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Investigating the Therapeutic Effects of Small Molecule Imipridones in
Pediatric Neuroblastoma
Sarra El Soussi

Abstract

The small molecule inducers of TRAIL ONC201/TIC10 and its analog ONC206 exhibit
anti-tumor activity by inhibiting AKT/ERK phosphorylation and causing early activation
of the integrated stress response. They are reported to inhibit the DRD2 receptors and
activate mitochondrial ClpP leading to apoptosis and reduced proliferation in various
tumors. Neuroblastoma is the most common extra-cranial nervous system tumor in children
that presents with a spectrum of clinical prognostic measures ranging from benign growths
that regress spontaneously to highly malignant, treatment evasive tumors affiliated with
high mortality rates. MYCN amplification renders this tumor highly malignant and
recurrence prone. In our current study we report for the first time, a novel inhibition of
EGF-induced L1CAM and PDGFRβ phosphorylation with either ONC201 or ONC206
treatment in human MYCN-amplified neuroblastoma IMR-32 and non-MYCN amplified
SK-N-SH cell lines. Drug treatment in these cells significantly reduced cellular
proliferation, viability, migration and increased apoptosis. Tumorsphere formation
potential was further significantly reduced with either drug treatment in both cell lines with
ONC206 exhibiting much higher potency. MYCN expression was significantly abrogated
in the IMR-32 cell line with either drug treatment. The protein expression of Sox-2, Oct-4,
FABP5 and HMGA1 was significantly reduced whereas cleaved PARP1 and caspase-3 and
p-H2AX was increased 48 h after drug treatment in the MYCN-amplified IMR-32 cell
line. We are the first to report this novel differential protein expression after ONC201 or
ONC206 treatment in these cells. Our findings demonstrate an important multi-target effect
of imipridones that may yield added therapeutic benefits in treating this devastating cancer.

Keywords: ONC201/206; neuroblastoma, PDGFRβ, L1CAM, HMGA1, FABP5, Sox-2,
Oct-4, MYCN, -H2AX
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Chapter One
Literature Review
1.1

Cancer

Cancer is an extremely heterogeneous disease that arises from a multistep process which
involves dynamic genomic aberrations that initiate the progressive conversion of normal
human cells into highly malignant derivatives (Hanahan & Weinberg, 2000). Such genomic
alterations usually occur at multiple sites and range from being as subtle as point mutations
to as evident as changes in entire chromosomes (Kinzler & Vogelstein, 1996). These
genomic manifestations reflect on the genotype of the cancer cell. Despite the heterogeneity
noticed in cancer cells, most tumors share common manifestations that lead to malignant
growth: self-sufficiency in growth signals, insensitivity to antigrowth signals, evasion of
programmed cell death, limitless replicative potential, sustained angiogenesis, tumorpromoting inflammation, evasion of immune destruction, deregulated cellular energetics and
tissue invasion and metastasis (Pedraza-Fariña, 2006). Yet, these common traits referred to
as hallmarks of cancer (Figure 1), do not appear all at once. They may appear at different
time points throughout the multi-step process of tumorigenesis (Hanahan & Weinberg,
2000). Nonetheless, once a cancer is clinically diagnosed, it consists of a heterogeneous
population of cells each of which may possess one or more of these malignant characteristics.

Figure 1: Schematic representation of the Hallmarks of Cancer. In this conceptual
framework, characteristics of malignant cancer cells are presented. These hallmarks are
features of cells within the tumor microenvironment. (Broertjes, J., 2015)
1

1.1.1 Childhood Cancer
The prevalence of childhood cancer is 1 in 6500 children, (Minino & Smith, 2001)
accounting for approximately 1% of all human cancers (Bhakta et al., 2019). However,
cancer is the third leading cause of death preceded by car accidents and firearm-related
injuries, amounting to 9% of total deaths among children and adolescents in US
(Cunningham, Walton, & Carter, 2018). In children aged 0-4 years, Hematological
malignancies represent

the largest subgroup of pediatric cancers accounting for

approximately40% of all tumors followed by central nervous system (CNS) and
sympathetic nervous system (SNS) tumors that account for 17% and 15% of all tumors ,
respectively(Steliarova-Foucher et al., 2017). Interestingly, Neuroblastoma (NB) was the
most common SNS tumor to be diagnosed in children aged 0-4 years accounting for
12.5% of all SNS tumors. Specifically, NB is an extracranial SNS tumor which represents
8% of all malignancies in children younger than 15 years of age, but is responsible for a
disproportionate percentage of childrens’ cancer deaths of approximately 15% (Davidoff,
2012). In most cases, the main cause of cancer occurring in children is still unknown.
However, many environmental aspects, such as parents’ lifestyle (diet, smoking, alcohol
consumption) and exposure to drugs or carcinogens during pregnancy, in addition to
genetic susceptibility, may largely contribute to the initiation of childhood cancer
(Reamonn, 2006).

1.2

Neuroblastoma

1.2.1 Definition
NB is the most common extracranial solid tumor in children that arises from the neural
crest cells which are committed to differentiate into the sympathetic chain ganglia and
adrenal medulla, hence, NB is a tumor of the Sympathetic Nervous System (SNS). It is
the most common malignancy diagnosed in early infancy with 25-50 cases per million
individuals (Matthay et al., 2016) and a median age of 22 months at the time of diagnosis
(Castleberry, 1997). Despite the relatively low incidence, NB accounts for almost 15%
of childhood cancer deaths, pointing out the poor prognosis of the disease (Davidoff,
2012). Being described as an enigmatic cancer, NB is usually associated with
characteristics of heterogeneous pathology and diverse clinical outcomes that range from
2

spontaneous regression to rapid malignant progression (Brossard, Bernstein, & Lemieux,
1996). As a result, NB represents a serious challenge to researchers and pediatric
oncologists who are eager to unravel the obstacles hindering long-term cures in pediatric
tumors, such as NB.

1.2.2 History
The identification of NB dates back to as early as 1864 when Virchow described the
pathology of a pediatric tumor which was most likely a NB tumor (Virchow, 1864).
However, the name NB was first suggested by James Homer Wright, a pathologist in
Boston, in 1910 (Rothenberg, Berdon, D’Angio, Yamashiro, & Cowles, 2009). It all
started in the early 1900’s when two physicians had described the pattern of spread and
metastasis in NB. The first is William Pepper, a professor in medicine from Philadelphia
who had reported a case of a 5-week-old infant with an adrenal tumor and prominent
massive hepatomegaly in 1901 (Pepper, 1901). The second is Robert Hutchison, a
physician in London, who had published a case review of older children with similar
adrenal tumors along with metastasis in the bones of the skull in 1907(Hutchison, 1907).
In parallel to these findings, Wright’s valuable efforts served to tie the description of
Pepper and Hutchison together and initiate a relation between the location of these tumor
masses and their origin. In his report, Wright clearly stated that these tumor cells are
associated with delicate fibrils that do not stain like neuroglia fibrils, and that structurally
resemble the fibrils present in the anlage of the sympathetic nervous system (Wright,
1910). Another basic observation was the arrangement between these cells and the fibrils.
Wright mentioned that these cells are arranged in ball-like aggregates enclosing a mesh
of fibrils, which he referred to as “rosettes” (Figure 2) (Wright, 1910). Based on what
Wright had observed, he believed that these tumors possess same features of immature
primitive form of neural cells, hence the name NB (Rothenberg et al., 2009). At that time,
surgery and radiotherapy were the earliest treatments for NB. They were introduced by
the surgeon Robert Gross and radiotherapist Martin Wittenborg (Wittenborg, 1950).
Chemotherapy was introduced later in 1951 by Farber, yet with limited success rate
(Farber, Toch, & Downing, 1951).

3

Figure 2: Typical rosettes seen in NB. Tumor specimen showing
rosettes of cells with deeply stained nuclei. (Rothenberg et al., 2009)
1.2.3

Epidemiology

With less than 1000 new cases per year in North America, NB is considered to be an
ultra-orphan condition with the highest number of cases detected during the perinatal
period. It represents 8-10% of all childhood tumors, the third cancer following leukemia
and brain tumors (Forouzani-Moghaddam et al., 2018) and accounts for approximately
15% of cancer related deaths in children (Esiashvili, Anderson, & Katzenstein, 2009).
Surprisingly, NB is slightly more predominant in White children than in Black children
(Heck, Ritz, Hung, Hashibe, & Boffetta, 2009) with a higher male gender prevalence
(Whittle et al., 2017) with a male to female sex ratio of 1.3:1(Georgakis et al., 2018).
Actually, it is possible to attribute this higher incidence of disease in white children to
greater medical surveillance for NB in this particular population (Heck et al., 2009).
Despite the fact that environmental factors have been suggested as a possible cause to
NB, direct linkage hasn’t been evidently established, hence, the main underlying etiology
of NB is yet to be identified (Cook et al., 2004). In fact, due to the early age onset of the
disease, it has been suggested to focus more on pre-conception and prenatal events to
unravel the possible environmental causes of NB (Ross & Davies, 1999). Most
commonly, NB presents as a sporadic disease with only 1-2% of cases that exhibit
positive family history; called familial NB (Shojaei-Brosseau et al., 2004). Familial NB

4

cases always demonstrate an autosomal dominant inheritance pattern with incomplete
penetrance (Esiashvili et al., 2009).
1.2.4
Pathogenesis of Neuroblastoma
Tumorigenesis and tumor progression are considered to be a multi-step process where
genetic aberrations accumulate sequentially, eventually leading to the neoplastic
phenotype (Fearon & Vogelstein, 1990). The intricate nature of NB suggests that it
follows a complicated genetic evolutionary pattern where an early disruption of normal
developmental processes plays a critical role in tumor initiation. In fact, NB is an
embryonic tumor which originates from neuroectodermal cells that derive from the neural
crest, a transient structure emerging at the neural plate during the embryonic stage
particularly at mid-gestation (Tomolonis, Agarwal, & Shohet, 2018). After the formation
of the neural tube, neural crest cells’ developmental pathway is initiated by the aid of
various transcription factors during embryogenesis (Powell, Hernandez-Lagunas,
LaMonica, & Artinger, 2013) (Hernandez-Lagunas, Powell, Law, Grant, & Artinger,
2011). It all starts when neural crest cells migrate away from the neural tube where they
are destined to differentiate into a diverse array of cell types including peripheral neurons
and glial cells (Kholodenko, Kalinovsky, Doronin, Deyev, & Kholodenko, 2018). It
should be noted that the migration of these cells is mediated by a programmed process of
epithelial to mesenchymal transition (EMT), which is critical for neural crest cells’
maturation (Figure 3) (Denecker et al., 2014; Strobl-Mazzulla & Bronner, 2012). Only
then, primitive neuroectoderm cells can be distinguished from early neural crest cells that
are characterized by pluripotent and self-renewable properties (Louis & Shohet, 2015).
Such unique developmental biology of the neural crest is demonstrated in a wide clinical
heterogeneity of NB tumors (Louis & Shohet, 2015). The clinical heterogeneity of NB is
thought to be the result of diverse molecular drivers interfering with the highly regulated
process of neural crest maturation at discrete stages of this process (Louis & Shohet,
2015). Indeed, NB can manifest anywhere along the SNS, however, the majority is
located within abdominal paraspinal ganglia (60%), adrenal medulla (30%) and other
sympathetic ganglia in the chest, head/neck and pelvis (Papaioannou & McHugh, 2005).
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Figure 3: Migration and differentiation of neural crest cells into different cell types.
An Epithelial to Mesenchymal transition allows neural crest cells to migrate away from
the neural tube. These migratory cells eventually differentiate into diverse array of cell
types. (Kholodenko et al., 2018)
1.2.5

Cancer Stem Cells

Cancer is the product of cells diverging from their normal cellular regulation mechanisms
as a result of accumulated oncogenic mutations. During tumor initiation, any cell type is
vulnerable to malignant transformation including normal stem cells which can escape
cellular regulation and become a cancer stem cell (CSC) (Tomasetti & Vogelstein, 2015).
The concept of CSCs has been an evolving paradigm in cancer biology (Mahller et al.,
2009). CSCs are a subpopulation of neoplastic cells that comprises properties similar to
normal stem cells including capacity for self-renewal, multi-potency, proliferation and
tumor maintenance (Aravindan, Jain, Somasundaram, Herman, & Aravindan, 2019).
CSCs are thought to play a crucial role in cancer initiation, progression, recurrence and
developed resistance to chemotherapy (Figure 4) (Schleiermacher, Janoueix-Lerosey, &
Delattre, 2014). In fact, CSCs possess remarkable organizing capacities as they can
redirect neighboring cells to provide nutrients and contribute to evading the immune
system, thus, creating a favorable environment for tumor growth (Aponte & Caicedo,
2017).
6

Figure 4: Aberrations in stem cells and/or progenitor cells and differentiated cells
might give rise to cancer stem cells. After mutations in stem cells or early progenitor
cells, cancer stem cells might appear. Numerous factors may trigger the initial steps of
tumor formation. (Bjerkvig, Tysnes, Aboody, Najbauer, & Terzis, 2005)
1.2.6 NB Stem Cells
Taking into consideration the heterogeneity of NB and developed resistance post therapy,
it is highly challenging to attain a cure after relapse of progressive NB (Morgenstern,
Baruchel, & Irwin, 2013). This is likely due to the acquisition of genetic aberrations in
undifferentiated CSC in response to intensive multimodal therapy (Figure 5)
(Schleiermacher et al., 2014). NB being derived from multipotent embryonic neural crest
cells is thought of as a stem cell cancer (Walton et al., 2004). To further investigate the
presence of CSC population in NB, a study was conducted on eight NB cell lines
including IMR-32 and SK-N-SH (Mahller et al., 2009). The study focused on
characterizing subpopulations of NB by assessment of stem cell markers (CD34, CD133,
Nestin) expression, the presence of verapamil sensitive side population (rich in ABC drug
efflux transporters) and the capacity to form clonal spheres. As a result, all cell lines
expressed stem cell markers, side populations were detected in most and half of the cell
lines formed tumorspheres. Thus, a relation has been established between CSC and NB
progression, poor prognosis and relapse (Mahller et al., 2009).
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Figure 5: Representative models of cancer stem cell driven tumorigenesis. During
tumor development, a CSC self-renews by symmetric and asymmetric division. Thus, the
huge population of CSC with its self-renewal ability may lead to metastatic tumor. (Alisi
et al., 2013)

1.2.7

Diagnosis

The criteria for establishing a diagnosis of NB have varied worldwide and ranges from
requiring biopsy confirmation to diagnosis by imaging techniques coupled with tests to
check for elevation of urine catecholamines which are excreted in 90-95% of NB patients
(Castleberry, 1997). The International Neuroblastoma Staging System (INSS) had laid
down the foundation of NB diagnosis strategy by developing and providing the minimal
criteria that should be followed to confirm a diagnosis.
1.2.7.1 Biopsy
Biopsy is a commonly performed method used for the diagnosis of NB. In fact,
open biopsy of the tumor, a procedure in which a surgical cut through the skin is
made to expose tumor tissue, has been the cornerstone for definitive diagnosis
of NB. However, the usage of needle core biopsy may serve as a safer and less
invasive substitute (Hassan et al., 2012). All biopsy procedures are performed
under general anesthesia (Gupta et al., 2006).
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1.2.7.2 Imaging
Medical imaging plays a crucial role in the exploration and investigation of
patients with NB. Imaging is an important aspect of initial diagnosis, staging
process, assessing response to therapy and long-term surveillance (Lonergan,
Schwab, Suarez, & Carlson, 2002; Matthay et al., 2016).

1.2.7.2.1 Computed Tomography (CT)
For many years, CT has been the main method of choice to anatomically
investigate masses in patients with possible NB (Golding, McElwain, &
Husband, 1984; Kushner, 2004). A CT image can define and locate the site
of the tumor (Kushner, 2004) and definitively provides evidence of regional
invasion such as bone marrow involvement, vascular encasement,
adenopathy, and tumor calcification (Howman-Giles, Shaw, Uren, & Chung,
2007).
1.2.7.2.2 Magnetic Resonance Imaging (MRI)
MRI is a highly sensitive anatomical imaging modality used in NB patients
that often replaces CT (Ng & Kingston, 1993; Siegel et al., 2002). Its
advantages include lack of ionizing radiation, excellent definition and
visualization of the primary tumor, examination of tumor invasion into the
kidney as well as detection of bone marrow invasion (Pfluger et al., 2003). In
addition to that, MRI is the method of choice to determine any spinal cord
involvement and can detect invasion into the epidural space as well (Sofka et
al., 1999). However, calcification can’t be detected by an MRI image
(Howman-Giles et al., 2007).
1.2.7.2.3 Bone Scintigraphy (BS)
BS is a highly precise and sensitive diagnostic nuclear medicine imaging
technique that utilizes a radiotracer (Van den Wyngaert et al., 2016) mainly
99m

Tc-diphosphonate compound, to evaluate the distribution of active bone

marrow formation in the skeleton related to malignant disease and detect any
cortical skeletal metastatic sites (Heisel, Miller, Reid, & Siegel, 1983).
9

Interestingly, BS is a more sensitive technique than conventional bone
radiography for detection of tumor skeletal metastasis (Howman-Giles et al.,
2007).
1.2.7.2.4 Metaiodobenzylguanidine Scanning (MIBG)
Metaiodobenzylguanidine is an aralkylguanidine analogue of catecholamine
precursor (Pashankar, O’Dorisio, & Menda, 2005). Radio-labeled MIBG
localizes to NB cells in primary tumor sites, in bone marrow and lymph
nodes (Feine, Müller-Schauenburg, Treuner, & Klingebiel, 1987). Hence,
useful for diagnosis of the disease and exploration of any metastatic sites
(Corbett et al., 1991). As a result, MIBG imaging can be utilized for
diagnosis, upstaging in case of distant disease and as a potential therapeutic
agent for targeted therapy. Also, the level of MIBG avidity may influence
the choice of follow up evaluation as it might have prognostic significance
(Okuyama et al., 2002).

1.2.7.3 Catecholamine Uptake
In the majority of NB tumors, which are characterized by defective
catecholamine system, the patients frequently present with accumulation and
excessive excretion of catecholamine metabolites Homovanillic Acid (HVA)
and Vanillymandelic Acid (VMA) (Brodeur et al., 1988; Laug et al., 1978).
Hence, the assessment of urinary catecholamine levels and their metabolites is
an important addition to differentiate NB from other small round cell tumors.

1.2.8

Staging

Over the years, there have been several staging systems for NB which are sometimes
being used in parallel to each other. Evans staging system was the first system to be used
by the Children’s Cancer study group (Evans et al., 1971). This system was based on
imaging and using roman numerals to classify different stages of the tumor and
distinguish between localized and metastatic tumors in addition to a special fifth infant
stage (Evans, 1980). Another staging system is the International Neuroblastoma Staging
10

System which was developed in 1986 in an effort to facilitate comparison of NB cases
worldwide (Monclair et al., 2009). The INSS classification was mainly based on the
degree of surgical resection and the spread of the tumor, hence, it is dependent on the
individual performance of each surgeon (Brodeur et al., 1988). According to the INSS,
NB tumors are clinically categorized into five main stages (1-4 and 4S) (Maris, Hogarty,
Bagatell, & Cohn, 2007). Being considered as a post-surgical staging system, INSS
classification can highly vary from one institution to another. To address these limitations
and to compensate for these variables, a new staging system; the International
Neuroblastoma Group Risk System (INGRS) was developed in 2009 (Table 1) (Monclair
et al., 2009). The INGRS which is based on initial tumor imaging, determines the patient’s
overall stage by relying on the extent of the tumor and the presence of preoperative,
radiographic, image defined risk factors (IDRFs) that can be utilized to assess
resectability (Cohn et al., 2009).
Table 1: INGRS classification for tumor stages. (Monclaire et al., 2009)

1.2.9 Prognostic Factors
The understanding of clinical and biological factors has become an essential tool for
predicting disease prognosis and tailoring treatment strategies for NB patients. On the
basis of the following prognostic factors, the Children’s Oncology Group [COG] had laid
the foundation for NB patients risk stratification (Sokol & Desai, 2019). Thus, taking into
consideration all the mentioned clinical and biological prognostic variables, patients are
currently being categorized into three risk groups; low, intermediate and high risk
(Davidoff, 2012).
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1.2.9.1 Stage and Age
Similar to other malignancies and, as discussed earlier, tumor extent at time of
clinical presentation and diagnosis is a major variable that affects patients’
outcome (Esiashvili et al., 2009). Concerning the patient’s age, it has been long
recognized as a powerful and significant prognostic factor in children with NB
(Breslow & McCann, 1971). Actually, it would be optimal to consider age as a
continuous variable for NB risk stratification as clinical outcome gradually
worsens with increasing age (London et al., 2005). Moreover, two more studies
had confirmed the fact that children aged 12-18 months at diagnosis with
assigned INSS Stage 4 without MYCN amplification had better response to
treatment and better overall survival rate than older patients comprising the same
conditions (George et al., 2005; Schmidt et al., 2005). As a consequence, it has
been always acknowledged that the younger the patient, the better the tumor
prognosis and in turn better chance of survival.
1.2.9.2 MYC-N
MYCN genomic amplification is the genetic aberration that is mostly significant
in NB and is persistent with poor clinical outcome and advanced disease stage
(Brodeur, Seeger, Schwab, Varmus, & Bishop, 1984; Seeger et al., 1985). The
MYCN oncogene is located on the short distal arm of chromosome 2 (2p24)
(Sokol & Desai, 2019). It is amplified in approximately 17-20% of all NB cases
and particularly in 30-40% of high-risk patients (Esiashvili et al., 2009). In fact,
it is considered as amplified when MYCN represents more than 10 copies of the
gene per cell (Figure 6) (Davidoff, 2012). Unfortunately, MYCN amplification
in NB tumors significantly correlates with advanced disease stages, rapid disease
progression, treatment failure and poor clinical outcome (Brodeur et al., 1984).
It is perceived as the main responsible factor for aggressive clinical behavior of
high-risk NB (Weinstein, Katzenstein, & Cohn, 2003).
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Figure 6: MYCN amplification detected by Fluorescence In Situ
Hybridization (FISH). MYCN copies shown in pink. (Theissen et al., 2009)
1.2.9.3 Histopathology
In 1984 a histopathologic grading system was established by Shimada et al to
classify Neuroblastic tumors based on histopathologic features (Schmidt et al.,
2005). According to this grading system, NB tumor consists of immature
(undifferentiated) cells with poor Schwannian storma (Sokol & Desai, 2019).
Taking into consideration the histologic classification in addition to other factors
including the degree of NB differentiation, the nuclear morphology of
neuroblastic cells (mitosis-karyorrhexis index [MKI]) and the patient’s age,
tumors are then assigned into one of two prognostic groups; favorable and
unfavorable (Chatten et al., 1988). Generally, poorly or undifferentiated tumor
histology is a predictor of a worse prognosis.
1.2.9.4 Tumor Cell Ploidy
Normal human cells possess a pair of 23 chromosomes; hence, a normal diploid
cell contains 46 chromosomes (Davidoff, 2012). Surprisingly, the majority of
NB patients [55%] have triploid or near-triploid (hyperploid) cells containing
between 58 and 80 chromosomes, while the rest [45%] are either near diploid
with 35-57 chromosomes or near tetraploid containing 81-103 chromosomes
(Kaneko et al., 1987). That being said, tumors with DNA index [defined as the
ratio of the number of chromosomes to the expected number (46)] less than or
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equal to 1 have poorer outcomes than hyperploid (near triploid) tumors
(Oppedal, Storm-Mathisen, Lie, & Brandtzaeg, 1988).
1.2.9.5 Allelic deletion on Chromosome1
Generally speaking, deletions of genetic material in tumors suggest the
possibility of the presence and subsequent loss of a tumor suppressor gene
present in the deleted region (Davidoff, 2012). In fact, the most common
cytogenetic abnormality present with NB is the deletion or rearrangement of the
short arm of chromosome 1 [1p] (Brodeur, Sekhon, & Goldstein, 1977; Gilbert,
Balaban, Moorhead, Bianchi, & Schlesinger, 1982). Interestingly a partial 1p
monosomy was confirmed by Loss of homozygosity (LOH) studies to be a
prominent feature of primary NB (Fong et al., 1989). To further elucidate the
effect of this loss, transfection of 1p into NB cell lines was performed and
resulted in a restoration of the differentiated phenotype as well as regressed
tumorigenicity (Bader, Fasching, Brodeur, & Stanbridge, 1991).
1.2.10 Conventional Treatment of NB
The treatment of NB usually ranges from observation only to intensive, multi-modal
therapy based on the patient’s risk group (Louis & Shohet, 2015). In addition to the
conventional therapy options (surgery, radiotherapy and chemotherapy), there is a range
of novel potential breakthrough therapies for NB.
1.2.10.1 Low risk NB
Patients with low risk NB including stage L1/L2 without MYCN amplification
in addition to MS patients with favorable biology, usually have excellent
outcome marked with a survival rate >95% even with minimal therapy
(Weinstein et al., 2003). Consequently, several cooperative group trials were
performed aiming to minimize therapy for low risk patients in order to avoid
unnecessary treatment-related complications (Tolbert & Matthay, 2018). To start
with, patients with perinatal adrenal NB and infants <1 year of age are most often
managed by observation alone (Y.-B. Luo, Cui, Yang, Zhang, & Wang, 2018).
During observation, patients are closely monitored using physical examinations,
urine catecholamine levels and tumor imaging at different time intervals to rule
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out rapid tumor growth possibilities (Matthay et al., 2016). Such observational
approach eludes potential complications of surgery especially in young infants.
On the contrary, if these patients demonstrated any threatening symptom or signs
of disease progression, they will respond well to salvage surgery with or without
adjuvant chemotherapy (Nitschke et al., 1991).
1.2.10.2 Intermediate risk NB
This group represents a heterogeneous population of NB tumors (Bansal et al.,
2017) with a high overall survival >90% (Rubie et al., 2011). This classification
includes M stage patients < 18 months, MS patients with unfavorable biology
and L2 patients without MYCN amplification, but harbor histologically or
genetically unfavorable conditions (Tolbert & Matthay, 2018). Patients which
are not amenable for primary tumor resection receive chemotherapy to stop
tumor progression and to debulk it in order to improve tumor resectability
(Bansal et al., 2017). Depending on the response to treatment, patients are
treated with four to eight cycles of chemotherapy followed by surgical resection
(Y.-B. Luo et al., 2018). Similar to low risk patients, total tumor resection is not
essential, however, patients older than 18 months with L2 tumor that can’t be
resected have a lower overall chances of survival (D. L. Baker et al., 2010).
1.2.10.3 High risk NB
Despite the improvement in treatment options and advanced understanding of
the biology of NB, high risk patients still have overall poor outcome (Pinto et
al., 2015). Consequently, physicians have been focusing on increasing therapy
intensity and on using multimodal therapy regimens for high risk patients (Louis
& Shohet, 2015). This group includes stage M patients >18 months of age at
diagnosis and patients at any age or stage with MYCN amplification (Tolbert &
Matthay, 2018). Additionally, stage L2 patients >18 months of age with
unfavorable histology are also included in this classification group. The standard
therapy for high risk patients is comprised of three phases; induction,
consolidation and maintenance (Figure 7) (Smith & Foster, 2018). The aim of
induction chemotherapy is to decrease tumor burden and eliminate metastatic
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deposits to allow for safer surgical resection of the tumor (Tolbert & Matthay,
2018). Following induction, surgical resection of the tumor is performed and is
intended to remove as much of the remaining primary tumor while maintaining
organ and neurologic functions as much as possible (Brodeur, Hogarty, &
Mosse, 2011). Furthermore, in an effort to eliminate any remaining minimal
disease, the treatment proceeds with phase two. Consolidation is divided into
two parts and comprises high dose chemotherapy regimen followed by
Autologous Stem Cell Transplant (ASCT) and radiotherapy treatment (Smith &
Foster, 2018). Unfortunately, despite the improvement in event free survival of
ASCT preceded by myeloablative therapy, 50% of children are prone to relapse
months to years after transplantation (Matthay et al., 1999). Despite significant
improvement in the treatment strategy for high risk patients, long-term survival
remains <50% (Tolbert & Matthay, 2018).

Figure 7: High risk NB multi-modal treatment. The most followed treatment
regime for High risk NB is divided into three phases: Induction, Consolidation and
Post-Consolidation. (Pinto et al., 2015)
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1.2.11

Novel Therapy Approaches for NB
1.2.11.1 Immunotherapy
Targeted immunotherapy is a promising approach for the treatment of multidrug
resistant NB (Tolbert & Matthay, 2018). NB cells are known to be sensitive to
antibody-dependent cell mediated cytotoxicity as well as to complimentdependent cytotoxicity (Cheung, 1991). That being said, the disialoganglioside
GD2, a predominant antigen expressed on the surface of NB cells, appears to be
a strong potential target for immunotherapy especially for high risk patients
(Davidoff, 2012). Anti-GD2 monoclonal antibody was shown to be specific with
high affinity and reduced toxicity (Colon & Chung, 2011). In further attempts to
enhance the response of targeted immunotherapy, cytokines have been combined
with anti-GD2 antibodies as they increase antibody-dependent cellular
cytotoxicity (Tolbert & Matthay, 2018).
Another breakthrough achievement in cancer treatment is the introduction of T
cell targeted immunomodulators which block the immune checkpoints such as
programmed death protein 1 (PD-1) and its ligand (PDL-1) (Figure 8) (Robert,
2020). The PD-1 receptor is expressed on activated monocytes, B cells, T cells,
natural killer cells and dendritic cells, and its ligand is mainly expressed on tumor
cells and tumor infiltrating immune cells. PDL-1 is known to play a significant
role in NB pathogenesis (Nallasamy et al., 2018) such that it hampers the
immune system by suppressing T cells and promoting self-tolerance (Francisco,
Sage, & Sharpe, 2010). Supported by a study conducted by Majzner et al.,
(2017), PDL-1 expression can be used as a biomarker for poor prognosis in NB
patients (Majzner et al., 2017). Recently, PD-1 inhibitors have been used in
combination immunotherapy for NB. However, only certain subgroups of NB
patients benefit from PD-1/PDL-1 blockade therapy (Nallasamy et al., 2018). Up
to date, there are six FDA approved monoclonal antibodies of PD-1/PDL1
pathway (Vaddepally, Kharel, Pandey, Garje, & Chandra, 2020).
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Figure 8: Blockade of PD1 and PDL-1/2. The blockage of PD1 and
PDL-1/2 on T cells, tumor cells and dendritic cells results in restoration
of anti-cancer immune response. (Vanella et al., 2018)
1.2.11.2 Radio-iodinated MIBG
Initially synthesized as a hypertensive agent, it was later found that MIBG tends
to build up in catecholamine producing cells (Esiashvili et al., 2009). Since
radiolabeled MIBG is readily taken up by NB tumor cells, it is strongly proposed
as a targeted therapy for refractory NB and chemo-resistant advanced stages
(Gelfand, 1993). 131 I-mIBG bearing higher amounts of radioactive isotopes and
longer half-life than 123 I-mIBG, delivers a focal dose of radiation precisely to
all tumor sites (Tolbert & Matthay, 2018). Recent studies further support the fact
that treatment with 131MIBG can be used as front-line therapy prior to
chemotherapy without any significant hematological toxicity with 30-46%
response rate in refractory and relapsed NB.(Rubio, Galán, Rodado, Plaza, &
Martínez, 2020).
1.2.11.3 Retinoic Acid
As a vitamin A derivative, Retinoic acid can cause arrest of cell growth, thus,
inducing differentiation of NB cells (Reynolds et al., 1991) and also
downregulates MYCN m-RNA expression (Sidell, 1982). Unlike naturally
occurring trans retinoic acids, 13-cis-retinoic acid (Isoretinoin) is a synthetic
derivative (Davidoff, 2012). Despite the fact that 13-cis RA yielded
disappointing results in phase I and II clinical trials (Finklestein et al., 1992) it
was then shown to improve the 3-year event free survival rate of patients with
minimal residual disease at the end of consolidation therapy (Matthay et al.,
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1999). Another synthetic retinoid, Fenretinide (4-HPR), is reported to inhibit
tumor growth in vitro in a dose dependent manner (Colon & Chung, 2011). In
contrast to Isoretinoin, Fenretinide doesn’t induce differentiation, but is capable
of inducing apoptosis in a receptor-independent manner (C. Patrick Reynolds,
Matthay, Villablanca, & Maurer, 2003). Thus, it seems to be effective against
retinoic acid resistant NB due to mutations in the retinoic acid receptor (Colon
& Chung, 2011).
1.2.11.4 Anti-angiogenic Agents
Angiogenesis has been long known for its important role in the growth and
metastasis of malignant tumors (Folkman, 1990). Particularly in NB tumors,
high level expression of angiogenesis and high tumor vascularity activators
especially VEGF and VEGFR were demonstrated to significantly correlate with
advanced disease stages (Meitar, Crawford, Rademaker, & Cohn, 1996).
Consequently, it is suggested that NB is highly susceptible to anti-angiogenic
treatment (Weinstein et al., 2003). An example of anti-angiogenic agent is the
Pyrazolyl-urea compound STIRUR 13 which demonstrated strong inhibition of
IL-8 induced neutrophil migration (Marengo et al., 2020). It is important to note
that IL-8 is a chemokine that stimulates the movement of neutrophils and is
found highly expressed in a range of tumor types where it plays a crucial role in
angiogenesis and vascular simulation (Angara et al., 2018).

1.3

Imipridones

1.3.1

TRAIL Biology

TRAIL or tumor necrosis factor (TNF) related apoptosis inducing ligand is a member of
the TNF superfamily of proteins which are characterized by their ability to induce
apoptosis in tumors or injured cells (Bossi, Bernardi, Zauli, Secchiero, & Fabris, 2015).
Apoptosis which is a highly regulated process (Shepard & Badley, 2009) can be executed
through two signaling pathways: the extrinsic or death receptor pathway and the intrinsic
or mitochondrial pathway (Elmore, 2007). In particular the extrinsic signaling pathway
that triggers apoptosis includes transmembrane receptor mediated interactions (Lemke,
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von Karstedt, Zinngrebe, & Walczak, 2014). These transmembrane receptors become
activated upon binding with pro-apoptotic ligands such as CD95L, TNF-a, and TRAIL
(Bossi et al., 2015). The pro-apoptotic factor TRAIL was first characterized by its
sequence homology to Tumor Necrosis Factor TNF family members (Pitti et al., 1996;
Wiley et al., 1995). TRAIL is a type II transmembrane protein made up of 281 amino
acids (Shepard & Badley, 2009) and composed of four parts (Figure. 9): Extracellular
TNF-like domain, extracellular stalk, transmembrane helix and a small cytoplasmic
domain (Bossi et al., 2015). Interestingly, TRAIL binds efficiently to four different
transmembrane receptors and one soluble receptor (Ashkenazi & Dixit, 1998; Kimberley
& Screaton, 2004). In fact, these transmembrane receptors belong to the type I
transmembrane proteins which possess an intracellular Death Domain (DD) that
stimulates apoptosis upon TRAIL binding (Bossi et al., 2015). The apoptotic signal
transduction is executed by the cytoplasmic DD of each receptor, which assists in the
recruitment of the death inducing signaling complex (DISC) (Falschlehner, Emmerich,
Gerlach, & Walczak, 2007; Pan et al., 1997; Sheridan et al., 1997). The first two proapoptotic death receptors that initiate activation of the extrinsic apoptotic signaling
pathway following TRAIL binding at the cell surface are DR4 and DR5 (Figure 9) (Pan
et al., 1997). The two additional receptors are decoy receptors; DcR1 and DcR2
(Falschlehner et al., 2007; LeBlanc & Ashkenazi, 2003). Unlike DR4 and DR5, TRAIL
binding to decoy receptors fails to induce apoptosis (LeBlanc & Ashkenazi, 2003) as
DcR1 lacks the cytoplasmic death domain and DcR2 possesses a truncated cytoplasmic
DD (MacFarlane et al., 1997). It is worth mentioning that TRAIL binds to a fifth receptor,
albeit with a much lower affinity, soluble Osteoprotegrin (OPG) (Kimberley & Screaton,
2004; Schaefer, Voloshanenko, Willen, & Walczak, 2007) which contributes to the
negative regulation of osteoclastogenesis
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Figure 9: Overview of the TRAIL-R System in humans. TRAIL may bind to four
membrane-bound receptors and one soluble receptor. DR4 and DR5 can induce apoptosis
via their DDs while the other receptors lack the functional DD. (Lemke et al., 2014)

1.3.2

TRAIL Signaling

It all starts when soluble TRAIL interacts with other TRAIL molecules through its
cysteine residue at position 230 (Bossi et al., 2015) to form trimers of TRAIL enclosing
a zinc atom (Figure 10A) (Bodmer et al., 2000). Subsequently, the binding of these
TRAIL trimers to their respective death receptors DR4 and DR5 triggers trimerization of
the receptors and the subsequent aggregation of clusters of trimerized receptors (Hellwig
& Rehm, 2012). Upon trimerization of the receptors, a protein complex termed the death
inducing signaling complex “DISC” is formed (Thorburn, 2007), which recruits the
cytoplasmic adapter protein Fas-associated death domain (FADD) (Bodmer et al., 2000;
Kischkel et al., 2000) and binds it to the intracellular death domain of the death receptors
(Thomas, Henson, Reed, Salsbury, & Thorburn, 2004). Interestingly, FADD contains two
effector domains essential for executing apoptosis signaling (Shepard & Badley, 2009).
The first is a death domain [DD] which binds to the DD of DR4 and DR5, thus,
completing the DISC formation (Sprick et al., 2000). This interaction particularly exposes
FADD’s second effector domain, the death effector domain DED, which in turn, recruit
procaspase 8 or procaspase 10 to the DISC (Sprick et al., 2000). Following the activation
of the initiator caspase 8, an intracellular signaling cascade is triggered either directly
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through effector caspases or indirectly through mitochondrial dependent caspase
activation (Figure 10B) (Ashkenazi & Dixit, 1998). Due to the potent and selective anticancer apoptotic activity of TRAIL, while sparing normal cells, many efforts have been
put in place to study and develop TRAIL-based therapies as a novel treatment for cancer
such as recombinant human TRAIL (rhTRAIL) (Lemke et al., 2014).
B

A

Figure 10: Signaling cascade executed by TRAIL. Figure A, shows the
molecular structure of TRAIL trimer enclosing a zinc atom. Figure B, shows the
downstream signaling events that lead to apoptosis as a result of TRAIL binding.
(Naval et al., 2019)

1.3.3

Origin

ONC201 is a first in class novel anti-tumor agent and the founding member of the
Imipridone class of small molecules that are characterized by their unique chemical
structure. In contrast to most of the anti-cancer agents that are identified by targetstructure based screening, ONC201 was first recognized using phenotypic cell-based
screening (Allen et al., 2016). Interestingly, ONC201 is the result of a screening process
for selective TRAIL inducing compounds. The screen for TRAIL inducing compounds
arises from the necessity for compounds that will modulate a gain in function of natural
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anti-cancer immune monitoring and tumor suppression mechanisms that reactivates antitumor immunity (Allen et al., 2016). TRAIL is a vigorous and selective tumor suppressor
protein that is viewed as a promising therapeutic target to potentiate immunity against
tumors (Allen, Crowder, & El-Deiry, 2015). In fact, TRAIL gene regulation pathway can
occur in two distinct manners (Allen et al., 2013). The first one is tumor suppressor p-53
dependent (Kuribayashi et al., 2008) while the second is Foxo3a dependent (Ghaffari,
Jagani, Kitidis, Lodish, & Khosravi-Far, 2003). However, the initial screen exclusively
focused on compounds that activate TRAIL gene transcription in a p-53 independent
mechanism to avoid any treatment resistance due to the usual inactivation of p-53 in late
cancer stages (Bunz et al., 1999). In order to identify possible p-53 independent TRAIL
inducer candidates, a cell-based screening using the National Cancer Institute (NCI)
diversity set II was conducted. Of all the screened compounds, TIC9 and TIC10/ONC201
were the only two capable of upregulating TRAIL expression on the surface of the
HCT116 cell line. However, ONC201/TIC10 was selected over TIC9 due to its higher
potency and selectivity in inducing tumor cell apoptosis. ONC201 did not exhibit any
signs of genotoxicity or change in normal cellular morphology, however it appears to
slightly inhibit the proliferation rate of normal cells at high doses (Allen et al., 2016).
1.3.4

Structure of ONC201 and ONC206

The structural elucidation of TIC10/ONC201 generated critical information for the
effective clinical translation of this molecule. The compound known as ONC201, named
as 7-benzyl-10-(2-methyl Benzyl) 2,6,7,8,9,10-hexahydroimidazo according to NCI,
caught the attention due to its unique pharmacophore structure referred to imidazo [1, 2a] pyrido [4, 3-d] pyrimidine heterocycle (Wagner et al., 2017). The unique structure of
ONC201 represents favorable chemical properties that makes it a superior promising drug
candidate: no stereoisomers, highly stable, facile synthesis, adequate aqueous solubility,
and passive penetrance of the blood brain barrier (BBB)(Figure 11) (Allen et al., 2016).

Figure 11: Molecular structure of ONC201
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With continued structural and functional analysis of ONC201, researchers showed interest
in developing similar compounds because of its favorable properties. This inspired the
generation of ONC201 analogs with similar, yet more potent mechanism of action. As
mentioned previously, ONC201 exhibits a unique tricyclic structure, hence, medicinal
chemistry efforts were applied to implement changes of drug characteristics affecting
potency, metabolism and bio-distribution. In fact, all structural changes had focused on
manipulating the compound’s imidazopyridopyrimidone core known as the imipridone
structure (Figure 12) (Wagner et al., 2018).
One of the analogs, ONC206, resulted from replacing the R1 group with a halide (Fluoride)
substituent Diflurobenzyl imipridone. Interestingly, ONC206 had demonstrated very
promising anti-tumor activity with a wide in vitro therapeutic window (Wagner et al.,
2014). For further evaluation, derivative ONC206 was investigated in cancer cell lines and
in 4 normal cell lines revealing its potent anti-cancer activity at nano-molar concentrations
(Wagner et al., 2017).

Figure 12: ONC206 molecular structure. Medicinal chemistry changes
applied to ONC201 in order to obtain ONC206 (B), its potent analog.

1.3.5

Mechanism of Action

One of the greatest challenges of phenotypic screen derived molecules is to identify the
target of this candidate molecule (Chan, Nislow, & Emili, 2010; Williams, 2003). Proper
understanding of the binding targets is a crucial step that helps in positioning drugs for
ideal indications and corresponding target population. This also aids in designing better
drug analogs and provides possible explanations of the mechanisms that contribute to the
observed side effects (Madhukar et al., 2019). ONC201 and its potent analog ONC206
are two of these molecules that induce tumor cell apoptosis, human mitochondrial
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caseinolytic protease P [ClpP] regulation and dopamine receptor DRD2 antagonism
(Figure 14) (Prabhu et al., 2020).
1.3.5.1 ONC201 and ONC206 induce tumor apoptosis via TRAIL
ONC201 and ONC206 induce tumor apoptosis via TRAIL-dependent and
TRAIL-independent pathways (Y. E. Greer et al., 2018). In TRAIL-dependent
signaling pathway, they upregulate TRAIL which is positively regulated by
Foxo3a (Ghaffari et al., 2003), a transcription factor that serves as a tumor
suppressor (Allen et al., 2013) and possesses a docking site on TRAIL’s gene
promoter (Williams, 2003). Primarily, Foxo3a is regulated by its cellular
localization via phosphorylation events that usually bind Foxo3a to cytoplasmic
14-3- proteins, thereby inducing its inactivation (Greer & Brunet, 2005). Such
phosphorylation of Foxo3a is triggered by a number of kinases related to prosurvival signaling including IKb, SGK, AKT and ERK (Greer & Brunet, 2005;
Yang et al., 2008). Under normal circumstances, phosphorylation of these
kinases sequester Foxo3a in the cytoplasm and prevent its ability to activate
TRAIL (Allen et al., 2016). As such, ONC201 and ONC206 induce indirect late
stage inactivation of AKT and ERK after 48 hours of its administration (Allen et
al., 2013). This inactivation of both AKT and ERK subsequently leads to
dephosphorylation of Foxo3a and its translocation and accumulation in the
nucleus.
1.3.5.2 ONC201 and ONC206 activate the ISR pathway
Surprisingly, Ishizawa et al had discovered that the previously proposed
mechanism of action of ONC201 via TRAIL dependent apoptosis pathway is
nonfunctional in hematological malignancies. In fact, ONC201 mediated the
apoptosis in hematological malignancies by inducing integrated stress response,
which is an elaborate signaling pathway activated in response to several
physiologic changes and diverse pathological conditions (Harding et al., 2003;
Ron, 2002) and by downregulating Cyclin D1 (Varun V. Prabhu et al., 2018)
Gene expression profiles in mantle cell lymphoma Jeko cell line treated with
ONC201 demonstrated similar results to profiles of cells treated with ER stress
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inducing Tunicamycin (Ishizawa et al., 2016). These two studies confirm that
ONC201 induces ER stress as part of its mechanism of action, however, it was
deciphered that different signaling pathways were recruited to induce stress in
hematologic and solid tumors ( Greer et al., 2018). This mechanism of action is
TRAIL-independent (Yuan et al., 2017) and usually occurs 12 hours post
treatment with ONC201 (C. Leah B. Kline et al., 2016).
In the classical ER stress pathway, accumulation of unfolded proteins in the
endoplasmic reticulum causes the detachment of the chaperone protein BiP from
the alpha subunit of eukaryotic translation initiation factor2 (eIF2a) kinase;
PERK (Krug, Ganser, & Koeffler, 2002; Rücker et al., 2012). After detachment
of Bip from PERK, the latter undergoes auto-phosphorylation and in turn
phosphorylates eIF2a. Consequently, ATF-4, which is a transcription factor that
promotes the expression of a wide spectrum of genes attributed to enhance cell
recovery and adaptation to certain stressful conditions, is selectively activated
(Chevet, Hetz, & Samali, 2015). However, under prolonged ER stress
conditions, the protein expression of pro-apoptotic genes, including
CHOP/GADD135 were induced by ATF4 (Dey et al., 2010).
1.3.5.3 ONC201 and ONC206 antagonize DRD2
As no defined mechanism of action for ONC201 has been established (Graves
et al., 2019), a Bayesian machine learning approach called BANDIT was utilized
to anticipate the possible molecular target of ONC201 through integrating
multiple data types (Madhukar et al., 2019). Interestingly, ONC201 seemed to
be sharing targets with Oxiperomide and Thioridazine, both of which are
dopaminergic antagonists (Casey & Gerlach, 1980; Meltzer, Sachar, & Frantz,
1975). As a result of this analysis, it was concluded that ONC201 and ONC206
non-competitively (Kline et al., 2018) antagonize the dopamine receptors
especially DRD2-like receptors which are G-protein coupled receptors with the
Gai subunit, thereby inhibiting adenylyl cyclase (Beaulieu, Espinoza, &
Gainetdinov, 2015). The role of these receptors in cancer remains unclear, yet it
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is thought to be associated with tumorigenesis, proliferation, and metastasis
(Marisetty et al., 2019).
1.3.5.4 ONC201 and ONC206 activate ClpP
ONC201 and ONC206 integrates the intrinsic apoptotic pathway into its
mechanism of action through activating Serine Caseinolytic Protease P (ClpP)
(Figure 13) (Wagner et al., 2017). ONC201 interacts with ClpP via non-covalent
allosteric interactions (Prabhu et al., 2020).

Figure 13: ONC201 targets mitochondrial ClpP.
(Graves et al., 2019)

ClpP is a member of the chaperone and protease network that belongs to the
proteome system found in the mitochondria, which is crucial for cell
maintenance and survival (Wang & Dougan, 2019). Under normal conditions,
the activity of ClpP is highly restricted to cleavage of small protein peptides
(Baker & Sauer, 2012). In order to degrade large protein components, ClpP
needs its regulatory CplX which prevents the turnover of correctly folded
proteins (Wang & Dougan, 2019). Accumulating evidence suggests that
mitochondrial function is crucial for maintenance and therapy resistance in many
solid and hematological tumors especially leukemia (Cole et al., 2015; Farge et
al., 2017). As a result, therapeutic strategies that effectively disrupt the integrity
of mitochondria are being investigated (Birsoy et al., 2014). Thus, in aims to
identify a selective activator of ClpP, a screening of 747 compounds was
performed. This screen showed ONC201 as a selective activator of ClpP in a
ClpX-independent manner (Ishizawa et al., 2016). Interestingly, ONC201 and
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ONC206 directly bind to ClpP outside its active site, thus, stabilizing its 14mer
structure (Wang & Dougan, 2019) and widening the axial entrance pore as it
opened up channel like pores on the side wall of the assembled protease
(Sprangers, Gribun, Hwang, Houry, & Kay, 2005). Hence, ONC201 and
ONC206, uniquely target the mitochondria in cancer cells (Greer et al., 2018).

Figure 14: ONC201 mechanism of action. ONC201 mechanism of action. ONC201
affects bulk tumor cells, tumor stem cells and normal cells in the tumor
microenvironment, including immune cells and fibroblasts, to elicit anti-tumor effects.
DRD2 antagonism and ClpP activation by ONC201 are upstream events while
downstream events include integrated stress response activation, c-myc
downregulation, decreased OXPHOS, Akt/ERK inactivation, and Foxo3a activation
that ultimately trigger DR5/TRAIL-mediated apoptosis.
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1.4

Purpose of the study

Given the aggressiveness and heterogeneity of NB, there is a great need for improved
therapies in children battling this cancer. Despite all recent advances, the development of
new efficient therapeutic agents is hampered by many barriers including the lack of cell
models representative of native tumor tissue. Therefore, improved therapeutic approaches
are needed to reduce toxicity and increase specificity. The two imipridone molecules,
ONC201 and ONC206, being activators of TRAIL, have shown promise in various cancers
including aggressive pediatric brain tumors. The aim of our research therefore, is to
investigate the therapeutic effect of these imipridone molecules on malignant MYCN
amplified IMR-32 and non-MYCN amplified SK-N-SH human NB cell lines.
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Chapter Two
Materials and Methods
2.1

Cells and Cell lines

The IMR-32 (MYCN-amplified) and SK-N-SH (MYCN-non amplified) human
neuroblastoma cell lines were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA). The cells were cultured in Dulbecco's Modified
Eagle Medium (DMEM) supplemented with 1% penicillin streptomycin (cat. No. P4333,
Sigma), and 10% of fetal bovine serum (cat. No. F9665; Sigma). The cells were cultured to
80% confluence in T25 flasks at 5% CO2 and 37°C. The media was replenished every 48 h.
The cells were passaged every 2 to 3 days when reaching an 80% confluence of the flask.
They were washed with Dulbecco's phosphate-buffered saline 1X (PBS; D8537; Sigma),
collected by trypsinization and then transferred into a 15 ml falcon tube to be centrifuged at
246 × g for 5 min. The old media was discarded and the cells were re-suspended in 10 ml of
fresh media and transferred into a T75 flask. The cells harvested from T75 flasks were frozen
in Corning®Cryotubes (Corning Inc., New York, NY, USA) using 50% fetal bovine serum
(FBS), 40% EMEM serum-free media and 10% DMSO (D2650; Sigma) to a final volume
of 1 ml. The cryotubes were frozen at −20°C for 2 hours first, then at −80°C for 24 h to
provide a gradual decrease in temperature. Afterwards, they were transferred to liquid
nitrogen for long term storage.
2.2

Drug preparation

Both drugs (ONC201 and ONC206) were dissolved into pure DMSO to get a stock solution
of a 20 mM concentration. Daughter solutions of different concentrations: 0.5 μM, 1 μM, 2
μM and 5 μM were prepared by dilutions using growth media.
2.3

Cell Proliferation Assay/ WST-1 assay.

The WST-1 assay uses the capacity of the cellular mitochondrial dehydrogenases to cleave
the tetrazolium salt WST-1 to formazan dye in order to measure the number of cells. The
higher the activity of the mitochondrial dehydrogenases, the greater the amount of formazan
dye is formed, which reflects the number of viable metabolically active cells, thus an
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estimation of cellular proliferation. A total of 1.5×103 IMR-32 and 3 ×103 for SK-N-SH cells
was cultured in each well of a 96-well plate in a final volume of 100 μL. The “control wells”
only contained growth media, and the “vehicle wells” were supplemented with 0.01% pure
DMSO (this volume being equal to the needed volume of the highest concentration of drug).
The drug was added in final concentrations of 0.5 μM and 1 μM to the “drug wells”. The
cells were incubated for 24, 48, 72 and 96 hours (h) and treated with 10 μL of WST-1 reagent
(cat. No. ab155902; Abcam) per well prior to absorbance reading. The absorbance was
detected after 3h using a Synergy HTX Multi-Mode Microplate Reader at 450 nm (BioTek,
Winooski, VT, USA). The data was collected and the absorbance values were graphed to
analyze the effect on cells proliferation.
2.4

Trypan Blue Exclusion Assay (Viability Assay)

In the viability assay, the cytotoxicity of ONC201 and ONC206 is studied using trypan blue
as an exclusion dye in order to determine the number of viable and dead cells in a cell
suspension. Since live cells possess intact cell membranes that allow them to exclude trypan
blue, whereas dead cells are unable to keep this dye from entering into their cytoplasm
because of their damaged membranes, dead cells will present a blue cytoplasm in contrast
with a clear, white cytoplasm in live cells. 5 × 104 IMR-32/SK-N-SH cells were plated in
each well of a 12-well plate to a final volume of 1 mL/well. After an overnight incubation to
allow cell attachment, the media was replaced and cells were incubated for 48 and 72 hours
with complete media, vehicle or drug in a final concentration of 1 μM and 2uM. Following
each time point, the cells were collected and a volume of each condition was mixed with an
equal volume of trypan blue (cat. No. T8154; Sigma) for a 1:1 (V/V) dilution. 10 μL of this
mixture was placed on a Neubauer Improved cell counting chamber and examined under an
optical microscope. Afterwards, cells were counted in four corners of the hematocytometer
and the average was calculated.
2.5

Wound Healing Assay

The wound healing assay is used to study and assess collective cell migration capacity in
two dimensions. For that reason, a cell-free area (a wound) is created in a confluent
monolayer of cells which will induce the cells to migrate into the gap. Therefore, cells were
seeded in a 12-well plate with a density of 2×105 cells/well. After 24h or 48h; when a
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complete monolayer (85-90% confluency) of cells is formed, the growth media was
replenished with serum-free media in order to starve the cells (rule out possibility of cell
proliferation). At 72h, the growth media is replaced with media containing drug and a scratch
(cross shape) is induced using a 100 μL pipette tip. The scraped cells were washed 2 x with
PBS and replenished with growth media supplemented with 0.01% DMSO (vehicle) or drugs
as described above. Images were acquired immediately after performing the scratch and 24
hours later. Wound healing was analyzed using AxioVision LE Application by determining
the area of the wound at 0h and 24h and the percentage of wound closure was calculated.
2.6

EGF stimulated Wound Healing assay

IMR-32 and SK-N-SH cells were cultured in 24-well plates (1.5 x 105 cells/well) and
incubated overnight until they reached 90-100 confluency. Cells were then starved with
serum free media in order to block cellular proliferation and deplete present growth factors.
After 24h of starvation, a sterile 200 µl tip was used to create a uniform wound through the
cell monolayer. The cells were then washed, treated respectively with vehicle, ONC201 and
ONC206, and cultured in serum free media with or without treatment and with or without
EGF of 200 ng. Images were taken at 0 and 24h buy which the distance migrated by the cells
enumerated the closure of the wound.
2.7

EGF stimulated trans-well migration or invasion Assay

IMR-32 cells were grown to 90-100% confluency and then serum-starved overnight with
either vehicle or ONC206 (1µM) treatment. The next day, cells were harvested, counted and
5 x 105 cells were added to the upper compartment of an ECM-coated trans-well invasion
(Millipore cat# ECM550) or collagen-coated trans well migration (Millipore cat# ECM508)
chamber and allowed to migrate for 24h or invade for 48h to the lower compartment of the
chamber to the underside of the well. Crystal violet stain solution was added, then
subsequently extracted and detected on a standard microplate reader (560 nm). Cell stain
was used to visualize the invaded cells prior to stain extraction and quantitation at 560 nm.
The fold change of the stain absorbance at 560 nm was calculated by setting the vehicletreated, unstimulated cells to 1 and all other treatment groups calculated as a relative fold
change from that.
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2.8

Apoptosis Assay

Cellular apoptosis was detected using a green detection reagent CellEvent™ Caspase-3/7
(C10423; ThermoFisher Scientific) which is a fluorogenic substrate for activated caspases 3
and 7. This reagent is composed of a peptide of four amino acids (DEVD) conjugated to a
nucleic acid binding dye. Intrinsically, this cell-permeant substrate is non-fluorescent due to
the inhibition of the ability of the dye to bind to the DNA by the DEVD peptide. However,
the latter is cleaved after the activation of caspase-3 or caspase-7 in apoptotic cells, which
enables the dye to bind to the DNA and produce a bright green fluorescent signal.In this
perspective, cells were seeded in a 12-well plate with a density of 0.5×105 cells/well. After
24h, the media was collected and replaced by the drug at a 1 μM concentration in a final
volume of 1 mL, with the presence of control and vehicle wells. At 72h after adding the drug,
the media was removed and replaced with 500 μL of PBS supplemented with 5% FBS
containing the CellEvent Caspase-3/7 reagent at a final concentration of 2 μM. After 30
minutes of incubation, random fields were picked and images of the fluorescent cells were
captured using a Zeiss Axio Observer Microscope. Fluorescent and total cells were counted
and the percentage of fluorescent cells was calculated.
2.9

Protein interaction analysis

Protein interactions were studied using STRING database. This database serves to highlight
functional enrichments as well as protein associations imported from other databases of
curated biological pathway knowledge such as Gene Oncology and Kyoto Encyclopedia of
Genes and Genomes (KEGG), which were used in our research project to define molecular
functions as well as interactions between the proteins of interest. These interactions include
direct (physical) and indirect (functional) associations. The proteins’ names were entered
into the database, and a diagram of interactions was generated along with tables containing
functions of these proteins, some of which were chosen to be displayed in a color-coded
manner in our diagrams.
2.10 Protein Extraction
Cell lysis is the first step in cell fractionation, organelle isolation and protein extraction and
purification in order to be able to study protein expression by Western Blot analysis. For that
purpose, cells were seeded in 6-well plates at a density of 0.3×106 cell/well. After 24h, the
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media was collected and replaced with either the vehicle or the drug at a concentration of
1or 2 μM. The cells were collected by scraping at 24h and 48h for protein extraction.
Afterwards, the cells were centrifuged at high speed for 30 seconds at 4°C. The media was
then discarded and the pellet was washed twice with PBS. The cells were then mixed, judging
by the size of the pellet, with 80-120 μL of 2X Laemmli Buffer (cat. No. S3401; Sigma)
used for denaturation and loading of protein samples. This buffer contains 4% SDS, 20%
glycerol, 10% 2-mercapthoethanol, 0.004% bromophenol blue and 1.125M Tris HCl, pH
approx. 6.8. In fact, the SDS is essential for denaturation of proteins and confers to each of
them a negative charge allowing them to separate based on their size. In addition, the glycerol
is necessary for the increase of the density of the samples so they layer in the sample well,
and the 2-mercaptoethanol is capable of reducing the intra and inter-molecular disulfide
bonds. Finally, the bromophenol blue serves as a dye front that runs ahead of the proteins
and makes it possible to see the sample during loading. The Laemmli buffer was
supplemented with 1% of protease/phosphatase inhibitors cocktail. The samples were then
vortexed to be mixed with the Laemmli buffer and centrifuged at 13190×g and 4˚C for 20
minutes. Finally, the samples were boiled at 97˚C for 5 min.
2.11 Western Blotting
Between 20-40 µg of total protein concentration was electrophoresed on a TGX stain-free
fastcast 10% SDS-PAGE gel (cat. No. 161-0183; Bio-Rad) for 90 minutes at 120mV.
Proteins were then transferred onto a methanol-activated PVDF membrane (cat. No. 1620177; Bio-Rad) for 90 minutes at 90mV and 4˚C. Afterwards, membranes were blocked for
30 minutes using a blocking buffer prepared with TBS-Tween (0.1%) and 3% BSA (A2153;
Sigma). Target proteins including MYCN (cat. No. 84406S; cell signaling), p-L1cam (cat.
No. 208155; Abcam), p-PDFGR (cat. No. 16868; Abcam), PγH2AX (cat. No. 9718; cell
signaling), c-Caspase (cat. No. 9661S; cell signaling), c-Parp1 (cat. No. 5625S; cell
signaling) and p-ERK (cat. No. 43775; cell signaling) and p-AKT (cat. No. 9271S; cell
signaling) were detected using primary antibodies (dilution of 1:1,000 in blocking buffer).
The blots were incubated with the primary antibodies overnight at 4˚C, washed 3 times, 5
min each in TBS-Tween (0.1%) and incubated with the secondary antibody for 1h at room
temperature using the goat anti-rabbit IgG HRP-conjugated (cat. No. 170-5046; Bio-Rad) at
a dilution of 1:1,000. The blots were then washed 3 times, 5 min each with 1x TBS-Tween
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(0.1%), incubated in Clarity Western ECL substrate (cat. No. 170-5061; Bio-Rad) and
quantified by densitometric analysis using Image Lab software from Bio-Rad Laboratories.
Stain free blot normalization was used instead of a housekeeping gene as a loading control.
2.12 EGF stimulated Western Blotting
IMR-32 cells were cultured in 6-well plates (0.3×106 cells/well) and incubated overnight.
After incubation for 24h, the media was collected and replaced with either the vehicle or the
drug at the final concentration. After 24h of treatment, the cells were stimulated with 50 ng
of EGF for 15 minutes. The cells were collected by scraping for protein extraction. Cell
lysates were mixed with 2X Laemmli Buffer (cat. No. S3401; Sigma) used for denaturation
and loading of protein samples. Between 20-40µg of protein were electrophoresed on a TGX
stain-free fast cast 10% SDS-PAGE gel (cat. No. 161-0183; Bio-Rad) and transferred onto
a PVDF membrane (cat. No. 162-0177; Bio-Rad). The membrane was blocked with 3% BSA
(A2153; Sigma) and then incubated with 1:1000 dilution of primary antibody overnight at
4°C. The membrane was then washed with TBST and incubated with a secondary
peroxidase-conjugated antibody (cat. No. 170-5046; Bio-Rad) for 1h at room temperature.
The membrane was then washed with TBST, incubated in Clarity ECL substrate (cat. No.
170-5061; Bio-Rad) and quantified by densitometric analysis using Image Lab software
from Bio-Rad Laboratories. Stain free blot normalization was used to normalize the bands
of interest relative to the total protein in that lane instead of a housekeeping gene as a loading
control.

2.13 3D culture and Sphere-formation assay
The sphere-formation assay is used to generate neuroblastoma tumorspheres from the IMR32 and SK-N-SH cell lines. It proposes the use of a semi-solid matrigel 3D culturing system
capable of preventing the spheres’ fusion. This in vitro assay allows the evaluation of the
effect of a certain treatment or anti-cancer drug on stem/progenitor cells activity and
capacity.
Briefly, the Growth factor-reduced Matrigel™ (Cat. no. 354230; BD Biosciences) was
thawed on ice at 4˚C overnight prior to its use. IMR-32 cells (2000 cells/well) were
suspended in Matrigel™/serum free media (1:1 dilution). The solution was plated gently
35

around the rims of the wells of a 24-well plate (50 μL per well). The matrigel was then
allowed to solidify for 45 minutes in the incubator at 37˚C. Meanwhile, serum-free media
was supplemented with 5% FBS and 5 μg/mL of plasmocin prophylactic (cat. code ant-mpp;
Invivogen) used to prevent mycoplasma contamination. For the treatment with ONC201 and
ONC206, this media was supplemented additionally with increasing concentrations of the
drug. Afterwards, 500 μL/well of the prepared media was added to the center of the wells
accordingly and it was regularly changed every 2-3 days. At day 7 after plating, images of
the IMR-32 and SK-N-SH spheres were taken in order to measure the spheres diameter via
Zeiss software. In addition, the number of spheres in each well was counted and the Sphere
Formation Efficiency (SFE) was calculated as per the formula:
SFE = (number of spheres counted ÷ number of seeded cells) × 100
2.14 Statistical analysis
Experiments were conducted in biological and experimental triplicates. The means ± the
standard error of the means (SEM) of all independent repeats were calculated and the
statistical analysis performed using GraphPad Prism Software. A Two-way ANOVA was
used for viability and WST-1, whereas one-way ANOVA was used for apoptosis, woundhealing and trans-well invasion/migration assays and Western blot analysis of protein
expression between drug and vehicle-treated cells. Statistical significance was set as p-value
<0.05.
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Chapter Three
Results
3.1

ONC201/ONC206 inhibited cell proliferation in IMR32 and SK-N-SH

We tested the efficacy of a 3-day exposure to ONC201 and ONC206 on the proliferation of
IMR-32 and SK-N-SH using WST-1 assay. Both cell lines were treated with increasing
concentrations of ONC201 and ONC206 varying from 2µM to 8µM and from 0.5µM to
2µM, respectively. Both treatments resulted in dose and time dependent decrease in cell
proliferation. The number of proliferative cells was significantly reduced with 8µM
(p<0.005) of ONC201 at 72h post treatment, while a more potent effect was observed with
0.5µM of ONC201 at 48h and 72h post treatment.
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treatment in comparison to the vehicle-treated group. It is important to note that both drugs
induced cellular apoptosis in a time dependent manner with a more potent effect observed at
72h relative to 48h in drug-treated compared to vehicle-treated cells. In addition to the total
number of cells, the viability percentage was also significantly decreased at 48h and 72h in
response to ONC201 and ONC206 with ONC206 showing more potent results. This effect
was supported by the visually distinguishable difference in proliferative capacity (cellular
confluence) seen in the vehicle compared to drug-treated groups.

A

B

ONC201

Vehicle IMR-32

ONC206

Figure 16: Cellular viability inhibited with ONC201/ONC206 treatment in IMR-32.
(A) IMR-32 cells treated with either ONC201 or ONC206 exhibit dose and time
dependent decrease in cellular viability compared to vehicle treated cells. (B) Significant
reduction in cellular viability at 72h post treatment. Experiments were conducted in
triplicates and repeated three times. Data represents the mean ± the standard error of the
mean (SEM) of multiple experiments. Data represents the mean ± the standard error of
the mean (SEM) of multiple experiments. *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001.
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Figure 17: Cellular viability with ONC201/ONC206 in SK-N-SH. (A) SK-N-SH cells
treated with either ONC201 or ONC206 exhibit dose and time dependent decrease in
cellular viability compared to vehicle treated cells. (B) Significant reduction in cellular
viability at 72h post treatment. Experiments were conducted in triplicates and repeated
three times. Data represents the mean ± the standard error of the mean (SEM) of multiple
experiments. Data represents the mean ± the standard error of the mean (SEM) of
multiple experiments. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

3.3

ONC201/ONC206 induce caspase dependent apoptosis in IMR-32 and SK-N-SH

Since ONC201 and ONC206 were originally reported to induce apoptosis in a caspase
dependent manner (dual inactivation), we wanted to confirm the implication of this extrinsic
apoptosis pathway in both of our cell lines. We used the CellEvent Caspase3/7 kit capable
of revealing the activation of these two mediators of apoptosis. As a result, a significant
increase in the percentage of apoptotic cells was observed in the drug-treated groups with
5µM of ONC201 and 0.5µM of ONC206 at 72h compared to the vehicle-treated cells. This
increase in apoptotic cells is reflected by an increase in the number of fluorescent cells.
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Figure 18: Cellular apoptosis after ONC201/ONC206 treatment. IMR-32 (A) and SK-NSH (B) cells treated with ONC201 (5µM) or ONC206 (0.5µM) exhibited a significant increase
in the percentage of cellular apoptosis as assessed using the CellEvent caspase3/7 staining 72
h post treatment. Green fluorescence represents apoptotic cells imaged at 10x magnification.
Experiments were conducted in triplicates and repeated three times. Data represents mean ±
the standard error of the mean (SEM) of multiple experiments. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.
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3.4

ONC201/ONC206 significantly inhibit cellular migration.

In an aim to further investigate the effect of ONC201 and ONC206 on cellular bio-functions
including the migratory ability of NB cell lines, we performed the wound healing assay.
Results showed that treatment with 6µM of ONC201 and 1µM of ONC206 significantly
reduced FBS-induced (5%) cellular migratory ability compared to vehicle-treated cells. The
same effect was observed with EGF-induced (200ng) cellular migration.
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Figure 19: Cellular migration after ONC201/ONC206 treatment. IMR-32 (A) and
SK-N-SH (B) cells treated with either ONC201 (5µM) or ONC206 (0.5µM) exhibited a
significant reduction in cellular migration compared to vehicle-treated cells. IMR-32 (C)
and SK-N-SH (D) cells treated with either ONC201 (5µM) or ONC206 (0.5µM)
exhibited a significant reduction in EGF-induced cellular migration as assessed using the
wound-healing assay. Experiments were conducted in triplicates and repeated three
times. Data represents mean ± the standard error of the mean (SEM) of multiple
experiments. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
42

3.5

ONC206 inhibit cellular trans-well migration and invasion in IMR-32.

Trans-well cellular migration through a collagen coated chamber and invasion through an
ECM-coated chamber was assessed in IMR-32 cells with or without ONC206 (1µM)
treatment. Serum starved and drug treated (overnight) cells were given 24 h to migrate
through the collagen-coated or 48 h to invade through the ECM-coated trans-well chamber
towards the lower well containing serum-free media or serum-free media supplemented with
200ng EGF. ONC206 treatment overnight significantly inhibited the cellular ability to
migrate or invade through the trans-well chamber and adhere to the bottom side of the
membrane.
A

B

Figure 20: Cellular trans-well migration and invasion after ONC206 treatment. IMR32 cells treated with ONC206 (1µM) exhibited a significant reduction in the EGF-induced
cellular migration (A and B) and invasion (C and D) through the ECM-coated trans-well
chambers compared to vehicle-treated cells. Experiments were conducted in triplicates and
repeated three times. Data represents mean ± the standard error of the mean (SEM) of
multiple experiments. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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3.6

Implicated proteins in NB highly interact with our drugs’ target proteins

In an attempt to explore the molecular mechanisms of therapeutic efficacy of the two drugs,
we decided to get a glimpse on the interplay between involved tumorigenic proteins and our
drug targeted proteins using STRING database. It is important to elucidate such interactions
as they will give us an idea on the differential expression of proteins in the face of drug
therapy. The database showed already established strong and direct relation between the
hub of our drug targeted proteins, AKT and ERK, and EGFR, VEGFR (KDR), and PDGFR
which are all growth modulators involved in tumor progression, angiogenesis and metastasis.
Another set of protein has been shown to be indirectly related to AKT and ERK as well
including CASPASE3, PARP1, L1CAM, SOX2 and OCT4.

Figure 21: STRING protein analysis. STRING analysis revealed an intricate interplay
between the inhibitory targets of ONC201 and ONC206, DRD2/DRD5 and AKT/MAPK1,
and other tumorigenic proteins implicated in cellular mechanisms of cancer progression,
metastasis and drug-resistance. This protein interaction visualization demonstrates the
complex interplay between AKT, MAPK and many other proteins including PDGFRβ, Sox2, Oct-4, MYCN, FABP5 and L1CAM that play key roles in tumor initiation, progression,
metastasis, recurrence and cancer stem-cell maintenance. The sources of these interactions
are derived from experimental results (pink lines), curated databases (blue lines), gene coexpression (black lines), gene co-occurrence (dark blue lines) and text-mining (green lines).
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3.7

ONC201/ONC206 induced differential expression of tumorigenic proteins

To investigate how ONC201 and ONC206 cause cell death in IMR32 NB cell line, we
evaluated the protein expression of various tumorigenic pathways that are implicated in
different signaling pathways including those previously described in literature.
Interestingly, treatment with 6µM of ONC201 and 1µM of ONC206 for 24h yielded a
significant downregulation of phosphorylated L-1CAM in comparison to the vehicle-treated
group.
Moreover, treatment with ONC201 and ONC206 under the same conditions, resulted in
downregulation of all three growth factor receptors p-EGFR, p-VEGFR and p-PDGFR,
hence, downregulation in the expression of p-AKT and p-ERK in comparison to the vehicletreated groups.
In the process of examining the effects of the drugs on a variety of signaling pathways, we
found that treatment with 6µM of ONC201 and 1µM of ONC206 resulted in consistent
upregulation of phosphorylated ℽ-H2AX, which is involved in DNA double-strand break
repair, and c-CASPASE3, that is involved in apoptosis, over 72h. In contrast, under the same
treatment conditions, ONC201 and ONC206 lead to upregulation of c-PARP1 at 48h and
72h after a single continuous dose of the drug.
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Figure 22: ONC201 and ONC206 treatment induces differential expression of
tumorigenic proteins in NB. IMR-32 (A) and SK-N-SH (B) cells treated with either
ONC201 (5µM) or ONC206 (0.5µM) exhibited differential expression of tumorigenic
proteins compared to vehicle-treated cells as assessed using Western blot analyses. EGFinduced phosphorylation of L1-CAM, PDGFRβ, AKT/ERK was significantly reduced with
a single dose of drug treatment. Data represents mean ± the standard error of the mean (SEM)
of multiple experiments. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 23: ONC201/ONC206 treatment induces differential expression of
tumorigenic proteins in IMR-32 NB cells. (A) Quantitative analysis and (B)
western blot membranes exhibit upregulation in the protein expression of cleaved
caspase-3, cleavedPARP1 and p-H2AX at 48 h and 72 h post drug treatment. Data
represents mean ± the standard error of the mean (SEM) of multiple experiments.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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3.8

ONC201/ONC206 significantly inhibited tumorsphere formation capacity

After treatment of IMR-32 and SK-N-SH with ONC201 and ONC206, they exhibited
significant dose dependent reduction in tumorsphere self-renewal capacity in comparison to
vehicle-treated cells. Tumorsphere formation capacity as assessed using the sphere
formation efficiency (SFE) assay of cells grown in stem cell media supplemented with EGF
and FGF, was significantly inhibited in both IMR-32 and SK-N-SH cells treated with either
ONC201 (2.5µM and 5µM) or ONC206 (0.5µM and 1µM). While IMR-32 cells exhibited a
higher rate of stem-cell self-renewal potential compared to SK-N-SH cells, giving rise to
significantly more tumorspheres with larger diameters, both cell lines exhibited significant
inhibition of SFE 8 days after a single dose of either drug and at both concentrations.
A
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Figure 24: Stem-cell tumorsphere self-renewal potential after ONC201/ONC206
treatment. IMR-32 and SK-N-SH cells treated with ONC201 (5µM) or ONC206 (0.5µM)
exhibited a significant inhibition in the tumorsphere self-renewal potential compared to vehicletreated cells as assessed using the sphere formation efficiency (SFE) assay. The representative
micrographic images (A), and SFE (B) illustrate the significant reduction in tumorsphere renewal
potential in both cell lines after drug treatment. Data represents mean ± the standard error of the
mean (SEM) of multiple experiments. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Chapter Four
Discussion
Being the most common solid extracranial neoplasm in children and the most common
childhood cancer diagnosed before the age of 1 year, NB is highly malignant and treatment
evasive. NB serves a paradigm for personalized medicine as it highlights the importance
to deliver highly targeted, specific and effective treatment to diseased children in order to
achieve high cure rates and lowest recurrence and relapse incidents. The imipridones
ONC201 and ONC206 have presented promising anti-cancer effects in a wide range of
cancer types via their unique pharmacophore that induces TRAIL and its proapoptotic
receptor DR5 in a p-53 dependent manner. In our research project, we show that ONC201
and ONC206 exhibited significant anti-cancer effects in both NB cell lines IMR-32 and
SK-N-SH. Interestingly, ONC206 have demonstrated stronger potency in both cell lines
over ONC201. Although this potency wasn’t statistically represented, it stays significant
such that similar results were yielded after using ONC206 at a 10x lower concentration
than that of ONC201. In order to assess the therapeutic effects of these drugs, we conducted
several cellular bio-functional assays including proliferation, viability and apoptosis
assays, migration and invasion assays, tumorsphere formation efficiency assays and protein
expression and activation using Western blot analysis.
To start with, ONC201 and ONC206 exhibited anti-tumorigenic activity in IMR-32 and
SK-N-SH through inhibition of cell proliferation and cellular viability. Proliferation WST1 assay and viability assay both showed a time and dose dependent effect in response to
both drugs. While ONC206 expressed greater potency with an IC50 ranging between
0.5uM-1uM, ONC201 presented an IC50 ranging between 4µM-8µM. In parallel to
ONC201 and ONC206 anti-proliferative effects, the treatment was associated with
activation of the extrinsic apoptosis pathway carried out by caspases. This effect was
evident in the results of the apoptosis assay by which a 2.5- and 3-fold increase in apoptotic
death was obtained in response to treatment with ONC201 and ONC206 respectively.
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Next, we further investigated the effect of ONC201 and ONC206 on migration and
invasion, two hallmarks of cancer. In fact, the ability of cancer to metastasize is governed
by tumor cells’ motility and capacity to migrate from the tumor’s primary site into
neighboring organs. Migration and invasion assays results demonstrated anti-migratory
effect of ONC201 and ONC206 by a significant decrease in the ability of IMR-32 and SKN-SH cells to close the induced wound in the ‘wound-healing’ assay. These results were
also confirmed by qualitative results of radial migration. Trans-well migration visually
demonstrated a drastic inhibition in the cellular ability to cross a collagen coated membrane
in response to ONC206 treatment. Post migration experiments, we carried out
immunofluorescence (IF) staining on our cells. The IF staining revealed clear evidence that
migration was actin driven, thus, proving that wound closure observed was a direct result
of cellular migration rather than proliferation.

Figure 25: Immunofluorescence staining on IMR-32 cells. Blue stain
represents the nucleus while orange stain represents actin filaments
involved in cellular migration.
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Interestingly, STRING protein network analysis revealed a pivotal interaction between
DRD2, DRD5 and AKT, which serves as a hub that connects PDGFRβ, Sox-2, Oct-4
(POU5F1), MYCN, MAPK1, PLCG1, L1CAM and FABP5. This intricate network of
connections between these highly tumorigenic and cancer stem-cell maintenance proteins
drives cellular proliferation, migration/invasion, tumor progression, treatment-evasion and
cancer stem-cell self-renewal potential. The KEGG pathway analysis places these protein
interactions in highly tumorigenic and drug-resistance pathways. The top 15 pathways
identified by STRING in which these proteins play crucial roles include EGFR tyrosine
kinase inhibitor resistance, central carbon metabolism in cancer, glioma, melanoma,
endometrial cancer, VEGF signaling pathway, bladder cancer, colorectal cancer, non-small
cell lung cancer, platinum drug resistance, prostate cancer, choline metabolism in cancer,
pancreatic cancer, ErbB signaling pathway and Gap junctions

On the other hand, we observed that ONC201 and ONC206 significantly downregulated
the expression of tumorigenic proteins including FABP5, HMGA1, MYCN and stem cell
pluripotency markers Sox-2 and Oct-4. ONC201 and ONC206 were initially reported to be
related with an early stage integrated stress response (ISR) activation and late-stage
inactivation of AKT and ERK pathways. First, we focused on examining the expression of
two important mediators of TRAIL gene expression, AKT and ERK. After stimulation with
200 ng of EGF, ONC201 and ONC206 were able to induce an important downregulation
of the expression of p-AKT and p-ERK. This downregulation may be triggered by the
downregulation of upstream signaling receptors including VEGFR, PDGFR, and EGFR.
Inhibition of phosphorylation of all these three receptors which are involved in
proliferation of cancer cells, metastasis and resistance to treatment in response to ONC201
and ONC201 is an important event in achieving late-stage dual inactivation of AKT and
ERK. These findings are in parallel with the description of mechanism of action found in
literature. A dual inactivation of p-AKT and p-ERK is necessary for the activation of
FOXO3A, in turn, increased TRAIL expression on cell surface.

Next, our research project demonstrated a unique EGF-induced trans activation of L1CAM
and PDGFRβ that was significantly inhibited with either ONC201 or ONC206 treatment.
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PDGFRβ plays an important role in the regulation of growth and survival of certain cell
types during embryonal development, cellular proliferation and migration. L1CAM is a
protein involved in neural cellular adhesion that was reported to play an important role in
tumor progression and metastatic behavior. The inhibition of phosphorylation induced by
ONC201 and more potently by ONC206 may explain in part the reduction in stem cell
renewal capacity in IMR-32 post treatment. This reduction in stem cell renewal potential
can also be explained by the downregulation of stemness proteins Oct-4 and Sox-2.
In addition, the upregulation in c-Cas3 and c-PARP1 at 48h and 72h after treatment further
validates the proapoptotic mechanism of ONC201 and ONC206. We further investigated
the effect of both drugs on the ability of cancer cells to repair DNA breakage.
Phosphorylated ℽH2AX, is a well-established molecule in the repair process of damaged
DNA. In our case, where NB cancer cells were vulnerable to excessive DNA lesions due
to treatment with ONC201 and ONC206, activation of PARP1 which is widely known for
its role in sensing DNA damage will be insufficient to repair the occurring damage, hence,
leading to cancer cell apoptosis. As a result, while all these apoptotic events are occurring,
cancer cells are fighting for their lives by maintaining the upregulation of p- ℽH2AX in an
attempt to repair their damaged DNA. As such, we have demonstrated the delay in repair
of DNA double-strand breaks in the face of treatment with the two Imipridones, which may
be in part one of the mechanisms by which the cells succumbed to this treatment and
underwent apoptosis.
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Chapter Five
Conclusion and Future Perspectives
In conclusion, NB is a devastating pediatric cancer that required a better understanding and
exploration of therapeutic targets for effective treatment. Many molecular targets have
been proposed in recent years, yet, most of them have yet to be investigated clinically. The
two Imipridone molecules ONC201 AND ONC206 that already exhibited promising
results in a clinical setup in several pediatric cancer types, and are shown here to
demonstrate similar promising anti-cancer therapeutic effects in vitro in two NB cell lines.
Our results, consistent with what we initially hypothesized, revealed that ONC201 and
ONC206 possess anti-proliferation, anti-viability, and anti-migration/invasion and proapoptotic properties in IMR-32 and SK-N-SH. They also, induced differential protein
expression of tumor implicated proteins in favor of tumor control and suppression.

In the light of findings discussed above, several more questions need to be answered in
order to obtain a clearer understanding of the mechanism of action ONC201 and ONC206
in NB in a clinical context.
In the future, our prospective plan is to:
•

Investigate in-vivo effect of ONC201 and ONC206.

•

Utilize a combinatorial multi-modality therapy to treat a panel of pediatric and adult
neurological tumors with ONC201/ONC206 in combination with chemo- and
radio-therapy.

•

Utilize a combinatorial therapy regime to combine ONC201/ONC206 with other
small molecule inhibitors of key tumorigenic pathways in order to reach better
cures with reduced recurrence potential.

•

Further investigate the therapeutic effect of ONC201 AND ONC206 on NB stem
cell self-renewal and maintenance capacity.
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