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In the United Kingdom, ~200 children are newly
diagnosed with neuroblastoma each year.
Neuroblastoma is a malignant tumour that arises

from neural crest tissue derivatives, such as the
adrenal medulla, and therefore most commonly
presents as an abdominal mass, arising in the area
of the kidney. However, neuroblastoma can be
found in almost all differentiating nerve tissues,
located adjacent to the spine, in the neck, chest,
abdomen or pelvis. Approximately 50 per cent of
cases are classified as high-risk, indicating
widespread metastatic disease at presentation in
children over 18 months of age. 

Because the behaviour of these tumours is highly
age-dependent, neuroblastoma as a syndrome
presents a fascinating problem for both clinicians and
researchers.  This reflects the fact that neuroblastoma,
like other other malignancies of childhood, arises as
defects of normal tissue development. Most
interestingly, a proportion of children of <18 months
undergo spontaneous regression of neuroblastoma, a
condition in which widely metastatic tumour tissue
reverts to normal, in most cases without therapy. The
key to unlocking the biology of this disease, and
devising new curative treatments, may lie in
understanding how neuroblastoma spontaneously
reverts, so that we can learn to reactivate this process
in high-risk metastatic tumours with a poor outcome.  

In the absence of this knowledge, however, the
most reliable marker of poor-prognosis disease in
children with neuroblastoma of any age remains
amplification of the MYCN oncogene. This feature
forms part of the International Neuroblastoma
Research Group (INRG) Staging System, and was one
of the first genetic markers adopted for routine clinical
diagnosis in any malignancy. Paradoxically, despite
the relatively early recognition of the role of MYCN,

the development of targeted therapeutics for this or
any other genetic aberration in neuroblastoma has
lagged behind that of adult malignancies. High-risk
neuroblastoma remains very much a therapeutic
challenge for paediatric oncologists, and, although
relatively rare, accounts for a disproportionately high
number of deaths from cancer in childhood. At least
half the children with high-risk neuroblastoma will
relapse following intensive multi-modal treatment,
and there is presently no satisfactory cure for them.

Several barriers impede the development of
improved treatment options for neuroblastoma
(reviewed in [1]).  The problems are due to the
relative rarity of childhood cancer in general and the
differences between adult and childhood patient
populations, not just pharmacologically, but also in
cancer genetics and tumour phenotypes. Additionally,
dependence on the pharmaceutical industry to
actively investigate and develop new agents for use in
paediatrics remains a major obstacle. At present,
novel therapeutics for childhood cancers are adopted
for paediatrics only after positive results are found in
adult clinical trials. This is particularly frustrating in
neuroblastoma, where the robust genetic marker of
this high risk disease (MYCN) presents one of very
few bona-fide tumour-specific oncoprotein targets in
paediatric cancer. No significant pharmaceutical effort
seems to have been made in developing a therapeutic
compound for clinical use. 

Internationally, the small numbers of children
diagnosed with neuroblastoma means that the
opportunities for developing experimental drugs
within a local or national setting are complicated.
Hence the INRG has been working to bring about a
universal staging system for neuroblastoma that will
enable international collaborators to research
neuroblastoma in a more efficient manner [2].
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Figure 1:  Haematoxylin and eosin, and immunohistochemical staining for ALK and MYCN of representative TH-ALKF1174L/MYCN
murine and human neuroblastoma tumour sections.   Scale bars 20um, insets 5um.
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Preclinical models of cancer also hold extreme importance for
the biological characterisation and therapeutic development of
high-risk paediatric tumours in particular. For many years,
research into neuroblastoma with MYCN gene amplification
has relied heavily on the successful murine transgenic model,
TH-MYCN [3]. This reproduces many of the genetic and
phenotypical features of the human disease and has already
been highly valuable for preclinical drug trials for
neuroblastoma [4]. Globally, a huge emphasis has been
placed on the importance of utilising mammalian models of
cancer to conduct not just preclinical, but co-clinical drug
trials that could guide human drug development. This
approach, if carried out to mirror human clinical trials as
closely as possible, can help to convince clinicians and drug
companies to push forward potentially efficacious new agents.  
Aside from these difficulties, collaborations between

clinicians, academia and pharmaceutical companies have
nevertheless delivered several new exciting avenues of
investigation (reviewed in [5]). Not least was the discovery
that activating mutations of the oncogene anaplastic
lymphoma kinase (ALK) are responsible for the majority of
cases of familial neuroblastoma, and are also found in 8-10%
of sporadic cases [6-8]. The most common somatic mutation
of ALK in neuroblastoma is F1174L, which encodes a
phenylalanine for leucine substitution in the kinase domain of
the receptor, allowing for constitutive receptor activation
through the tight binding of ATP. ALK was originally identified
in adult anaplastic lymphoma, where it occurs as an
oncogenic fusion protein (NPM-ALK), and as a different
fusion protein (EML4-ALK) in non small-cell lung cancer. The
success of the combined c-Met/ALK inhibitor, crizotinib,
made headlines recently for the treatment of adult patients
with tumours expressing ALK [9]. This paved the way for a
Phase I trial of crizotinib in paediatrics, and the early reported
results are highly encouraging for a proportion of patients
with neuroblastoma (reported by Mosse et al., at ASCO, 2012). 
Unfortunately, as expected, reports of the development of

acquired resistance to crizotinib in adults soon emerged. It is
now clear that resistance to ALK inhibition takes the form of
upregulation of alternative cancer signaling pathways, such as
EGFR, amplification of ALK, and also point mutations in the
ALK kinase domain, such as those found in neuroblastoma
[10]. In this instance, it seems that paediatric neuroblastoma
patients model de novo crizotinib resistance found as acquired
resistance in adult malignancies. Therefore, paediatric patients
provide a highly useful resource for drug companies to
develop more efficacious targeted inhibitors of ALK.     
The identification of a tractable therapeutic target such as

ALK in neuroblastoma has led to an intense effort to
characterise the role of this kinase. Of particular importance is
the mounting evidence that ALK co-operates with MYCN to
bring about the most aggressive type of this disease.  Children
whose tumours harbour both aberrations have an especially
poor prognosis, with overall survival reaching only 15% [11].
These advances into the characterisation of the role of ALK

in neuroblastoma have been immensely aided by the
development of several novel models of this specific type of
particularly high-risk neuroblastoma [12-14]. All three models
have confirmed the link between activation of ALK and
upregulation of MYCN, leading to highly aggressive
neuroblastomas. Recently the TH-ALK/MYCN murine model
of neuroblastoma was created by Berry et al. [12] using
similar transgenic approaches to the well-described TH-MYCN
model. In the ALK model, animals with both an ALK F1174L
point mutation and overexpression of MYCN develop
abdominal tumours with a very short latency and almost
100% cent penetrance.  
Internal collaboration with colleagues at the CR UK and

EPSRC cancer imaging centre at The Institute of Cancer
Research allowed non-invasive MRI to characterise the type of
tumour in the model, and provided a direct comparison with

Figure 2:  Coronal MRI images depicting a representative TH-ALKF1174L/MYCN tumour
response to vehicle, crizotinib, Torin2, or crizotinib and Torin2 as combination treatment
(combo). 

Figure 3:  Kaplan-Meier survival analysis for TH-ALKF1174L/MYCN animals (10 per group)
treated for 14 days with crizotinib, Torin2, or a combination of crizotinib and Torin2.
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human cases of the disease [15]. This has led to the
identification of imaging biomarkers that can usefully
characterise the therapeutic responses in the TH-MYCN
model, and could be translated to the clinic. In the same way,
it is hoped that analogous markers will be found for
neuroblastoma with ALK-positive disease. In the clinical trial
setting, this would obviate the need for repeated tumour
biopsies, which makes the monitoring of treatment and
responses ethically challenging in paediatric patients.  
Most significantly, the TH-ALK/MYCN model has already

provided information regarding the potential efficacy of
crizotinib for patients with high-risk neuroblastoma. There
was an overall poor response to crizotinib, confirming that the
most common ALK mutation found in sporadic
neuroblastoma is most certainly inherently crizotinib-
resistant. However, it was noted that there is upregulation of
the PI3K/Akt pathway in the model, and when crizotinib was
combined with the TORC1/TORC2 inhibitor Torin2, the
resistance was overcome (Figures 2 and 3). This encouraging
study gives us an insight into what might be achieved for the
treatment of cancer patients with either acquired crizotinib-
resistance, e.g. those with NSCLC, and those with de novo
crizotinib-resistant ALK mutations.  
In summary, new treatment options for children with high-

risk neuroblastoma are desperately needed. The difficulties in
drug development for these patients are multi-factorial, but
the identification of ALK as a causative oncogene in
neuroblastoma, and the parallels with crizotinib resistance in
adult cancers, gives hope that effective treatments will be
found.  The requirement for international collaboration to
push forward development of therapy for neuroblastoma and
other high-risk rare paediatric cancers adds complexity to the
situation, but these may be circumvented through innovative
approaches both in research and clinical medicine.
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