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Abstract
Clinical outcome remains poor in high-risk neuroblastoma patients, where chemoresistant relapse
is common following high-intensity conventional multimodal therapy. Novel treatment
approaches are required. Although recent genomic profiling initiatives have not revealed a high
frequency of mutations in any significant number of therapeutically targeted genes two exceptions,
amplification of the MYCN oncogene and somatically acquired tyrosine-kinase domain point
mutations in ALK, present exciting possibilities for targeted therapy. In contrast to the situation
with ALK, where a robust pipeline of pharmacologic agents is available from early clinical use in
adult malignancy, therapeutic targeting of MYCN (and MYC oncoproteins in general) represents a
significant medicinal chemistry challenge that has remained unsolved for two decades. We review
the latest approaches envisioned for blockade of ALK activity in neuroblastoma, present a
classification of potential approaches for therapeutic targeting of MYCN, and discuss how recent
developments in targeting of MYC proteins appear to make therapeutic inhibition of MYCN a
reality in the clinic.

Background
The need for novel therapies

Neuroblastoma is the most frequently occurring solid extra-cranial tumor of childhood, with
1200 new cases per year diagnosed in the USA and Europe. Of these, nearly half are
classified as INRG (International Neuroblastoma Risk Group) high-risk, and these patients
contribute approximately 15% of all childhood cancer-related mortality (1). In the last
decade, the addition to 13-cis-retinoic acid (isotretinoin) of disialoganglioside (GD2)
targeted ch14.18 chimeric antibody in combination with the cytokines GM-CSF and IL2
during continuation therapy has improved two-year progression-free survival (from time of
randomization) by 20% (2). Nevertheless, outcome remains poor in this patient cohort
despite intensified multimodal treatment. A considerable proportion of patients experience
disease relapse and are refractory to conventional treatment approaches. With a long-term
survival of approximately 8% (3), these children need improved treatment options.
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Gene mutations in neuroblastoma
Genome sequencing studies of neuroblastoma tumor tissue from diagnostic biopsies have
revealed a low mutation rate in a small number of individual genes. In a recent study of 240
tumors the median frequency of mutation was 0.60 mutations per Mb, which is markedly
lower than that found in adult solid tumors (4). However, recurrent changes in five genes
were identified with statistical and biological significance for neuroblastoma: PTPN11,
ATRX, NRA, MYCN and ALK. Among hereditary neuroblastomas, which account for only
2% of all cases and are mostly associated with ALK germline mutations, 6% exhibited
germline mutation of PHOX2B (5), and somatic mutations were detected even more rarely
(6). Other known genetic alterations include loss-of-function mutations and deletions in
TIAM1, ARID1A and ARID1B (7, 8). We will discuss altered expression of MYCN and
ALK, as potential targets for novel therapy approaches, and assess whether existing and
planned treatment strategies could improve treatment outcomes for neuroblastoma.

Aberrant expression of MYCN in neuroblastoma
Amplification of the MYCN gene defines approximately 20% of all neuroblastomas and
45% of high-risk cases (9). MYCN amplification is strongly associated with poor outcome
and until recently was the only genetic factor integrated into risk stratification and treatment
planning (10). MYC family members are bHLH-leucine zipper transcription factors that
bind to DNA at conserved elements within the promoters of an extensive network of genes,
and appear to act as direct amplifiers of transcriptionally active genes, neither directly
inducing de novo gene transcription nor silencing of expressed genes (11). Therefore, the
degree to which the function of MYCN can be targeted through the selective inhibition of
specific genes is unclear. Further complicating matters, the non-linear relationship between
MYCN gene copy number, mRNA expression, oncoprotein levels and clinical outcome (12)
has called into question whether MYCN gene-copy number should be replaced as a clinical
classifier with a measurement more indicative of MYCN function. Several MYCN mRNA
expression signatures have been developed(13), including a 157 gene-set defining a class of
high-risk tumors both amplified and diploid for MYCN (14). Patients included in this study
also displayed prominent dysregulation of the phosphoinositide-3-kinase/Akt (protein kinase
B, PKB)/mammalian target of rapamycin (PI3K/Akt/mTOR), a pathway known to drive
oncogenic stabilization of MYCN protein (15). Thus a significant majority of high-risk
patients are defined by altered expression or stabilization of MYCN and could potentially be
targeted using clinically available PI3K/mTOR inhibitors already in early phase trials (16).
Finally, it is worth noting that expression of MYCN is confined to maturing neural crest
(17), making this oncoprotein one of few bona fide, tumor-specific targets in pediatric
cancer, and a major priority for direct therapeutic targeting.

ALK mutations in neuroblastoma
Approximately 2% of neuroblastoma patients have familial predisposition, and in the
majority of cases, germline mutations occur within the tyrosine kinase (TK) domain of the
ALK (Anaplastic Lymphoma Kinase) gene, implying a putative role for this orphan receptor
kinase in the genesis of neuroblastoma (18-21). A restricted set of TK domain mutations are
present in the germline, but a wider array, with varying ability to activate ALK kinase
activity is present in 8–14% of sporadic neuroblastomas. Targeted therapeutics with
excellent selectivity and potency against ALK are in current clinical trials and are in
development. Preliminary response data indicates that ALK is a therapeutic target of great
interest (discussed below).
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On the Horizon
Recent developments in biologic understanding of MYCN and ALK have made therapeutic
inhibition of both targets a practical matter in the clinic. Here we discuss a mechanistically
based classification system (Table 1) ordering five classes of existing direct and indirect
inhibitors of MYCN and clinical strategies to target ALK using either small-molecule or
immunotherapeutic approaches, all of which are in late development or existing clinical
trials.

Class I - Targeting DNA binding functions of MYCN
Attempts to develop small molecules that directly target MYC family members have
focused on blocking the interaction of MYC with MAX, an approach that has been
technically challenging(22). Studies with a dominant-negative MYC mutant, Omomyc, have
highlighted the clinical potential of this approach. Omomyc, which binds to all MYC family
members and prevents dimerization with MAX, exerts a dramatic therapeutic impact in
MYC-addicted cancers (23, 24). Recently, a compound (10058-F4) that inhibits MYC:MAX
interactions in vitro demonstrated a modest survival benefit in vivo (25) in a genetically
modified, MYCN-dependent mouse model (TH-MYCN) of neuroblastoma (26).

Class II – Targeting transcription of MYCN
Much recent interest has been generated in the MYC targeting field following the
recognition that bromodomain and extra terminal (BET) family adaptor proteins (BRD2,
BRD3, BRD4) localize to MYC promoters. BET proteins contain acetyl-lysine recognition
motifs, or bromodomains, that bind acetylated lysine residues in histone tails usually
associated with an open chromatin state and transcriptional activation (27). BRD4 was
identified as a key therapeutic target in AML, via a focused RNAi screen targeting 243
genes of chromatin regulators (28), and small molecule inhibitors (such as the prototypic
BET inhibitor JQ1) that bind the bromodomain and disrupt BET recruitment to chromatin,
downregulating expression of MYC (28). More recently, a screen of 673 genetically
characterized cancer cell lines for sensitivity to the JQ1 identified MYCN amplification in
neuroblastoma cells as a major predictor of response (29). This study found that treatment
with JQ1 downregulated the MYC/MYCN transcriptional program, as well as suppressing
transcription of MYCN itself. This was accompanied by displacement of BRD4 from the
MYCN promoter and was phenocopied by RNAi knockdown of BRD4. JQ1 treatment
conferred a significant survival advantage in subcutaneous neuroblastoma cell line
xenografts, primary human neuroblastoma orthotopic xenografts, and in TH-MYCN
transgenic mice (29). Currently, OTX015 (OncoEthix), an orally bioavailable BRD2/3/4-
selective inhibitor is the only BET inhibitor undergoing early phase clinical testing (Table
1). In preclinical studies, OTX015 caused transient downregulation of MYC mRNA in
anaplastic large cell lymphoma (ALCL) (30).

Class III - Targeting synthetic lethal interactions of MYCN
Expression of MYC proteins unleashes a powerful oncogenic stimulus that necessitates
remodeling of critical cellular control pathways and exposes synthetic-lethal gene
interactions that can be therapeutically targeted. Genes that are synthetic lethal for MYCN
expression have been identified through shRNA library screens in cancer cells and include
AURKA, CDK1, CDK2 and CHK1 (31-33). In some cases the mechanisms underlying these
synthetic lethal interactions are understood. CHK1 is an essential kinase involved in DNA
repair, which is significantly modulated by expression of MYC or MYCN through induction
of replicative stress and in response to this both DNA repair and cell cycle checkpoint
pathways are activated (34). CHK1 mRNA expression is significantly elevated in patients
with high-risk disease and MYCN amplified neuroblastomas (31). CCT244747, a highly
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selective, orally active CHK1 inhibitor has recently been shown to have therapeutic activity
in TH-MYCN mice (35). Several additional CHK1 inhibitors are in early phase trials in
adults but none are being clinically evaluated in children. Sensitivity to CDK inhibition may
relate to the role of CDK proteins in maintenance of MYC protein stability (discussed
below) (36, 37). Several CDK inhibitors with excellent selectivity and potency are under
development and may prove to be effective inhibitors of MYCN (38, 39).

Class IV - Targeting oncogenic stabilization of MYCN
Degradation of MYCN is required for terminal differentiation of neuronal precursors, so that
control of MYCN protein is tightly controlled in a cell-cycle-specific manner. MYC proteins
bind to a proteasomal degradation complex that includes Aurora A kinase (AURKA), E3
ubiquitin ligases (FBXW7 and HUWE1), and undefined additional proteins (33). The
interaction of “F-box” oncoproteins with FBXW7 is specified by phosphorylation at
threonine 58 (T58) and serine 62 (S62) residues within a conserved phosphodegron domain
(CPD) (36, 40, 41). The phosphorylation status of T58 is critical to the oncogenic activity of
MYC proteins and is regulated by GSK3β, a direct target of the PI3K/mTOR pathway (36).
Aberrant PI3K/mTOR activity in neuroblastoma correlates with poor outcome (42), drives
oncogenic stabilization of MYCN (15) and can be targeted using clinical PI3K/mTOR
inhibitors for which recommended phase 2 doses have been established in children (43, 44).
Early phase trials of compounds active against either PI3K or mTOR are underway using
late-generation rapalog inhibitors such as temsirolimus and ridaforolimus, which have
improved bioavailability and inhibition of mTORC1 and mTORC2 (Table 1). Several ATP-
competitive inhibitors of mTOR, including MLN0128 (INK-128) (45) and AZD2014 (46)
are in early clinical development. MK2206, an Akt inhibitor effective against neuroblastoma
alone or in combination with etoposide or rapamycin(47) is also undergoing phase I testing
in patients under 16 years of age (Table 1).

Another strategy to target oncogenic stabilization of MYCN is to promote dissociation of the
Aurora A Kinase:MYCN complex, which results in rapid proteasomal degradation of
MYCN (33). Certain Aurora A inhibitors such as MLN8237 induce a particular
conformational change in the kinase that actively re-initiates MYCN degradation through
this mechanism, independent of any requirement for enzymatic inhibition of the kinase itself
(48). MLN8237 was identified as a promising agent for neuroblastoma (49), but has not
displayed robust antitumor activity in early-phase pediatric studies (50). This recent data on
the mechanism of Aurora A kinase inhibition indicates that MLN8327 is not a structurally
optimal inhibitor of MYCN:Aurora A interactions, making the development of improved
inhibitors a priority.

Class V – Targeting the expression or function of MYCN
Novel targets that either regulate the expression of MYC proteins or modify MYC function
have long been known and are currently being identified. The recognition that retinoids
modulate the ability of MYCN to regulate neuronal differentiation led to the use of 13-cis-
retinoic acid (CRA) in neuroblastoma, and is one of few therapeutic interventions in recent
years that has extended long-term survival in high-risk patients (51). CRA, which is used in
the continuation phase of neuroblastoma treatment (2), down-regulates MYCN expression,
induces cell cycle arrest and stimulates neuronal differentiation (52). Finally, a novel
mechanism regulating MYCN expression involves modulation of the let-7 family of
microRNAs, which negatively regulate MYCN expression (53). Let-7 expression is
suppressed by LIN28B, which is amplified and overexpressed in high-risk neuroblastoma.
Overexpression of LIN28B has been elegantly modeled in genetically-engineered mice as a
primary driver of neuroblastoma tumorigenesis (53), leads to generation of neuroblastoma
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with elevated levels of MYCN expression and will likely provide data for novel strategies to
target this mechanism.

Inhibition of ALK kinase activity
The recognition that germline and somatic mutations occur in the TK domain of ALK and
are targetable using the existing clinical therapeutic crizotinib (PF-02341066, an ATP-
competitive dual-specific inhibitor of ALK/c-Met) (54), has generated significant interest.
ALK mutations drive constitutive phosphorylation of ALK and are critical for growth of
neuroblasts (54). In common with MYCN, normal ALK expression is confined to
developing neural tissues. Thus ALK represents a bona fide target in neuroblastoma and its
inhibition is not predicted to result in undesirable systemic side effects. Crizotinib has been
clinically evaluated in adult ALCL (55), non-small cell lung cancer (56) and ALK-
rearranged inflammatory myofibroblastic tumor (IMFT)(57). In these early phase trials,
excellent clinical responses have been achieved in ALK-rearranged patients in which
oncogenesis is driven by the resultant fusion proteins displaying constitutive ALK TK
activity. Analogous to BCR/ABL-positive chronic myelogenous leukemia (CML) in which
clonal evolution of gatekeeper mutations drives resistance to targeted TK inhibition,
crizotinib treatment is complicated by the development of ALK TK domain point mutations,
which reduce the effectiveness of crizotinib through an increased affinity for ATP(54).
Results suggest that crizotinib inhibits proliferation of neuroblastoma cells harboring
R1275Q-mutated ALK or amplified wild-type ALK, but not those possessing the F1174L
mutation (54). Crizotinib was evaluated in a phase I/II trial and exhibited activity against
IMT, ALK-translocated ALCL and neuroblastoma (58). In 11 of 34 neuroblastoma cases,
with known ALK status, one complete response and two stable disease responses were
observed. The limited number of patients with defined ALK status makes interpretation of
crizotinib activity in this setting premature (58). A combination trial of crizotinib with
chemotherapy is planned (NCT01606878). Several structurally distinct, second-generation
ALK inhibitors with enhanced potency and specificity are currently in early phase clinical
trials. These include LDK378 (59), CH5424802 (RO5424802) (60), and AP26113 (a dual-
specificity ALK/EGFR inhibitor) (61) (Table 1). Questions surrounding the significance of
ALK as a target in neuroblastoma, as well as therapeutic resistance to crizotinib, will likely
be addressed in the near future using these available therapeutic tools.

Immunotherapy of ALK
Immunodominant peptide epitopes of ALK with restriction for common MHC types have
been described for both class I and class II MHC and high circulating levels of ALK specific
T cells recognizing these peptide/MHC combinations have been reported specifically in
patients with ALCL, although this has not yet been identified in neuroblastoma patients (62).
T-cells with specificity for the ALK peptide/MHC specificities are effective at lysing ALK-
positive cancer cells. This evidence for natural immunity against ALK in cancer is
supportive for the development of peptide vaccine based immunotherapy approaches for
neuroblastoma. However the low class I MHC expression in neuroblastoma will assist in
immune evasion.

An alternative approach to target ALK makes use of its cell surface localization, which
allows for targeting by antibody-based strategies. Monoclonal antibodies (mAb) directed
against the ALK ectodomain have been generated (63), and these have been shown to induce
antibody-dependent cell-mediated cytotoxicity (ADCC) against ALK-positive
neuroblastoma cells (64). Interestingly, ADCC was increased when anti-ALK mAb was
used in combination with crizotinib, which upregulated expression of ALK in this
experimental system. This is supportive of the concept of combinatorial small molecule
inhibition of ALK TK activity and anti-ALK immunotherapy. Other potential antibody-
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based strategies are to develop neutralizing antibodies specific for mutated ALK, or to use
non-lytic antibodies to deliver payloads such as radionuclides or immunotoxins. The bright
cell surface expression of ALK makes it an attractive target for immunotherapy using
chimeric antigen receptor-transduced T cells, which combine MHC-unrestricted antibody
specificity with potent T cells activation. Using this approach against a similar cancer cell
specific target antigen in leukemia (CD19) has resulted in dramatic clinical responses in
chemotherapy-resistant patients and the development of long-lived memory responses (65).

Conclusions
A number of the drugs described in this review are already in early phase clinical testing in
adult and pediatric settings (see Table 1) and others are at an advanced stage of pre-clinical
evaluation. A rational approach and alternatives to mechanistic targeting of MYC proteins in
general, and MYCN in particular, is emerging using clinically available therapeutics (Figure
1). Strategies based on both enzymatic and immunotherapeutic targeting of ALK are
advancing rapidly. Our own work and that of others implies that MYCN and ALK are
functionally synergistic and that MYCN gene amplification (and/or oncogenic protein
stabilization) and ALK mutation may in fact co-associate in a proportion of neuroblastoma
patients with high-risk disease (66-70). It is anticipated that many therapeutic options will
become available: for example, the oncogenic activity of ALK appears to proceed primarily
via aberrant PI3K/mTOR pathway activity. Therefore, therapeutic strategies targeting both
oncoproteins can easily be envisioned (such as combinations of ALK and mTOR inhibitors)
and may have enhanced efficacy. In summary, the likelihood is that therapeutic suppression
of the activities of MYCN and mutated ALK, arising from the two most common and
potentially significant genetic alterations in neuroblastoma, will become a clinical reality.
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Fig 1.
Schematic representation of therapeutic strategies targeting MYCN and ALK in
neuroblastoma.
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Table 1

Targeted therapies against MYCN and ALK currently in development

Drugs targeting MYCN Drug Development phase Pediatric trial identifier

Class I – Drugs targeting DNA binding functions of MYCN

MYCN/MAX heterodimerization 10058-F4 Pre-clinical

Mycro3 Pre-clinical

Class II – Drugs targeting transcription of MYCN

BET bromodomain OTX015 Phase I – Adult

JQ1 Pre-clinical

I-BET762 Pre-clinical

Pfi1 Pre-clinical

CPI203 Pre-clinical

Class III – Drugs targeting synthetic lethal interactions of MYCN

CHK1, CDK2, and CHK2 SCH900776 Phase I – Adult

CHK1 LY2606368 Phase I – Adult

GDC-0425 Phase I – Adult

GDC-0575 Phase I – Adult

CDK2 SCH727965 Phase I/II – Adult

Class IV – Drugs targeting oncogenic stabilization of MYCN

mTOR – rapalogs Rapamycin Phase I/II NCT01331135, NCT01625351, NCT01804634

Temsirolimus Phase I/II NCT01204450, NCT00808899

Everolimus Phase I NCT00106353, NCT01049841, NCT01637194

Ridaforolimus Phase I NCT00704054, NCT01431547, NCT01431534

mTOR – ATP competitive AZD2014 Phase I – Adult

OSI027 Phase I – Adult

MLN0128 Phase I – Adult

PI3K/mTOR dual specificity BKM120 Phase I/II/III – Adult

GDC-0980 Phase I/II – Adult

NVP-BEZ235 Phase I/II – Adult

Akt Perifosine Phase I NCT00776867, NCT01049841

MK2206 Phase I NCT01231919

Aurora A AT9283 Phase I NCT01767194

MLN8237 Phase I/II NCT01601535

Class V – Drugs targeting the expression or function of MYCN

MYCN expression Isotretinoin Current therapy

Drugs targeting ALK Drug Development phase Pediatric trial identifier

Inhibition of ALK kinase activity

ALK/c-Met dual specificity Crizotinib Phase I/II NCT01644773, NCT00939770

ALK/EGFR dual specificity AP26113 Phase I/II – Adult

ALK LDK378 Phase I NCT01742286

ALK CH5424802 Phase I/II – Adult

Immunotherapy of ALK

ALK PF-03446962 Phase I/II – Adult
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