGGUCA . )
siMYCN-1 - Sigma-Aldrich
MYCN MYCN_as UGACCACGUCGAUUUCUUC
MYCN GAGAGGACACCCUGAGCGA . .
siMYCN-2 - Sigma-Aldrich
MYCN_as UCGCUCAGGGUGUCCUCUC




FUNCTIONAL HIGH-THROUGHPUT SCREENING REVEALS
miR-323a-5p AND miR-342-5p AS TUMOR-SUPPRESSIVE
microRNA FOR NEUROBLASTOMA

CELLULAR AND MOLECULAR LIFE SCIENCE

Soriano A*, Masanas M*, Boloix A, Masia N, Paris-Coderch L, Piskareva O, Jiménez C,
Henrich KO, Roma J, Westermann F, Stallings RL, Sabado C, de Toledo JS,

Santamaria A, Gallego S, Segura MF. (* authors contributed equally)

DOI: 10.1007/s00018-019-03041-4






Cellular and Molecular Life Sciences

https://doi.org/10.1007/500018-019-03041-4 Cellular and Molecular Life Sciences

=

Check for
updates

Functional high-throughput screening reveals miR-323a-5p
and miR-342-5p as new tumor-suppressive microRNA
for neuroblastoma

Aroa Soriano' - Marc Masanas' - Ariadna Boloix'-2 - Nuria Masia® - Laia Paris-Coderch’ - Olga Piskareva® -
Carlos Jiménez' - Kai-Oliver Henrich® - Josep Roma’ - Frank Westermann® - Raymond L. Stallings* -
Constantino Sabado® - Josep Sanchez de Toledo'® - Anna Santamaria® - Soledad Gallego™® - Miguel F. Segura’

Received: 1 October 2018 / Revised: 28 January 2019 / Accepted: 4 February 2019
© The Author(s) 2019

Abstract

Current therapies for most non-infectious diseases are directed at or affect functionality of the human translated genome,
barely 2% of all genetic information. By contrast, the therapeutic potential of targeting the transcriptome, ~ 70% of the
genome, remains largely unexplored. RNA therapeutics is an emerging field that widens the range of druggable targets and
includes elements such as microRNA. Here, we sought to screen for microRNA with tumor-suppressive functions in neuro-
blastoma, an aggressive pediatric tumor of the sympathetic nervous system that requires the development of new therapies.
We found miR-323a-5p and miR-342-5p to be capable of reducing cell proliferation in multiple neuroblastoma cell lines
in vitro and in vivo, thereby providing a proof of concept for miRNA-based therapies for neuroblastoma. Furthermore, the
combined inhibition of the direct identified targets such as CCND1, CHAF1A, INCENP and BCL-XL could reveal new
vulnerabilities of high-risk neuroblastoma.

Keywords Pediatric cancer - Non-coding RNA - High-throughput screening - 14q32 - Epigenetics - Cancer therapy

Introduction

Approximately 15,000 new cases of pediatric cancers are
diagnosed yearly in Europe, with around 10% corresponding
to neuroblastoma (NB), an embryonal tumor of the sympa-
thetic nervous system [1]. NB accounts for 15% of all can-
cer-related deaths in children, and is the embryonal tumor
with the lowest 5-year relative survival [2]. Significant
improvements are only foreseen in the field of new targeted
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therapies and personalized medicine programs which, at pre-
sent, are effective for a small number of patients. Therefore,
new approaches must be considered.

RNA therapeutics is an emerging field that widens the
range of druggable targets and includes elements such as
small interference RNA (i.e., siRNA, shRNA and micro-
RNA). MicroRNA (miRNA) are small non-coding RNA that
interfere with the translation and stability of coding mRNA
in a sequence-specific manner [3]. Mounting evidence shows
miRNA to be deregulated and functionally contributing to
the development and progression of different human can-
cers, including NB [4, 5]. An overall reduction in miRNA is
observed in advanced NB, mainly due to alterations in the
miRNA-processing machinery [6]; therefore, miRNA res-
toration represents an attractive novel therapeutic approach.

To identify miRNA with therapeutic potential in NB, we
carried out high-throughput functional screening of 2048
miRNA mimics. Several miRNA with potential tumor-
suppressive functions were identified, among which miR-
323a-5p and miR-342-5p had the highest therapeutic poten-
tial in multiple NB cell lines in vitro and in vivo. These

A
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[ Transfection of 2048 miRNA
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Fig. 1 Functional high-throughput miRNA screening identified sev-
eral tumor-suppressive miRNA. a Screening design. b Graph repre-
senting the effects of 2048 individual miRNA on cell proliferation.
The percentage of growth inhibition was obtained by comparing the
average of three independent miRNA mimics replicates with mock-
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Cell proliferation (standardised Z-score)

results support the use of miRNA-based restoration therapies
as an alternative tool against NB resistant to conventional
therapies.

Materials and methods
Cell lines

SK-N-AS, SH-SYS5Y, IMR-32 and HEK293T cell lines
were purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA), CHLA-90 cell line from the
Children’s Oncology Group Cell Culture and Xenograft
Repository (Lubbock, TX, USA). SK-N-BE(2) and LA1-5s
acquired from Public Health England Culture Collections
(Salisbury, UK). All cell lines purchased from the tissue
banks were amplified and stored in liquid nitrogen. Upon
resuscitation, cells were maintained in culture for no more
than 2 months. SK-N-AS, SK-N-BE(2), SH-SY5Y, IMR-
32, CHLA-90 and LA1-5s were cultured and maintained in
Iscove’s modified Dulbecco’s medium (Life Technologies,
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transfected cells and standardized using the Z score transformation
method. MiRNA previously reported as tumor-suppressive miRNA in
NB are indicated. ¢ Pie chart representing the genomic distribution
of miRNA that were capable of reducing cell proliferation~50% (Z
score < — 2)
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Thermo Fisher Scientific) supplemented with 10% heat-inac-
tivated fetal bovine serum (South America Premium, Bio-
west) and 1% of insulin—transferrin—selenium Supplement
(Life Technologies, Thermo Fisher Scientific). HEK293T
were grown in Dulbecco’s modified Eagle’s medium (Life
Technologies, Thermo Fisher Scientific) supplemented with
10% heat-inactivated fetal bovine serum. All media were
supplemented with 100 U/mL penicillin, 100 pg/mL strep-
tomycin (Life Technologies, Thermo Fisher Scientific) and
5 pg/mL plasmocin (InvivoGen). All cultures were main-
tained at 37 °C in a saturated atmosphere of 95% air and 5%
CO,. All cell lines were frequently tested for mycoplasma
contamination.

MicroRNA functional high-throughput library
screening

Chemoresistant SK-N-BE(2) cells were seeded in 96-well
plates at 5000 cells/well using the MultidropV2 dis-
penser (Finstruments). Twenty-four hours later cells were
transfected with a microRNA library consisting of 2048
human miRNA mimics (Dharmacon, Lafayette, CO, USA,
miRIDIAN® microRNA Library—Human Mimic (19.0)
CS-001030 Lot 13112, GE Healthcare, 25 nM each miRNA)

in technical triplicates using Lipofectamine 2000 (Life tech-
nologies, Thermo Fisher Scientific, Madrid, Spain, 0.2 pL.
per well) using the Robotic Platform Caliper Sciclone (Cali-
per Life Sciences, Perkin Elmer, Waltham, Massachusetts,
USA). At 96-h post-transfection, cells were fixed with 1%
glutaraldehyde (Sigma-Aldrich) and stained with 0.5% crys-
tal violet (Sigma-Aldrich, Madrid, Spain). Crystals were dis-
solved with 15% acetic acid (Fisher Scientific) and absorb-
ance was measured at 590 nm using an Epoch Microplate
Spectrophotometer (Biotek, Winooski, Vermont, USA).

Screening statistics

Data quality control and analysis of different factors (e.g.,
miRNA position, transfection time) was performed using
“R” Statistical Software (Supplementary Fig. 1C).

The absorbance value of each mock- or miRNA-trans-
fected well was normalized to the median of all non-
transfected values of the corresponding replicate plate. To
evaluate the effect of each miRNA on cell proliferation, the
absorbance value (3 replicates) versus the median of all
mock values was compared. The statistical significance was
assessed by Student’s 7 test and the p value was adjusted by
the false discovery rate “FDR” method. The percentage of
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Fig.2 Ectopic expression of miRNA located at 14q32 reduced cell
proliferation in multiple NB cell lines. a Heatmap representing effects
of the indicated miRNA on cell proliferation reduction in MYCN
amplified (MNA) and MYCN non-amplified (non-MNA) cell lines.
The overexpression effect of each miRNA on cell proliferation was

Years

compared to mock-transfected cells. b, d Relative expression (log,) of
miR-342 (b) and miR-323a (d) in MNA and non-MNA NB tumors. ¢,
e Overall survival Kaplan-Meier plot of the indicated miRNA expres-
sion in human NB tissues
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«Fig.3 MiR-323a-5p induced cell cycle arrest at GO/G1 phase. Cell
cycle flow cytometry analysis of the indicated cell lines transfected
with miR-control, miR-323a-5p or miR-342-5p at 25 nM for 96 h. a
One representative histogram of three independent experiments. b, ¢
Histograms representing the average percentage of living cell popula-
tion from three independent experiments of SK-N-BE(2) (b) or SK-
N-AS (c¢) cells in GO/G1, S, or G2/M phases. *p <0.05, **p <0.01,
two-tailed Student’s ¢ test. d, e Western blot of the indicated cell cycle
regulatory proteins in SK-N-BE(2) (d) and SK-N-AS (e) transfected
with miR-control, miR-323a-5p and miR-342-5p (25 nM) at 72 h and
96 h post-transfection

proliferation was standardized using the Z score equation
Z = £ where x is the value of cell proliferation after trans-
fection of each single miRNA, u is the mean cell prolifera-
tion of all miRNA and ¢ the standard deviation.

Mouse xenograft

SK-N-AS cells (4x 10° were reverse transfected with
25 nM of miR-control, miR-323a-5p or miR-342-5p in 100-
mm plates (25 pL lipofectamine/dish). SK-N-BE(2) cells
(4.7 x 10%) were reverse transfected with 25 nM of miR-
control, miR-323a-5p or miR-342-5p in T175 flasks (90 uL
lipofectamine/flask). Thirty-six hours post-transfection,
4 x 10° cells/flank of SK-N-AS and 5 x 10° cells/flank of SK-
N-BE(2) were injected into the right flank of 6- to 8-week-old
female NMRI-nude mice (n =13 mice/condition of SK-N-AS
and n= 15 mice/condition of SK-N-BE(2)) (Janvier Labs, Le
Genest-Saint-Isle, France) in 300 uL of PBS:Matrigel (1:1).
Tumor volume was measured every 2-3 days. At the end
of the experiment, the primary tumors were removed and
weighted. Part of the tumors were fresh frozen and the rest
fixed in 10% formalin and embedded in paraffin.

Statistical methods

Unless otherwise stated, mean + SEM values are repre-
sentative of the average of three independent experiments.
Statistical significance was determined by unpaired two-
tailed Student’s ¢ test (GraphPad Prism Software, La Jolla,
CA, USA.). * Means p < 0.05, ** means p < 0.01 and ***
means p < 0.001.

Results

Functional high-throughput miRNA screening
identified several miRNA with tumor-suppressive
activity

High-throughput screening using the largest library of
miRNA mimics available was performed to identify miRNA

with tumor-suppressive functions in NB. Individual miRNA
mimics were transfected into the SK-N-BE(2) cells (Fig. 1a).
Control miRNA (i.e., cel-miR-67 and cel-miR-239b) were
used as negative controls and miR-497-5p as a positive con-
trol [7, 8] (Supplementary Fig. 1a,b). The overexpression of
52 miRNA was found to reduce ~50% cell proliferation (Z
score < — 2, adjusted p value < 0.05) (Fig. 1b; Supplemen-
tary Tables 1, 2).

Since it has been suggested that miRNA with similar
functions cluster together [9], we examined the genomic
distribution of miRNA whose overexpression produced
the highest reduction on cell proliferation. Interestingly, 7
of the 52 miRNA (13.5%) were located at 14q32 (Fig. 1c
and Supplementary Table 2), a locus with high miRNA
density and frequently lost or silenced in different types
of tumors, including NB [10].

Restoration of miRNA located at 1432 reduced cell
viability in multiple NB cell lines

The tumor-suppressive effects of miRNA hits located at
14932 (i.e., miR-380-5p, miR-665, miR-541-3p, miR-
299-3p, miR-654-5p, miR-323a-5p and miR-342-5p)
were further confirmed in an extended panel of six NB
cell lines bearing genomic alterations associated with
resistance to standard NB therapies and poor patient out-
come (Supplementary Table 3). The overexpression of all
miRNA tested reduced cell proliferation in multiple NB
cell lines compared with mock- and miR-control-trans-
fected cells being miR-323a-5p and miR-342-5p those
ones with the highest therapeutic potential (Fig. 2a).

Low miR-323a-5p expression levels correlate
with poor patient outcome

The expression levels of miR-323a-5p and miR-342-5p
were analyzed in a large cohort of NB tissue samples and
correlated with clinical parameters. Whereas lower expres-
sion levels of miR-342-5p did not correlate with the clinical
parameters analyzed (Fig. 2b—c), low miR-323a-5p levels
were found to correlate with MYCN genomic amplification
(Fig. 2d) and shorter overall survival (Fig. 2e).

Ectopic expression of miR-323a-5p and miR-342-5p
halted cell cycle progression and induced apoptosis
inNB

To clarify whether the reduction in cell number upon miR-
323a-5p and miR-342-5p overexpression was due to inhibi-
tion of cell proliferation and/or induction of cell death, cell
cycle progression was analyzed using flow cytometry. The
overexpression of miR-323a-5p induced a modest increase

@ Springer



A. Soriano et al.

miR-Control miR-323a-5| miR-342-5
A s0- i e
404 *
- "
s £
=
8§ %]
Zz o
X 290
5 %20
o
o
<< 104
0 T
2 & &
2 & o
A
14 ) o
E £ g
B 40+ miR-Control miR-323a-5p miR-342-5p
S 30+
? e
r 8
Z 5 204
X **
n 2
[=%
2 10
210+
0-
el & &
€ © &
g & 3
24 s x
£ € £
Cc D
SK-N-BE(2) SK-N-AS
72h 96h 72h 96h
— o — o — o — o
g % % g % € g % & £ % @
s 2 g s { g s & g s & g
Q8 9 2 5 = e 5 @ s
2 oz [ 4 [ 4 [ 4
E E £ kDa E E £ E E E kDa E E £
- 37 -
= 37 =
— ——— e CASP3 — — — S . e | CASP3
—
A - ) Active CASP3 o 5 Active CASP3
W_ | e |« 0-FODRIN
250 SN . [ e WP <oFODRIN
— —
[ 150 [N [ Cleaved o FODRIN G (50 | e -0 o FODRIN
- — le —
- 50 L 50 4

Fig.4 MiR-323a-5p and miR-342-5p overexpression induced apop-
tosis in NB cells. a, b Analysis of chromatin fragmentation/conden-
sation in SK-N-BE(2) (a) and SK-N-AS (b) transfected with 25 nM
of miR-control, miR-323a-5p or miR-342-5p 96 h post-transfection.
Images on the right show a representative field of NB cells stained
with Hoechst dye. White arrowheads point to cells with condensed
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and/or fragmented chromatin. Data represent mean + SEM of
three independent experiments (n=3 per experiment). *p<0.05,
##p <0.01, two-tailed Student’s ¢ test. ¢, d Representative Western
blot analysis of apoptosis-related proteins in SK-N-BE(2) (¢) and SK-
N-AS (d) transfected with miR-control, miR-323a-5p or miR-342-5p
(25 nM) at 72 h and 96 h post-transfection
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in the subG1 peak and an increment in GO/G1-phase popula-
tion accompanied by a reduction in the S and G2/M phases.
Therefore, both cell cycle arrest and increased cell death
might be contributing to the miR-323a-5p overexpression
phenotype (Fig. 3a—c). Concurring with these observations,
a reduction in cyclins, D1, E1 and B1 was observed after
miR-323a-5p overexpression at 72 h post-transfection and
a consequent reduction in phospho-RB levels at later time
points. Furthermore, upregulation of the cell cycle inhibitor
p27 was also observed (Fig. 3d, e).

MiR-342-5p-transfected cells showed no apparent dif-
ferences regarding cell cycle progression compared to
miR-control cells, but did show an accumulation of cells in
subG1, thereby indicating cell death induction (Fig. 3a—c).
In this case, reduced levels of cyclins, D1, E1 and Bl
and phospho-RB, but not increased p27 levels, were also
observed (Fig. 3d, e), suggesting that cells committed to die
were unable to progress through the cell cycle.

Next, we examined the chromatin status of miRNA-
transfected cells by Hoechst staining. MiR-323a-5p and
miR-342-5p transfected cells showed a higher percentage
of cells with condensed and fragmented chromatin stain-
ing, one of the typical hallmarks of apoptosis (Fig. 4a, b).
Furthermore, NB cells transfected with miR-323a-5p and
miR-342-5p showed cleavage of the executor caspase-3 and
one of its targets «-FODRIN, both indicative of apoptotic
cell death (Fig. 4c, d).

MiR-323a-5p and miR-342-5p target cell cycle
and survival genes

To find the downstream mediators of miR-323a-5p and miR-
342-5p phenotypic effects in NB, a miRNA-target analysis
was performed comparing five different platforms (Fig. Sa,
b). For miR-323a-5p, 905 potential targets were predicted
by at least four independent algorithms, whereas 1380
were predicted for miR-342-5p (Supplementary Tables 4,
5). According to the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis [11], a significant
number of these predicted targets were associated with cell
cycle or commonly altered pathways in cancer (Fig. 5c, d,
p value < 0.05). These genes were selected for validation
based on their expression association with NB outcome
and/or previous reported functional role in cancer (Sup-
plementary Tables 6, 7). Transient miRNA overexpression
proved to consistently reduce the mRNA levels of several
miR-323a-5p (i.e., CHAFIA, KIF11, INCENP, CDC25A,
CCNDI, FADD and E2F2) and miR-342-5p (i.e., AKT2,
CCNDI, MKNK?2 and BCLX) predicted targets (Supple-
mentary Fig. 2a—d). To confirm the reduction also in pro-
tein levels, Western blot was performed at 48 h and 72 h
post-transfection of miR-323a-5p or miR-342-5p. CHAF1A,
KIF11, INCENP, CDC25A, CCND1 and FADD protein

levels decreased in both cell lines when cells were trans-
fected with miR-323a-5p (Fig. 5e). On the other hand, only
CCND1 and BCL-XL protein levels were reduced in both
cell lines when cells were transfected with miR-342-5p,
whereas no differences were found in AKT?2 levels. Results
for MKNK?2 were not conclusive (Fig. 5f).

To ascertain whether the potential targets were regulated
directly by miR-323a-5p or miR-342-5p, we engineered
luciferase-reporter vectors with the 3'UTR of genes bearing
the putative miRNA-binding sites (Supplementary Fig. 3).
The reporter vectors were co-transfected with a miR-con-
trol, miR-323a-5p or miR-342-5p and luciferase activity
was quantified 24 h after transfection. The overexpression
of miR-323a-5p caused a reduction in luciferase activity in
the CHAFIA, INCENP, CCNDI and FADD 3'UTR reporter
vectors and no differences were observed for K/F/1 and
CDC25A, thereby indicating that these last two genes are not
direct targets (Fig. 5g). On the other hand, reduction in the
luciferase activity of CCNDI and BCLX 3'UTR vectors by
miR-342-5p overexpression confirmed both genes as direct
miR-342-5p targets (Fig. 5h).

CCND1, CHAF1A and INCENP silencing mostly
reproduced miR-323a-5p overexpression effects

The contribution of each target to the miRNA overexpression
phenotype was analyzed by siRNA-mediated gene silenc-
ing. Silencing of CHAF1A, KIF11 and CCND1 showed
a reduction in cell proliferation similar to that induced by
miR-323a-5p, while INCENP and FADD silencing only
produced a moderate effect (Fig. 6a). Western blot analysis
72 h post-transfection confirmed siRNA efficacy (Fig. 6a,
lower panels). Overall, CCND1 depletion mirrored the best
miR-323a-5p overexpression, not only the general effects
on cell proliferation, but also on the reduction in phospho-
RB levels and p27 accumulation (Fig. 6b). However, when
apoptosis induction was analyzed, CHAF1A and INCENP
were the direct targets that better phenocopied the effects of
miR-323a-5p overexpression (Fig. 6¢). These results suggest
that the combination of CCND1, CHAF1A and INCENP
inhibition is sufficient to reproduce the therapeutic effects
of miR-323a-5p.

Inhibition of CCND1 and BCL-XL partially reproduces
the effects of miR-342-5p

The same strategy was used to characterize the contribu-
tion of miR-342-5p targets. In this case, only the inhibition
of CCND1 showed a similar reduction in cell proliferation
(Fig. 6d). In agreement with this observation, only CCND1
silencing caused a reduction in phospho-RB levels and
accumulation of the cell cycle inhibitor p27 (Fig. 6e). How-
ever, apoptosis induction was not observed with silencing
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«Fig.5 MiR-323a-5p and miR-342-5p modulated the expression of
multiple cancer-related genes. a, b Venn diagram representing the
overlap of predicted target genes among five miRNA-target predic-
tion algorithms of miR-323a-5p or miR-342-5p. ¢, d Representation
of the functional annotation of predicted target genes of miR-323a-5p
(¢) or miR-342-5p (d) using KEGG pathways and Gene Ontology
databases. Red bars indicate selected pathways to analyze potential
miRNA targets. e, f Representative Western blot of predicted target
genes in SK-N-BE(2) and SK-N-AS transfected with miR-control,
miR-323a-5p (e) or miR-342-5p (f) at 48 h and 72 h post-transfection.
g, h Luciferase 3'UTR reporter assays. Graph represents luciferase
activity in HEK-293T cells co-transfected with 50 ng/well of the indi-
cated reporter vectors and 25 nM of miR-control, miR-323a-5p (g) or
miR-342-5p (h). Data represented the average + SEM of three inde-
pendent experiments (n=3 per experiment). *p<0.05, **p<0.01,
**¥p <0.001

of either CCND1 or BCL-XL (Fig. 6f) suggesting that the
observed effects of miR-342-5p on cell death might require
the inhibition of both or additional targets.

MiR-323a-5p and miR-342-5p overexpression
reduced tumor growth in vivo

We proceeded to validate the capacity of miR-323a-5p and
miR-342-5p to reduce tumor growth in vivo by subcutaneous
injection of SK-N-BE(2) or SK-N-AS cells previously trans-
fected with miR-control, miR-323a-5p or miR-342-5p into
the flank of NRMI-nude mice. At the end of the experiment,
all groups showed a similar percentage of tumor incidence
(~ 80-100%, Fig. 7a, e), which suggested that miRNA over-
expression did not interfere with tumor engraftment. Tumor
growth was monitored every 2-3 days for 28 days for SK-N-
BE(2) or 18 days for SK-N-AS. While in SK-N-AS, only the
overexpression of miR-342-5p was capable of delaying cell
growth in vivo, both miRNA were effective in SK-N-BE(2)
cells, showing a final ~ twofold reduction in tumor growth at
the end of the experiment (Fig. 7b, f). These effects were con-
firmed by the analysis of tumor weight (Fig. 7c, d, g, h-Sup-
plementary Fig. 4a, b).

In summary, our results confirm miR-323a-5p and miR-
342-5p as potential therapeutic tools against high-risk NB. Of
note, miR-323a-5p overexpression impaired tumor growth in
the MYCN-amplified cell line, but not in SK-N-AS, suggest-
ing that higher doses of miR-323a-5p or being functional for
longer periods of time may be needed to achieve a therapeutic
effect. In support of this hypothesis, miRNA levels were ana-
lyzed at the beginning and at the end of experiment. Both cell
lines achieved similar levels of miRNA overexpression at the
time of injection (Supplementary Fig. 5a, ¢) ruling out the
possibility of differential transfection efficiency between cell
lines. However, at the end of experiment, SK-N-AS maintained
much lower levels of miR-323a-5p in SK-N-AS but not in
SK-N-BE(2) (Supplementary Fig. 5b, d), thus suggesting that
this miRNA is processed faster in this cell line and therefore,

tumor cells overcome more easily the miR-323a-5p tumor-
suppressive effects.

Discussion

Despite the emerging personalized medicine programs for
pediatric tumors, which include molecular profiling of NB,
the small number of recurrent somatic mutations found at
diagnosis and the lack of established tumor drivers, limit the
therapeutic opportunities for NB patients. On the other hand,
some patients relapse and develop drug resistance when
treated with anticancer drugs targeting single molecules,
which might be due to the activation of alternative pathways.

MiRNA alterations have been shown to participate in
the progression and outcome of NB (reviewed in [12]).
‘We propose the use of miRNA as multi-target approach to
overcome treatment resistance in NB patients, given that
a single miRNA can inhibit multiple targets involved in
tumorigenic processes.

Multiple pharmaceutical companies have already
included miRNA in their developmental drug pipelines
(e.g., miR-34 [13, 14], miR-16 [15], miR-122 [16]). The
first challenge in applying this approach to the treat-
ment of high-risk NB is to identify those miRNA with
the highest therapeutic potential. Our work is the largest
high-throughput functional screening performed to date to
identify miRNA with tumor-suppressive functions in can-
cer and particularly for NB. Of the 2048 miRNA tested, we
identified 52 that significantly reduced cell proliferation
with a Z score lower than — 2 (~ 50% of cell proliferation).
Concurring with previous reports, multiple tumor-suppres-
sive miRNA such as members of the let-7 miRNA tumor-
suppressive family (e.g., let-7i-5p, let-7a-3p, let-7f-2-5p,
let-7g-5p or let-7e-3p [17, 18]) were also identified in our
screening, thereby validating our approach to identifying
tumor-suppressive miRNA.

Notably, 7 of the 52 miRNA (13.5% of the total) shown
to reduce cell proliferation ~ 50% are encoded in the 14q32
genomic region. This region is frequently altered in cancer
and particularly in NB [10], which raises the possibility
that this region contains tumor-suppressor genes. All 7
miRNA identified in our screening showed the capacity to
reduce cell proliferation in multiple NB cell lines in vitro,
with miR-323a-5p and miR-342-5p being those with the
highest therapeutic potential.

In agreement with our results, miR-323a-5p has been
reported to be downregulated in NB patients with MYCN
amplification and associated with unfavorable outcome
[19, 20]. Moreover, miR-323a-5p overexpression has been
reported to reduce proliferation and promote apoptosis of
human cerebral glioma cells [21]. We found that ectopic
expression of miR-323a-5p suppressed cell growth through
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Fig.6 MiRNA target-knockdown partially reproduced the anti-
tumoral effects of miR-323a-5p and miR-342-5p. a, d Cell viability
assay of SK-N-BE(2) and SK-N-AS transfected with 25 nM of miR-
323a-5p, miR-342-5p or the indicated siRNA. Target protein knock-
down was analyzed by Western blot at 72 h post-transfection (lower
panels). b, e Expression of some representative cell cycle regulatory
proteins in SK-N-BE(2) and SK-N-AS transfected with miR-323a-5p,
miR-342-5p or the indicated siRNA (25 nM) at 96 h post-transfec-
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tion. ¢, f Western blot analysis of apoptosis-related proteins in SK-
N-BE(2) and SK-N-AS transfected with miR-323a-5p, miR-342-5p
or the indicated siRNA (25 nM) at 96 h post-transfection. Graph rep-
resents one of three independent experiments (n=6 per experiment).
Asterisk compares miR-323a-5p or miR-342-5p versus miR-Control
and hash compares each siRNA versus control siRNA. * or #p <0.05,
#% or ¥ <0.01, ##* or #¥) <0.001, two-tailed Student’s ¢ test
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Fig.7 MiR-323a-5p and MiR-342-5p overexpression reduced tumor
growth in vivo. a, e Tumor formation incidence in SK-N-BE(2) (a)
and SK-N-AS (e). b, f Tumor growth of xenografts derived from
SK-N-BE(2) (b) SK-N-AS (f) cells transfected with miR-control,
miR-323a-5p or miR-342-5p. Tumor measurements were taken three

the direct modulation of several cell cycle-associated
genes such as CCNDI, CHAFIA, INCENP and FADD
and caused a G1 cell cycle arrest followed by induction
of apoptosis. The silencing of the miR-323a-5p direct
targets CHAF1A, INCENP and CCND1 were those that
more closely recapitulate the phenotypic effects of miR-
323a-5p overexpression. CCNDI1 is a well-established
oncogene frequently overexpressed and associated with
poor outcome in different types of tumors including NB
[25]. CCND1 interacts with CDK4 and CDK6 and the
activation of this complex phosphorylates RB and other
transcription factors which promote cell cycle progression
[26]. To date, the best approach to targeting CCNDI is
through the use of CDK4/6 inhibitors such as palbociclib,
ribociclib and abemaciclib.

times per week for ~ 3 weeks. ¢, g Representative images of dis-
sected tumors (bar indicates 1 cm). d, h Tumor weight at 18 days
post-injection. Hash compares miR-323a-5p versus control and aster-
isk compares miR-342-5p versus control. * or *p <0.05, *¥p<0.01,
##4p <0.001, two-tailed Student’s 7 test

Although the best known functions of CCNDI1 are
related to cell cycle control, CCND1 has CDK-independ-
ent functions. For example, CCND1 regulates cell differ-
entiation by binding to several transcription factors such
as the estrogen receptor a (ERa) and the androgen recep-
tor (AR) (reviewed in [27]). Therefore, a direct inhibition
of CCNDI could be therapeutically more effective than
CDK4/6 inhibition.

Another of the newly identified relevant miR-323a-5p
target is CHAF1A, a chromatin modifier protein recently
involved in maintaining the undifferentiated state of highly
aggressive NB [28]. Thus, in addition to halting cell cycle
progression, miR-323a-5p could also be relevant for NB
therapy through repressing the expression of genes that
block the differentiation of NB cells.
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The silencing of INCENP phenocopied the apoptosis
induction of miR-323a-5p overexpression. INCENP (inner
centromere protein) is a component of the chromosomal pas-
senger complex (CPC), a complex that regulates mitosis.
INCENTP is a scaffolding subunit for the CPC and activates
Aurora B kinase [29]. Similar to CHAF A, high levels of
INCENP in primary NB tumors are associated with poor
prognosis (Supplementary Table 6). In addition, silenc-
ing of INCENP using doxycycline-inducible shRNA led
to significant decreases in growth of NB xenografts and
increases mice survival (Sun et al. Advances in Neuroblas-
toma Research 2018). Therefore, targeting INCENP could
be a novel promising therapy in NB.

Our in vivo studies suggested that the transient overex-
pression of miR-323a-5p was enough to halt the proliferation
of MYCN-amplified NB cells but not in SK-N-AS xenograft
models, probably due to a higher rate of miRNA processing.
At that point, and owing to technical limitations, the fact that
more sustained overexpression of miR-323a-5p could have a
better therapeutic response cannot be ruled out.

In contrast, the transient overexpression of miR-342-5p did
show faster induction of cell death in vitro and a clear reduc-
tion in tumor growth in vivo in both NB xenografts tested. In
line with our observations, miR-342-5p was reported to be
downregulated in breast cancer patients with early relapse
[22] and was able to reduce HER2-positive breast cancer cell
growth [23] and colon cancer cells [24].

Interestingly, we found that miR-342-5p is also a direct
modulator of CCND1. CCND1 silencing alone caused a dra-
matic decrease in NB cell proliferation, but was not enough
to induce cell death (Fig. 6c, f). We also identified BCL-XL
as a direct target of miR-342-5p. BCL-XL is an anti-apop-
totic member of the B cell lymphoma 2 (BCL-2) protein fam-
ily whose overexpression contributes to tumor progression
and resistance to chemotherapeutic agents [30]. Although
BCL-XL reduction alone only causes a minimal reduction
in cell number and did not induce cell death (Fig. 6f), it may
lower the threshold of apoptosis induction upon CCND1
silencing or inhibition. Therefore, the concomitant reduction
in CCND1 and BCL-XL would more faithfully reproduce
the overexpression effects of miR-342-5p.

Conclusions

Our strategy is confirmed as valid for the identification of
novel tumor-suppressive miRNA such as miR-323a-5p and
miR-342-5p in NB models, including but not limited to the
ones that are resistant to conventional therapies and reveals
new vulnerabilities of high-risk NB through the combined
inhibition of targets such as CCND1, CHAF1A, INCENP
and BCL-XL.

@ Springer
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