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Preface
Tumors of neuroblastoma group are heterogenous and their molecular/genomic properties
are closely related to the prognosis of patients: some children enjoy an excellent clinical
course after biopsy/surgery alone, and others suffer from a fatal outcome even after an in‐
tensive treatment. Recent progress has also started disclosing critical significance of crosstalking between neuroblastoma cells and their microenvironment in predicting clinical
behaviors of individual cases. In this book, the world distinguished investigators report clin‐
ical and biological characteristics of this disease. It now becomes clear that we should identi‐
fy specific “targets” and incorporate them in our future strategy development for efficiently
managing the patients with neuroblastoma. We believe that these “targets” can only be
identified by understanding more of the biology of this complex disease. We need to keep
up our continuous effort in precise medicine, so that we will be able to reach our goal, i.e.,
cure for this disease, in a near future.
Hiroyuki Shimada, MD, PhD
Department of Pathology & Laboratory Medicine Children's Hospital
Los Angeles, USA

Section 1

Neuroblastoma, Clinical

Chapter 1

Clinical Presentation of Neuroblastoma
Josef Malis
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/55921

1. Introduction
Neuroblastoma is a cancer of the peripheral sympathetic nervous system, derived from
embryonic neural crest cells (a neuroendocrine tumor) and is one of the few cancers known to
undergo spontaneous regression from an undifferentiated state to a benign tumor.
Neuroblastoma is the most common extracranial solid tumor in children, accounting for 7%
to 8% of all childhood cancers. The prevalence is about 1 case per 7,000 live births. This
incidence is fairly uniform throughout the world, at least for industrialized nations. Neuro‐
blastoma is slightly more common in boys than in girls, with a male-to-female sex ratio of 1.1
to 1 in most large studies [1]. While it accounts for 7% of all childhood malignancies, neuro‐
blastoma accounts for 10% of childhood cancer mortality. Neuroblastoma is a pediatric
neoplasm that is the most common cancer diagnosed during infancy. POG and CCG institu‐
tions from 1986 to 2001 showed a median age at diagnosis of about 19 months. In this cohort,
36% were infants, 89% were younger than 5 years, and 98% were diagnosed by 10 years of age.
The distribution of cases by age shows that this is a disease of infancy and early childhood,
with the highest number of cases diagnosed in the first month of life [2].

2. Current outcome
Patients with low- and intermediate-risk NBL have an overall survival rate exceeding 90%
with a trend toward minimization of therapy [3,4,5]. Standard therapy for patients with highrisk NBL involves multi-agent chemotherapy induction, surgery and external beam radio‐
therapy, myeloablative consolidation with autologous hematopoietic stem cell recue and
biologic agents, including the recent demonstration that GD2- directed immunotherapy
combined with cytokines significantly improves survival. Despite these achievements, 50% of
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patients with newly diagnosed high-risk disease, and less than 10% of patients whose disease
recurs, will survive [6].

3. General remarks
Neuroblastoma is very often called “enigmatic tumor” for its broad spectrum of clinical
presentation, biological features and prognosis varying from clinically incidence benign to
unresectable or metastic disease with very poor outcomes. Neuroblastomas can arise any‐
where throughout the sympathetic nervous system, most common primary site is adrenal
gland, followed by abdominal (extraadrenal), thoracic, cervical, and pelvic sympathetic
ganglia. Neuroblastoma metastasizes to lymph nodes, bone marrow, bones (long bones, flat
bone soft the scull, orbits), liver, and skin, rarely to lungs or brain. Widespread bone and bone
marrow disease causes bone pain, which can lead to limping, or irritability in a younger child.
There may be bone marrow replacement and symptoms such as anemia, bleeding, or infection.
Skin involvement is seen almost exclusively in infants with INSS stage Ms (4S) tumors and is
characterized by a variable number of nontender, bluish subcutaneous nodules.
Constitutional symptoms associated with disseminated disease may include failure to thrive
and fever, the latter observed most often in the presence of extensive bone metastases [7]
Regional lymph node metastases are noted in up to 35% of patients with apparently localized
tumors and 30% of patients with stage M (4) and Ms (4S) disease also have regional lymph
node involvement. Spread of tumor to lymph nodes outside the cavity of origin is considered
to be INSS stage 4 disease, but these patients may have a better outlook if there is no bone
marrow, cortical bone, or other parenchymal organ involvement. [8,9]
Most primary tumors occur within the abdomen (65%), although the frequency of adrenal
tumors is slightly higher in children (40%) compared with infants (25%). Infants also have more
thoracic and cervical primary tumors. A primary tumor cannot be found in about 1% of
patients.

4. Staging and stratification
The for decades used surgical-pathologic International Neuroblastoma Staging System (INSS)
– Table 1 [10] has been recently replaced by the International Neuroblastoma Risk Group
Staging System (INRGSS) [11]. The INRGSS uses radiologic features to distinguish locore‐
gional tumors (Table 2) that do not involve local structures (INRGS L1) from locally invasive
tumors (INRGS L2), exhibiting image defined risk factors (Table 3) [12]. Stages M and MS refer
to tumors that are widely metastatic or have an INSS 4 and 4s pattern of disease, respectively.
Neuroblastoma is classified into low-, intermediate-, or high-risk categories based upon
clinical and biological features, with risk category correlating with outcome. The recently
proposed INRG classification defines similar cohorts that will be used to assess clinical trial
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outcome. The International Neuroblastoma Response Criteria (INRC) provide a common basis
for disease response comparisons across clinical trials [13]. Importantly, the INRC has
limitations with respect to definitions of metastatic site response not measurable using
anatomical imaging (bone and bone marrow). A National Cancer Institute-sponsored inter‐
national meeting was held in 2012 to develop updated consensus response guidelines.
Response components of a revised INRC will includeprimary tumor dimensions using
anatomic imaging, and metastatic disease assessment using 123I-MIBG imaging and quanti‐
fication of bone marrow disease.

Stage 1:

Localized tumor with complete gross excis ion, with or without microscopic residual disease;
representative ipsilateral lymph nodes negati ve for tumor microscopically (nodes attached and
removed with the primary tumor may be positive)

Stage 2A:

Localized tumor with incomplete gross excision; representative ipsilateral nonadherent lymph
nodes negative for tumor microscopically

Stage 2B:

Localized tumor withor without komplete gross excision, with ipsilateral nonadherentlymph nodes
positive for tumor. Enlarged contralateral lymph nodes must benegative microscopically

Stage 3:

Unresectable unilateral tumor infiltrating across the midline, with or without regional lymph node
involvement; or localized unilateral tumorwith contralateral regional lymphnode involvement; or
midline tumor with bilateral extensit by infiltration (unresectable) or by lymph node involvement

Stage 4:

Any primary tumor with dissemination to distant lymph nodes, bone, bone marrow, liver, skin,
and/or other organs (except as defined for stage 4S)

Stage 4S:

Localized primary tumor (as defined for stage 1, 2A, or2B), with dissemin ation limited to skin, liver
and/or bone marrow (limited to infants <1 year of age)

Table 1. International Neuroblastoma Staging System

Ipsilateral tumor extension within two body compartments
Neck-chest, chest-abdomen, abdomen-pelvis
Neck
Tumor encasing carotid and/or vertebral artery and/or internal jugular vein
Tumor extending to base of skull
Tumor compressing the trachea
Cervico-thoracic junction
Tumor encasing brachial plexus roots
Tumor encasing subclavian vessels and/or vertebral and/or carotid artery
Tumor compressing the trachea
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Thorax
Tumor encasing the aorta and/or major branches
Tumor compressing the trachea and/or principal bronchi
Lower mediastinal tumor, infiltrating the costo-vertebral junction between T9 and T12
Thoraco-abdominal
Tumor encasing the aorta and/or vena cava
Abdomen/pelvis
Tumor infiltrating the porta hepatis and/or the hepatoduodenal ligament
Tumor encasing branches of the superior mesenteric artery at the mesenteric root
Tumor encasing the origin of the coeliac axis, and/or of the superior
mesenteric artery
Tumor invading one or both renal pedicles
Tumor encasing the aorta and/or vena cava
Tumor encasing the iliac vessels
Pelvic tumor crossing the sciatic notch
Intraspinal tumor extension whatever the location provided that:
More than one third of the spinal canal in the axial plane is invaded and/or the perimedullary
leptomeningeal spaces are not visible and/or the spinal cord signal is abnormal
Infiltration of adjacent organs/structures
Pericardium, diaphragm, kidney, liver, duodeno-pancreatic block, and mesentery
Conditions to be recorded, but not considered IDRFs
Multifocal primary tumors
Pleural effusion, with or without malignant cells
Ascites, with or without malignant cells
Table 2. Image-defined risk factors (IDRFs)

L1:

Localized tumor not involving vital structures as defined by the list of image-defined risk factors and confined to one body
compartment

L2:

Locoregional tumor with presence of one or more image-defined risk factors

M:

Distant metastatic disease (expect stage MS)

MS:

Metastatic disease in children younger than 18 months with metastases confined to skin, liver, and/or bone marrow

Table 3. International Neuroblastoma Risk Group Staging System
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5. Sporadic and familiar neuroblastoma
Most neuroblastomas occur sporadically; around 1-2% are familial and associated with
multiple primary tumours, usually occurring at <18 months of age. Familial disease has the
same diverse clinical behaviour as somatic neuroblastoma, ranging from aggressive progres‐
sion to spontaneous regression.11 Within the last 10 years significant advances have been in
the understanding of hereditary neuroblastoma, with germline mutations in two genes ALK
and paired homeobox 2b gene PHOX2B accounting for the majority of cases, which may
present in the neonatal period. ALK mutations are now known to be the most now known
common cause of hereditary neuroblastoma, and in familial neuroblastoma [14,15,16]

6. Associated conditions
Neuroblastoma can be associated with several inborn conditions, like Hirschsprung disease,
congenital central hypoventilation syndrome (CCHS or Ondine’s curse), neurofibromatosis
type I, or Beckwith-Wiedemann syndrome

7. Clinical presentation
The presenting signs and symptoms of neuroblastoma are highly variable with a broad
spectrum. Presenting symptoms of neuroblastoma depend on the location of the primary
tumor, presence of metastatic lesions, systemic symptoms from catecholamine secretion.
Weight loss and fever are present at advanced stages neuroblastoma.

8. Anatomical site of the primary tumour
8.1. Head and neck
Unilateral palpable mass developing in infants or in preschool age children, rarely are
diagnosed in newborn mimicking cervical teratoma. [17]
Horners syndrome (ptosis, miosis, anophthalmos, anhydrosis). This syndrome is unilateral,
Tatli reported a 28 old child with bilateral prosis [18]. Primary cervical neuroblastoma are
ussually non agressive and thein prognosis is very good. But some are fatal - extremely rare
case described Güzelmansur et al. – diagnosed prenatally with progression to brain. [19]
Orbit and eye exophthalmoses, periorbital ecchymoses (raccoon eyes), palpable masses, edema
of conjunctiva, papilledema, strabismus, anisocoria. The periorbital ecchymoses can be present
in about 20% of disseminated neuroblastoma. This clinical findings is related to obstruction of
the palpebral ond orbita vessels by metastatic lesions within orbital bones. Frequently these
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children are investigated for an abuse or a trauma (basal skull fractures) [20,21]. Usually further
systemic symptoms are present – weight loss, fever.
Opsoclonus also known as dancing-eye syndrome, presents in early childhood with opsoclo‐
nus (rapid, multidirectional, conjugate eye movements) usually associated with myoclonus,
ataxia, and behavioral changes such as irritability and sleep problems.– opsoclonus-myoclonus
syndrome (OMS) [22]
Chest Upper thoracic tumours: Primary thoracic tumors present as symptomatic masses or
can be discovered incidentally when chest radiographs are obtained to evaluate patients
for other reasons. High thoracic and cervical masses can be associated with Horner
syndrome, which consists of unilateral ptosis, myosis, and anhydrosis. Occasionally, large
thoracic tumors are associated with mechanical obstruction and resultant superior vena
cava syndrome.
Lower thoracic tumours: usually no symptoms, usually accidental discovery on chest X-ray or
thoracic CT performed for other reasons.
8.2. Abdominal neuroblastoma
About 60% of primary neuroblastomas arise in the abdomen, two thirds of them are from the
adrenal glands (adrenal neuroblastoma), one third are from paravertebral ganglion (extraa‐
drenal neuroblastoma). Only about one tenth of neuroblastoma are detected as an abdominal
mass during a routine examination. The mass is ussually fixed,and firm.
Symptoms: abdominal pain or fullness, abdominal mass, or rarely intestinal obstruction,
enlarged and/or displaced liver and spleen. Massive involvement of the liver with metastatic
disease is particularly frequent in infants with stage Ms (4S) and may result in respiratory
compromise (Pepper Syndrome). Occasionally, the size of primary or metastatic abdominal
tumors can result in compression of venous and lymphatic drainage from the lower extremi‐
ties, leading to scrotal and lower extremity edema. Rarely, patients will experience reninmediated hypertension because of compromise of renal vasculature.
Hypertension, tachycardia, flushing, and sweating are uncommon symptoms because
epinephrine is rarely released from most neuroblastomas, since they lack the enzyme necessary
for synthesis.
Only about one tenth of neuroblastoma are detected as an abdominal mass during a routine
examination. The mass is ussually fixed,and firm.
Spontaneous rupture from hemorrhage into the tumor occurs very rarely and only in rapidly
growing tumors.
There is a small subgroup of abdominal neuroblastomas arising near to the aortic bifurca‐
tion (commonly called organ of Zuckerkandl, O. Z.) to assess their biologic outcome and
problems in diagnosis and therapy. The organ of Zuckerkandl comprises of a small mass
of chromaffin cells derived from neural crest located along the aorta, beginning cranial to
the superior mesenteric artery or renal arteries and extending to the level of the aortic
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bifurcation or just beyond. When neuroblastoma arises these small organs, normally not
visible on radiographs, then it could cause compression of bowel or urine bladder
(constipation, enuresis) [23].
Paraspinal tumors in the thoracic, abdominal, and pelvic regions are able to invade the spinal
canal through the neural foramina ( dumbbell tumor) causing spinal cord compression and
cause symptoms related to compression of nerve roots and spinal cord. The range of sympto‐
matology includes subacute or acute paraplegia, bladder or bowel dysfunction, or less
commonly radicular pain.

9. Paraneoplastic syndrome
Up to 2% of patients present with opsoclonus and myoclonus (OMS) (myoclonic jerking and
random eye movements). Often have localized disease and a good long-term prognosis.
Opsoclonus and myoclonus syndrome is manifested by rapid and chaotic eye movements,
ataxia, and myoclonia. Most children with this syndrome have a favorable outcome with
respect to their tumor, as this syndrome is correlated with an immune-mediated antitumor
host response [24].
Autonomous tumor secretion of vasoactive intestinal peptide (VIP) is another paraneoplastic
syndrome (Kerner-Morrison Syndrome) that is rarely associated with neuroblastoma. VIP
secretion can cause abdominal distension and intractable secretory diarrhea with associated
hypokalemia ; these symptoms usually resolve after removal of the tumor. chronic watery
diarrhea preceded the diagnosis of the tumor; these patients were considered to have ‘‘Primary
VIP secreting NTs.’’

10. Metastatic disease
NBL is associated with lymphatic and hematogenous metastatic disease.
Regional lymph node metastases are noted in 35% of patients with apparently localized
tumors.
The most common sites for hematogenous spread are: bones (skull, long bones, ribs, verte‐
bras),bone marrow, liver, skin and rarely brain or lungs.
Signs and symptoms of metastatic neuroblastoma include:
Pain and limping, sphenoid bone and retrobulbar tissue involvement causes orbital
ecchymoses swelling and proptosis (raccoon face), infants present as irritable and fussy.
Bone marrow involvement may result in pancytopenia. Respiratory distress may occur in
young babies with Stage IVS (Ms) disease - due to enlarged liver. Skin or subcutaneous
nodules are seen almost only in infants. These nodules are non-tender, bluish and mobile
- called the “blueberry muffin sign”.
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1. Introduction
Neuroblastoma (NB) patients fall into two clinically distinct subgroups; a low-risk subgroup
and a high-risk subgroup. These subgroups are correlated with the age of onset [1], the extent
of the disease (International Neuroblastoma Staging System) [2], pathological findings
(International Neuroblastoma Pathological Criteria) [3], and genomic changes in NB tumors
as represented by MYCN gene amplification (MNA) [4, 5]. Above all, the patterns of genetic
changes can predict the subgroups of NB [6]. The low-risk, favorable NBs have mitotic
disorders, and are characterized by near triploid karyotypes with whole chromosomal gains.
On the other hand, the high-risk, unfavorable NBs exhibit genetic instability, and are charac‐
terized by chromosomal structural changes, including deletion of 1p or 11q, unbalanced gain
of 17q, and/or MNA. MNA is the most powerful prognostic factor identified so far, and is
useful regardless of the tumor stage. In the recent studies, the 5-year event free survival of
patients who had NB tumors with MNA was 53% for localized NB [7] and 29% for all NBs [8],
even with intensive, multimodal treatment. On the other hand, NB without MYCN amplifi‐
cation (non-MNA) falls into another two clinically distinct subgroups: a low-risk subgroup
with overall survival rates of more than 95% without any intensive therapy, and a high-risk
subgroup with overall survival rates of less than 40% despite the use of dose-intensive,
multimodal therapy. In the high-risk non-MNA group, the development of NB depends on
factors other than MNA, such as the expression profiles of other genes [9], aberrant hyperme‐
thylation of tumor suppressor genes [10], and chromosomal loss of heterozygosity (LOH) [11].
To determine the stratification of NB patients more precisely with regard to the treatment
approach, a screen for these genetic aberrations should be performed before the initial
treatment. Indeed, in the INRG staging system, routine assessments of MNA and 11q loss were
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required for the therapeutic stratification of NB [8]. Currently, genetic alterations in NB tumors
are clinically evaluated by interphase dual-color fluorescence in situ hybridization (I-FISH),
array comprehensive genomic hybridization (aCGH), PCR and multiple ligation probe
amplification (MLPA) [12]. However, the evaluation of tumor-related genetic aberrations
requires a fresh tumor sample, which is often difficult to obtain due to the frequent occurrence
of life-threatening conditions in NB patients.
Recent improvements in molecular techniques such as PCR have made it possible to detect
small amounts of cell-free DNA in the serum and plasma of patients with various diseases,
including cancers. In particular, tumor-derived cell-free DNA has attracted attention as a novel
genetic marker for cancer. Other improvements in molecular techniques have enabled the
evaluation of tumor-related genetic aberrations using small amounts of cell-free DNA in the
serum. NB has been detected with several tumor-related genetic alterations, such as RAS
mutations [13], or TP53 mutations [14], microsatellite instability [15], gene amplification [16,
17], aberrant promoter hypermethylation [18, 19], and allelic gain and loss of oncogenes [15,
20, 21].
We have been attempting to establish a preoperative risk stratification system for NB based
on a serum-based assay system for MYCN gene amplification, aberrant promoter hyperme‐
thylation, and chromosomal loss of 11q. These less invasive techniques are clinically useful for
the preoperative risk stratification of NB patients, because genomic changes in the tumor
correlate with the tumor behavior, survival outcome, and response to therapy of NB patients.
In this paper, we provide an update on the novel serum-based system for evaluating genetic
aberrations for the risk stratification of patients with NB, including our recent studies.

2. Methods and results
Serum samples were collected from the patients with NB before initial treatment. Cellular
components were immediately removed from the collected sera immediately by centrifugation
or filtration. DNA fragments were purified from 200μl of serum according to manufacturer’s
protocol and were used for further genetic analysis as mentioned below.
2.1. Detection of amplified MYCN gene in the sera of NB patients
The MYCN oncogene can be detected in the serum of patients with MNA-NB. We previously
established a system for quantitatively evaluating system of MYCN gene copy number using
serum DNA of NB patients [17]. We simultaneously quantified the dosages of the MYCN gene
located on 2p24 as a target, and the NAGK gene located on 2p12 as a reference by real-time
PCR using DNA samples obtained from paired serum and tumor samples before the initial
treatment. Also, we evaluated the MYCN gene copy number to obtain the MYCN/NAGK ratio.
The MYCK/NAGK ratios of serum DNA and tumor DNA were strongly correlated, and the
serum MYCN/NAGK ratio in the MNA group was significantly higher than the ratio in the
non-MNA group. Notably, the sensitivity and specificity of the serum MYCN/NAGK ratio as
a diagnostic test were both 100% when the serum MYCN/NAGK ratio cutoff was set at 10.0
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(Figure 1). We also reported that the serum-based MYCN status was an indicator of therapeutic
efficacy. Among six MNA patients whose clinical courses were followed, the serum ratios
decreased to within the normal range in the patients in remission (n=3), whereas the ratios
increased to high levels in the patients who relapsed (n=2) or failed to achieve remission (n=1).
These data strongly suggested that the serum-based quantitative MYCN status was a useful
tool for preoperatively determining the stratification for therapy and for the evaluation of
therapeutic efficacy during the course of treatment, when tumor cells were not available for a
molecular analysis. Considering that it is often impossible to obtain tumor samples from
patients with advanced NB for biological studies due to their life-threatening conditions, these
data may have important clinical implications.

Figure 1. A scatter plot of serum MYCN/NAGK ratio according to tumor MYCN status. The serum MYCN/NAGK ratio
was significantly (p<0.001) higher in the MNA group (median, 199.32; range, 17.1 to 901.6; 99% CI, 107.0 to 528.7)
than in the non-MNA group (median, 0.87; range, 0.25 to 4.6; 99% CI, 0.82 to 1.26; Mann-Whitney U test). Adopted
from Ref. [17]

Combaret et al., who first reported the existence of the MYCN gene in the sera of NB patients
confirmed our data using a European cohort and the same method that we used. Also, they
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indicated that the sensitivity of serum-based MYCN status depends on the stage of NB and is
lower for patients with locoregional NB [22]. Indeed, they analyzed 10 serum samples obtained
at diagnosis from MNA-NB patients with INSS stages 1 and 2, and 16 serum samples from
MNA-NB patients with INSS stage 3 disease, and revealed that only one of 10 patients with
stage 1 and 2 disease, and 12 of the 16 INSS patients with stage 3 disease showed high levels
of circulating MYCN DNA sequences (10% and 75% sensitivity, respectively). In contrast,
significant levels of circulating MYCN DNA sequences were detected in the patients with stage
4 disease and MNA (85% sensitivity).
We also confirmed the sensitivity and specificity of serum MNA analysis using 148 samples
obtained from NB patients with various INSS stages in two Japanese cohorts other than ours
and a cohort from the Children Oncology Group. A sub-group analysis according to INSS
stages revealed that the sensitivities and specificities were not statistically different (67% and
95%, respectively, in stages 1 and 2, 92% and 86% in stage 3, and 87% and 97% in stage 4),
although the number of each group was not statistically sufficient (p=0.48 for sensitivity, p=0.68
for specificity, chi-squared test) (our unpublished data). Accordingly, the serum MYCN/NAGK
ratio would be a specific tool for the prediction of tumor MYCN amplification in patients with
NB regardless of tumor stage, even though the sensitivity of serum MNA analysis showed a
tendency to be low among the patients with INSS stages 1 and 2. Indeed, for most therapeutic
regimens, primary radical resection is recommended for localized non-MNA NB. Moreover,
up-front surgical resection is not indicated for advanced localized NB, including tumors with
MNA. Therefore, knowing the preoperative serum-based MYCN status should result in better
decision-making, especially for localized NB. As mentioned above, circulating tumor-derived
cell-free DNA could be detected in the serum of cancer patients regardless of the tumor stage.
Therefore, it was of interest to determine whether the serum-based MYCN status was also
useful to determine the risk classification for localized NB. Being able to determine the MYCN
status of NB patients from a blood sample would be very useful for cases who cannot provide
tumor samples for a molecular analysis.
2.2. Detection of methylated DNA fragments in the sera of NB patients
It is important to have additional biomarkers with prognostic value for the management of
non-MNA cases of NB because some cases without MNA also have a poor prognosis. Recent
studies have revealed that epigenetic alterations, such as silencing of tumor suppressor genes
by aberrant hypermethylation of the promoter, often play important roles in the pathogenesis
and progression of NB. A positive correlation has been found between the hypermethylation
of the promoters of these genes and a poor prognosis, thus suggesting that hypermethylation
influences the phenotype of neuroblastoma.
We previously revealed that the aberrant hypermethylation in the promoter region of the
DCR2 gene in serum is a potent prognostic factor especially in non-MNA NB [18]. DCR2 (decoy
receptor 2) is a tumor necrosis factor alpha receptor superfamily gene, and is negatively
associated with tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced
apoptosis, because it lacks an intracellular death domain [23]. In NB tumors, the methylation
profile of DCR2 has been found to be drastically different and independent of the MYCN status
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[10, 24, 25]. Moreover, DCR2 methylation was found to be associated with rapidly progressing
tumors and a reduced overall survival [10]. Using the methylation-specific real-time PCR
analysis we established [18], the aberrant hypermethylation in the promoter region of DCR2
gene could also be detected in the serum DNA, and strongly correlated with the expression in
the tumor. The 5-year event-free survival and overall survival of NB patients with methylated
DCR2, as detected by a serum-based assay, were significantly poorer than those of NB patients
with unmethylated DCR2 [18] (Figure 2). These observations indicated that the serum-based
DCR2 methylation status could help predict the prognosis of NB patients, especially those
without MNA. Additionally, the serum-based DCR2 methylation status can distinguish
patients with a poor outcome within the non-MNA group, and may allow for a new type of
risk stratification for patients with non-MNA NB in future trials.

Figure 2. Event-free and overall survival for patients with neuroblastoma according to the serum-based DCR2 methyl‐
ation status. A: Event-free survival in all patients with neuroblastoma: methylated (n = 24) and unmethylated (n = 62);
P < 0.001. B: Event-free survival in patients with non-MNA neuroblastoma: methylated (n = 15) and unmethylated (n =
53); P < 0.001. C: Overall survival in all patients with neuroblastoma: methylated (n = 24) and unmethylated (n = 62); P
= 0.008. D: Overall survival in patients with non-MNA neuroblastoma: methylated (n = 15) and unmethylated (n = 53);
P < 0.001. Adopted from Ref. [18]

RASSF1A is hypermethylated in 93-94% of NB primary tumors and in 100% of relapsed tumors
[19, 26]. RASSF1A hypermethylation in tumors appears to be a relatively early event in NB
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tumorigenesis, as it is usually detectable in early stage tumors. On the other hand, RASSF1A
methylation was detected in the serum from only 25% of NB patients, and methylated
RASSF1A was more frequently detectable in the serum of advanced NB patients than in those
with early stage NB, although the RASSF1A methylation status in NB tumors was not
significantly different between patients with advanced and early stage NB. These discrepan‐
cies in the sensitivities between serum-based and tumor-based methylation assays could be
explained by the smaller quantity of DNA released from a small tumor burden. Nevertheless,
this serum-based RASSF1A methylation assay should help to determine the appropriate risk
classification.
2.3. Detection of chromosomal loss and gain in the serum DNA of NB patients
Chromosomal gain and/or loss are frequently observed in NB as mentioned above. Among
the various unbalanced chromosomal aberrations, 17q gain is the most frequent chromosomal
aberration, and correlates with a poor outcome [27]. The loss of 11q is also a strong prognostic
factor that can be used in addition to MNA [11], and routine assessment of the 11q status, as
well as MNA, is required for therapeutic stratification of NB in the INRG staging system [8].
Some groups, including ours, have developed serum-based assays to detect chromosomal gain
and/or loss in NB using various techniques. Combaret et al. reported a serum-based detection
system for 17q gain [20]. They simultaneously quantified the gene dose of MPO (17q.23.1) and
survivin (17q25) as targets, and p53 as a reference, by quantitative real-time PCR using 142
serum samples. They revealed that the serum-based determination of 17q gain had good
specificity (94.4%) and sensitivity (58.8%) in patients who were less than 18 months old
(p<0.001), while this approach showed moderate specificity (71.4%) and sensitivity (51.2%) in
patients over 18 months of age. In a subset analysis according to the stage of NB, the sensitivity
of serum-based 17q gain determination tended to increase with the stage of the disease. On
the other hand, for metastatic NB, the sensitivity of the test never exceeded 60%, which is lower
than the results achieved by the analysis of the serum-based MYCN status.
We developed an assay for detecting chromosomal aberration of 11q, using a different method
that doesn’t use quantitative real-time PCR. Previous studies have revealed the presence of a
smallest region of overlap (SRO), which is a common region of deletion in all NB cases with
11q loss. By targeting some polymorphic markers in the SRO of 11q (most of which are located
in 11q23), allelic loss could be detected using serum DNA as well as tumor DNA of NB patients
[21] (Figure 3). Using this technique, the sensitivity and specificity of the results between the
serum- and tumor-based 11q loss analyses were both 100%, although a further study is needed
to confirm of these findings because of the limited number of cases that were analyzed.

3. Discussion
In a large-scale randomized trial of children with high-risk NBs [28], the MYCN status was
unknown in 27% of the children. In a clinical setting, some life-threatening cases with a huge
mass or hepatomegaly (hepatic metastasis in stage 4s) received chemotherapy and/or radio‐
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Figure 3. Representative case of 11q loss. The results of 11q microsatellite analysis were shown. This case was a neuro‐
blastoma categorized into low-risk subgroup (INSS stage2, MYCN non-amplified NB, Shimada: Favorable Histology).
Complete resection after initial diagnosis was performed without any additional chemotherapy. Relapse at bone and
bone marrow 1 year after resection was observed, and he died of disease 3year after relapse. Microsatellite analysis
were performed using his serum, tumor and leucocyte DNA, and STS marker D11S4127 located on 11q 23.3. Nontumor DNA purified from leukocytes has two fluorescent peaks (shown in blue), whereas in tumor and serum DNA,
one of the peaks is reduced, suggesting the existence of 11q loss. Adopted from Ref. [21].

therapy based on elevated tumor markers and positive MIBG scintigraphy, prior to tumor
biopsy without evaluation of the MYCN status. The serum-based assays described above will
be most useful when a primary tumor biopsy is not possible and when genetic information
will influence the risk grouping and treatment allocation of the NB patients.
In Japan, infantile NB cases were formerly subclinically detected by mass-screening. Most of
these cases showed a good prognosis and were recommended to undergo a reduced regimen,
including the “wait-and-see” approach. However, we and others demonstrated that MNA was
strongly correlated with a poor prognosis even in infantile, localized NB [7, 29]. The serumbased MNA status has considerable prognostic value for infantile NB cases. Indeed, the serumbased MNA status of NB patients has considerable prognostic value, especially in cases less
than 18 months of age (our unpublished data).
On the other hand, most of the infantile, localized NB patients did not have MNA. In the
Cooperative German Neuroblastoma NB95 and NB97 trials, some localized patients without
MNA did not receive chemotherapy after biopsy and showed spontaneous regression [30].
Considering the clinical behavior of non-MNA NB, an early and non-invasive system for
detecting genetic alterations besides MNA is needed to help select the appropriate therapy. In
other words, combined preoperative assessments of MNA and 11q loss using serum DNA will
make it possible to safely perform risk-adapted therapy according to the INRG staging system
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[8]. Particularly, preoperative serum-based MNA and 11q loss detection can be useful for cases
that are in INRG stages L2 and MS, which have a wide range of clinical outcomes and potential
therapeutic strategies depending on the existence of MNA and 11q loss. Further, we may be
able to select infants with NB who truly need to receive treatment including surgical treatment,
intensive chemotherapy, and even radiotherapy from infants with NB who do not need to
require any treatment by using our technique.
In conclusion, serum-based, less invasive molecular analysis can provide much better clinical
information to determine the optimal therapeutic strategy for NB patients. Prospective
validation in a large cohort will be needed to confirm the utility of these tools for assessing
biological risk. Serum-based, surgery-free, rapid, sensitive, and specific genetic assessments
have great potential to provide a personalized, risk-adapted therapy for patients with NB.
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1. Introduction
Neuroblastoma is a neural crest-derived embryonal malignancy of the postganglionic
sympathetic division of the peripheral autonomic nervous system. It is the most frequent extra
cranial solid malignancy of childhood and the most common cancer in children less than one
year of age. It accounts for 7% of childhood cancers and 15% of all childhood cancer deaths. It
most commonly occurs sporadically but familial cases can also occur with one subdivision
attributable to germline mutation of the PHOX2B gene and another due to germline ALK gene
mutations [1,2,3,4]. Recurring chromosomal aberrations are detected in this disease and three
major genomic subdivisions represent greater than 80% of cases; i.e. hyperdiploid neuroblas‐
toma; near diplod neuroblastoma that has 17q gain and 11q deletions; and MYCN amplified
neuroblastoma with 17q gain and 1p deletion [5,6,7,8]. A whole-genome analysis and assess‐
ment of structural defects in 87 primary neuroblastomas found few recurrent amino-acid
changing mutations, with ALK mutations in 6%, but identified local shredding of chromo‐
somes (chromothripsis) in 18% of high stage neuroblastomas. High stage tumours that did not
have amplifications of MYCN had recurrent structural alterations in genes involved in cone
stabilisation and neuritogenesis [9]. Indeed in this study tumours with a genomic signature
involving defective genes responsible for neuritogenesis or growth cone guidance were mostly
aggressive high-stage tumours.
Activating mutations of the anaplastic lymphoma kinase (ALK) genes and amplification of the
MYCN oncogene can occur in neuroblastoma. The ALK gene resides on chromosome 2p23
centromeric to the MYCN locus on chromosome 2q24. Approximately 2-3% of cases of
neuroblastomas have amplification of ALK and these occur almost invariably concomitant
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with amplification of MYCN [10]. However, amplification of the ALK gene without concom‐
itant MYCN gene amplification can occur, for example a particularly informative case of a
neuroblastoma with a high level amplicon involving and solely limited to the ALK gene was
described by French investigators in 2008 in one of the landmark papers that established the
importance of ALK in neuroblastoma [11]. Activating ALK mutations are found in 80% of
familial cases and 6-11% of sporadic cases. It is considered that once the expression of wild
type ALK exceeds a certain threshold it can have oncogenic activity[10]. Twenty percent of all
cases of neuroblastomas have amplification of MYCN which is associated with a worse
prognosis and can be used to stratify treatment. This chapter appraises the current knowledge
and potential therapeutic implications arising from ALK and MYCN abnormalities in neuro‐
blastoma. In a concluding reflection the chromosomal proximity and interaction of these genes
as well as the potential for therapeutic advancement in neuroblastoma is discussed.

2. The anaplastic lymphoma kinase gene in neuroblastoma
2.1. The ALK gene
The anaplastic lymphoma kinase gene is a 200kDa member of the insulin receptor super family.
It is an orphan tyrosine kinase receptor and has homology with the MET oncogene and the
neurotrophin receptor. It is normally expressed by the developing nervous system and at a
much lower level in the nervous system of adults [12]. In mouse embryo studies Alk transcripts
were detected in the central nervous system (CNS) and peripheral nervous system. E15
embryos had expression in the Gasserian ganglion of the trigeminal nerve (cell bodies of V1,
V2 and sensory component V3) as well as the superior cervical ganglion, posterior root ganglia
of the spinal cord and the myenteric plexus of the enteric nervous system. In the 1 week old
mouse Alk transcripts are clustered in particular neuronal regions in the CNS such as the
mesencephalon, thalamic nuclei which act as relay stations for nerve impulses and olfactory
bulb, mitral cells and tufted cells that receive primary afferents from olfactory epithelial
neurones. Relatively high levels of Alk transcripts were present in the superior colliculus,
which is the centre of visual sensation and the red nucleus, a crucial part of the rubrospinal
tract which regulates the contraction of flexor muscles [13]. Lower levels were detected in the
hypothalamus, inferior colliculus, subiculum, cerebral cortex and cerebellum (Purkinje’s cells
and Golgi cells). Interestingly one patient in a phase 1 study of an ALK inhibitor in children
with relapsed/refractory ALK-driven tumors (57 evaluated for toxicity) developed grade 3
dizziness [14]. It remains speculative as to whether it is possible to attribute it to cerebellar Alk
expression based on the finding of low level Alk expression in the murine cerebellum.
The anaplastic lymphoma kinase gene has a restricted pattern of expression in adults in that
it is expressed in testis, small intestine and brain but is not expressed in normal lymphoid
tissue. It has been shown to be important in the pathogenesis of ALK positive anaplastic large
cell lymphoma, inflammatory myofibroblastic tumours and adenocarcinoma of the lung
(NSCLC) [15]. Its importance in cancer was first described in 1994 in anaplastic large cell
lymphoma where a translocation (2; 5) (p23; q35) fuses NPM a non-ribosomal nucleolar

Close Neighbours on Chromosome 2 the ALK And MYCN Genes. Implications for Targeted Therapeutics…
http://dx.doi.org/10.5772/55300

phosphoprotein with ALK in 50-75% of cases [16]. The most frequent abnormality involving
ALK in non-small cell lung cancer is an inversion of a segment of chromosome 2 creating a
chimeric fusion gene involving ALK and the Echinoderm microtubule-associated protein;
ALK-EML4 [17]. In inflammatory myofibroblastic tumours, tropomyosin TMP3 or TMP4
create fusion oncoproteins with ALK. Clonal rearrangements at chromosome 2p23 occur in
50% of these tumours [18]. More recently ALK protein expression has been seen in rhabdo‐
myosarcomas with 81% of cases of the alveolar subtype having strong cytoplasmic staining
for ALK compared to 31% of cases of the embryonal subtype. These subtypes have gene copy
number gain of 88% and 52% respectively. In the embyonal subgroup ALK aberrations were
associated with disease progression and outcome [19].
The ALK receptor is a dependence receptor and in the absence of ligand enhances apoptosis
by autologous cleavage by caspase [12]. Therefore ALK belongs to the subcategory of onco‐
genes in which inappropriate expression in a cellular context or in the absence of ligand can
induce apoptosis. This is considered to be a mechanism to abrogate frequent tumour formation
if oncogenes become deregulated. Myc is also considered to be an established comparator gene
in this respect. Additionally in the visual system of Drosophila ALK in the presence of a ligand
appears essential for axonal guidance. It is known that perturbations of the visual system, in
particular in the first 5 years of life can cause amblyopia [20, 21]. Also, in an expanded cohort
study of 82 adults with ALK positive NSCLC treated with crizotinib, mild visual disturbances
were reported by 41% of patients. These were most frequently described as trails of light
following moving objects particularly seen with changes in ambient lighting usually improv‐
ing with duration of time receiving treatment [22]. It may be the case that the aforementioned
finding of Alk transcripts in the superior colliculus of the 1 week old mouse is relevant as the
superior colliculus is important for saccadic and smooth pursuit eye movements. Though not
described to date in patients with neuroblastoma treated with ALK inhibitors, given the age
demographics of patients with neuroblastoma it is the author’s contention that clinicians
conducting ongoing trials need to be cognisant of the theoretical potential to damage the
developing neuroanatomical visual system with resulting amblyopa. The visual system
includes the optic nerves, optic chiasma and optic tracts; the lateral geniculate body a swelling
beneath the posterior projection of the pulvinar of the thalamus and the geniculoclcarine tract
which originates within the lateral geniculate body and terminates at the calcarine sulcus of
the medial surface of the cerebral hemisphere. Evaluation of the regional ALK status of this
system is a subject for further research.
2.2. ALK in neuroblastoma
Neuroblastoma is considered to be a malignancy derived from the embryonic neural crest.
Evidence of neuroblastoma being derived from neural crest progenitor cells are (i) neuroblas‐
toma primary sites are anatomically consistent with arising from the sympatho-adrenergic
lineage of neural crest differentiation (ii) The gene expression patterns of neuroblastomas and
neural crest progenitor cells are similar [23] (iii) In situ neuroblastomas occur in the adrenal
glands of 1/200 newborns with most spontaneously regressing later in life and there is a
histological similarity to residual nests of sympathogonia [24].
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A small proportion of cases of neuroblastoma display autosomal dominant Mendelian
inheritance patterns and a familial history of neuroblastoma is elicited in 1-2% of cases [25, 26,
27]. There is a standardized incidence ratio of 9.7 for disease occurrence in siblings of index
cases [28]. Previously it had been recognized that neuroblastoma can arise in the context of
concurrent neurocristopathies related to abnormal development of neural-crest derived
tissues such as concomitant Hirschsprung’s disease or central congenital hypoventilation
syndrome. Nonsense and missense mutations of the homeobox gene PHOX2B were shown to
predispose to this abnormality of the sympathoadrenal lineage [4, 29, 30].
In October 2008 four articles were published in the journal Nature that established the impor‐
tance of aberrations in ALK as a feature of some neuroblastomas [11,31,32,33]. Mossé and
colleagues of Children’s Hospital Philadelphia found that ALK is a major neuroblastoma
predisposition gene with germline ALK mutations accounting for most cases of familial
neuroblastoma [31]. Using a whole-genome scan of neuroblastoma pedigrees (8 unrelated
families) a significant linkage signal at 2p23-24 was identified. Re-sequencing 194 high risk
neuroblastomas found somatically acquired ALK mutations in 12.4% of cases. Most mutations
mapped to the kinase domain of ALK and caused constitutive phosphorylation. Cell line
studies also showed that knockdown of ALK mRNA caused growth inhibition suggesting that
therapeutics targeting ALK may have clinical efficacy in neuroblastoma.
In another study lead by investigators at Dana Farber Cancer Institute, Boston mutations of
ALK were found in 8% of primary neuroblastomas [32]. A genome wide study of primary
neuroblastomas identified amplification of the ALK gene. Analysis of 94 tumours with
amplification of MYCN found 14 (15%) with concomitant ALK amplification. This was not
identified in 51 tumors without MYCN amplification. DNA resequencing of the ALK open
reading frame identified in primary neuroblastomas found 5 non-synonymous sequence
variations in the ALK tyrosine kinase domain in 7 of 93 samples (8%). The most frequent
mutation which was in 4.3% (4) of the 93 cases was a cytosine to adenine alteration in exon 23
causing a phenylalanine to leucine substitution in codon 1174 (F1174L). This mutation was
also found in 3 different neuroblastoma cell lines. Three of the mutations were somatic and 2
were germline. Interestingly 4 of the 5 identified mutations involved residues which corre‐
spond to those that are affected by activating EGFR gene mutation. The ALK 1174 residue
correlated with V769 in EGFR and ERBB2 [34]. A F1245C ALK mutation correlated with the
L833V mutation in EGFR, which is a gefitinib resistant mutation in NSCLC. The R1275Q
mutation is positioned adjacent to the homologous position of L858R in EGFR, the most
common mutation of EGFR in NSCLC [35, 36]. ALK cDNA encoding either the F1174L or the
R1275Q variants transformed interleukin-3 dependent murine hematopoietic Ba/F3 cell lines
to cytokine independent cell growth. Furthermore these autonomously growing cells were
sensitive to the ALK inhibitor TAE684. Additionally 2 human neuroblastoma cell lines were
sensitive to TAE684. It has been observed by Mossé and colleagues that there are disorder
involving oncogenes such as RET in medullary thyroid cancer arising in the context of multiple
endocrine neoplasia type 2 and MET in papillary carcinoma of the kidney that are analogous
to the sequential ‘two hit model’ of Knudson. Knudsons’ was first used to describe retinoblas‐
toma arising from aberrations of a tumor suppressor gene. In the oncogene ‘two hit’ model the
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second hit is a somatically acquired duplicate of the mutant allele or mutant gene amplification
[37]. In neuroblastoma oncogenic activation of ALK can occur by mutation of the tyrosine
kinase domain and for example with respect to a ‘second hit’ in the Dana Farber led study,
ALK gene amplification was found in 15% of 94 tumours with MYCN amplification.
French investigators assessed ALK copy number variation by comparative genomic hybridi‐
zation in 592 cases of neuroblastomas [11]. Within this group 26 cases (4.4%) had in excess of
a twofold copy number increase of ALK and a further 135 cases (22.8%) had lower level gains.
The level of expression of ALK is strongly correlated with copy number [38]. Within the
genomic analysis a subcategory without MYCN amplification was assessed using 100K single
nucleotide polymorphism arrays. A notable case within this cohort was an instance of
neuroblastoma with a high level amplicon involving and solely limited to the ALK gene. Also
a series of 28 cell lines and 115 tumor samples found 16 ALK mutations grouped into 2 main
hotspots. The F1174L mutation was seen in one primary tumor but was more frequent in cell
lines suggesting that this particular mutation confers an in vitro growth advantage. Cell lines
are usually over-represented by metastatic tumors with a greater propagating potential and
this finding may be vicarious evidence of the F1174L mutation being correlated with a poorer
clinical outcome. Finally a Japanese study identified 8 novel missense mutations in the ALK
gene in 13 out of 215 cases of neuroblastoma (6.1%) and 8 of 33 (33%) neuroblastoma cell lines.
The mutated kinases could transform NIH3T3 fibroblasts and form tumors in nude mice [33].
These four studies were a landmark advance in the field, however later a European group of
international collaborators performed a meta-analysis of 709 neuroblastomas (254 new cases
and 455 previously published) to comprehensively described the correlation of ALK mutation
type and frequency with clinical and genomic factors. They also assessed the prognostic
significance of ALK copy number and expression [39]. Mutations in ALK were detected in
6.9% of cases with a mutation frequency of ALK of 5.7% in favorable (International neuro‐
blastoma Staging System INSS 1, 2 and 4s) cases and 7.5% in unfavorable tumors (INSS 2 and
4). There was no statistical difference with respect to mutation frequency between the favorable
and unfavorable groups (P=0.087). Mutation hot spots R1275Q (49%) and F1174L (34.7%) were
observed within the mutated cases. However the F1174L mutations occurred in a greater
proportion of the MYCN amplified cases (P=0.0001) and the concurrence of a F1174L mutation
in a MYCN amplified neuroblastoma was found to confer an especially poor prognosis. It was
described that there was a skewed ALK mutation spectrum within the MYCN amplified cohort
with over-representation of the F1174L mutation. F1174 mutated ALK was present in 1.3% of
single copy MYCN tumors compared with 6.1% of MYCN amplified tumors. To consider it
another way, within the 17 cases of F1174 ALK mutated neuroblastoma 58.8% had amplifica‐
tion of MYCN compared to a rate of 21.6% in cases of neuroblastoma with wild type ALK.
There also was no difference in the frequency for MYCN amplification between the R1275Q
cases and wild type ALK. The skewed distribution of F1174L mutations being overrepresented
in MYCN amplified cases of neuroblastoma was also confirm in 27 neuroblastoma cell lines
most of which were MYCN amplified. Five had the F1174L mutation with only one case of
R1275Q mutant neuroblastoma found. F1174 mutated neuroblastoma compared to the R1275Q
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mutant variant had a greater transforming ability with a higher amount of auto phosphory‐
lation. Gain in Chr. 2p that included ALK (91.8%) also was correlated with poor survival.
2.3. Possible new treatments for neuroblastoma that target ALK
Crizotinib is an orally bio-available small molecule that inhibits the tyrosine kinase activity of
ALK and c-Met which is approved by the U.S. Food and Drug administration for the treatment
of cases of NSCLC that have rearrangements of the ALK gene. Crizotinib competes with
adenosine triphosphate to bind to the ALK tyrosine kinase. The two most common ALK
mutations in neuroblastoma are F1174L and R1275Q and both mutations promote autophos‐
phorylation of the ALK tyrosine kinase region. F1174 mutated ALK in particular is a more
lethal variant. Using neuroblastoma cell lines and xenograft models it has been shown that
different ALK mutations can affect both kinase activity and inhibitor sensitivity [40]. Both
F1174L and R1275Q ALK mutations cause amino acid substitutions in the intracellular tyrosine
kinase domain of the ALK receptor and constitutively activate the ALK tyrosine kinase
domain. Neuroblastoma cell lines and xenograft mouse models that expressed R1275Q-ALK
are sensitive to crizotinib. By comparison F1174L mutated ALK cell lines were relatively
resistant to crizotinib. The Km, ATP for F1174L of ~0.127Mm was approximately 2.3 times lower
than the K m, ATP of 0.326 for the R1275Q mutant ALK variant. The F1174L mutation combines
the characteristics of an activating gene mutation and a resistance mutation, increasing kcat and
maintaining a wild type like Km, ATP. The derived overall inference of these findings is that
comparative crizotinib resistance of the F1174L mutant ALK is due to greater ATP binding
affinity and it is hoped that the resistance may be overcome by increasing the doses of crizotinib
or using ALK inhibitors with increased affinity to the ALK tyrosine kinase domain.
The U.S. National Cancer Institute is sponsoring a phase I/II study of crizotinib in children
with relapsed or refractory solid tumors and anaplastic large cell lymphoma. The phase I study
was presented at the American Society of Clinical Oncology Annual Meeting in Chicago, June
2012 (Protocol IDs: COG-ADVL0912, ADVL0912, NCT00939770) by Yael Mossé; abstract 9500
[14]. The study enrolled 70 patients with confirmed ALK fusion proteins, mutations or
amplification with 57 fully evaluable for toxicity. This was a heterogeneous study population
with respect to cancer type and included other cancers in addition to neuroblastoma. Six
different dose levels of crizotinib were evaluated using the rolling-six design and dosing was
bid on 28 day cycles without interruption. The recommended phase II dose that emerged was
280mg/m2/dose. Seven of eight (88%) of patients with anaplastic large cell lymphoma had a
complete response (2 differing dose levels). 27 patients in the trial had neuroblastomas. Within
the cohort of neuroblastoma cases with a known ALK mutation (n=8), one patient had a
complete response and 2 had stable disease. Of the 19 patients with neuroblastoma and an
unknown ALK status, 1 had a complete response and 6 had prolonged stable disease.
With respect to toxicity there were two grade 5 cases of haemorrhage within the central nervous
system in patients with neuroblastoma and the protocol was updated to exclude patients with
a previous history of central nervous system involvement. Other toxicities observed within
the study and not necessarily within the neuroblastoma subgroup were grade 4 transaminitis
(n=1), grade 4 neutropenia (n=1) and grade 3 dizziness (n=1). A discussant at the meeting
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Thomas Gross of The Ohio State University Nationwide Children’s Hospital referenced some
Crizotinib toxicities observed in adults with NSCLC including gastrointestinal complaints,
transient vision disorders, self-limited lower testosterone levels and rare renal cysts. He felt
that these toxicities necessitated further investigation in the paediatric population. Regarding
efficacy he noted that there can be variability in oncogenic partners with ALK within chimeric
fusion genes in differing disease types that may partly account for the rates of complete
responses seen in different malignancies. He also observed that some responses were seen in
ALK negative cases in the phase 1 trial. Phase II data on the efficacy and toxicity of Crizotinib
in neurblastoma will be required.

3. The MYCN gene in neuroblastoma
3.1. The MYCN family
MYC is a pleotropic evolutionary conserved family of basic helix-loop-helix leucine zipper
transcription factors, comprising c-Myc, L-Myc and N-Myc [41, 42]. These transcription factors
regulate the expression of ~15% of all genes [43, 44]. MYC proteins have numerous roles in
malignancy with roles of special importance in neuroblastoma being that of driving cellular
proliferation and angiogenesis while concurrently inhibiting apoptosis and maintaining the
neoplastic ‘stem cell’ compartment. MYCN is amplified in ~20% of cases of neuroblastoma and
amplification of MYCN is independently correlated with a higher disease stage and a poor
clinical outcome. It is amplified in 40% of cases with a high risk phenotype. It has been
contended that targeting Myc is a therapeutically attractive strategy to treat cancer but
difficulties persist. These include (i) Myc exerts effects by protein-protein and protein-DNA
interactions. Small molecule inhibitors have not usually been effective in this context. (ii) Most
Myc aberrations in malignancies are not due to intrinsic abnormalities of Myc but rather due
to ‘upstream’ aberrant oncogenic signals causing it’s induction (iii) Myc is required for stem
cell compartment maintenance and proliferation in normal tissues with a theoretical concern
of serious bystander tissue toxicities [45] (iv) Analysis of the role of c-Myc and N-Myc in cancer
is difficult to assess in tissues as embryonic lethality is conferred by germline deletion of these
genes. Much of the data on the consequences of inhibiting Myc is derived from conditional
knockouts of the c-Myc gene using Cre mediated recombination which can be very variable
and unpredictable in the extent of c-myc deletion in the cells targeted (iv) Conditional knockout
models are irreversible and therefore not good representative models of transient inhibition
of Myc conferred by inhibitor medications.
One particularly important experimental example of Myc inhibition was in an adenocarcinoma
of lung murine model [45]. Omomyc is a competitive inhibitor of Myc-dependent gene
transcription by preventing the binding of Myc to its consensus E-box CACGTG DNA elements
thereby preventing Myc binding to its obligate dimerization partner Max. This prevents the
transactivation of its target genes. Omomyc may also augment Myc-dependent trans repres‐
sion [46, 47]. The LSL-KrasG12D murine model of NSCLC has irreversible activation of oncogenic
KRasG12D driven by the kras promoter when it inhales adenovirus expressing Cre recombinase.
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This causes multifocal lung tumours to occur within 18 weeks. Shut down of Myc transacti‐
vation using transgenic Omomyc expression caused profound tumour reduction within 3 days
and mice become overtly tumour free after 28 days [45]. Reassuringly murine tissue integrity
was maintained with no major unexpected toxicities emerging. Considering neuroblastoma,
treatments directed at MYCN are particularly appealing as genetic mouse models with MYCN
targeted to neural crest tissue develop tumours which are similar to neuroblastomas [48].
3.2. MYCN in neuroblastoma
Double minutes and homogeneously staining regions are the cytogenetic hallmarks of
genomic amplification in malignancies. Neuroblastoma karyotyes frequently have these
cytogenetic markers and MYCN amplifications are often found [49]. Tumours that have an
aggressive phenotype frequently have amplification of the MYCN oncogene and amplification
of MYCN is correlated with the extent of disease at diagnosis [50]. Correlative International
Neuroblastoma Staging System (INSS) stage at diagnosis and the respective frequency of
MYCN amplification described by data from the Children’s Oncology Group Statistical Office
are; Stage 1, 3%; Stage 2a/2b, 4%; Stage 3, 25%; Stage 4, 32% and Stage 4s, 8% ( Wendy, London;
John, Maris, Principles and Practice of Paediatric Oncology, page 890). Amplification of MYCN
is normally detected by interphase FISH with a usual increase in copy number of 50 to 400
copies in neuroblastomas and a cut off of 4 times the normal copy number being the definition
of MYCN amplification by many pathologists. Other genes can be co-amplified with MYCN
[51, 52]. Also comparative genomic hybridisation of tumours arising in a transgenic mouse
model that overexpresses MYCN in neuroectodermal cells, found losses and gains of at least
seven chromosomal regions. These were syntenic with comparable abnormalities detected in
human neuroblastomas [52].
NVP-BEZ235 a dual inhibitor of the phosphatidylinositol 3-kinase (PI3K)/mammalian target
of rapamycin (mTOR) pathway decreases levels of MYCN protein and suppresses tumour
proliferation and angiogenesis in neuroblastomas [53]. This partly arises because MYCN in
tumour cells contributes to paracrine signalling between tumour cells and endothelial cells. It
has previously been shown that blocking PI3K/mTOR causes destabilisation of MYCN protein
with reduced VEGF secretion and inhibition of progression of neuroblastomas in murine
models [54]. A study published in Science Translational Medicine in 2012 by Chanthery and
colleagues provided new information as to the separate ‘intrinsic’ and ‘paracrine’ including
‘anti-angiogenic’ mediated anti-tumour effects of inhibiting PI3K/mTOR signalling in neuro‐
blastomas using NVP-BEZ235. Improved survival was seen in two mouse models, the first a
xenograft tumour derived from a patient (MYCN-amplified human orthoptic xenograft) and
the second a MYCN dependent transgenic model (transgenic for TH-MYCN; that recapitulates
a MYCN amplified tumour arising in an autochthonous site) in which MYCN causes sponta‐
neous tumour formation in mice. In both models there were reductions in tumour growth
without tumour regression. This was attributed to a reduction in proliferation of neuroblasts
and decreased tumour vascular density. PI3K inhibition caused de-repression of GSK3β with
consequential Thr58 phosphorylation and destabilisation of MYCN with a remarkable
reduction in MYCN levels in tumours treated with NVP-BEZ235.
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To establish tumour cell autonomous effects of NVP-BEZ235 on MYCN degradation, HUWE1
knockdown tumour cells (deficient in PI3K/mTOR-mediated MYCN proteolysis; a Thr58
mutant MYCN) were used to establish orthoptic xenograft models. It was demonstrated that
HUWE1 were resistant to the anti-angiogenic effects of NVP-BEZ235 showing that MYCN was
a critical target in vivo and part of the anti-angiogenic effect is a consequence of the transcrip‐
tion regulatory function of MYCN. It is possible that NVP-BEZ235 may emerge as a new
therapeutic choice for the treatment of neuroblastoma.

4. ALK and MYCN
4.1. ALK and MYC co-operating neighbours
ALK and MYCN are the only established oncogenes in neuroblastoma [55, 56]. ALK mutations
occur at an equal frequency in both low and high risk neuroblastomas and within all genomic
subtypes which is suggestive that mutations within the ALK gene are not the only molecular
aberrations that drives oncogenesis in this disease [57]. ALKF1174L mutated neuroblastomas
are more common within the high risk neublastoma category [10]. In neuroblastoma cell line
studies overexpression of wild type or mutated ALK stimulates the transcription of MYCN
and the concurrent expression of MYCN and activated ALK increases the in vitro transfor‐
mation of NIH3T3 cells [58].
A series of experiments on pathogenic cooperation between ALK and MYCN were conducted
using a transgenic zebrafish model of neuroblastoma in which MYCN induced tumour arose
from a subpopulation of neuroblasts which migrate to the interrenal gland, the zebrafish
equivalent of the adrenal medulla (50% of neuroblastomas in humans arise in the adrenal
medulla) [59]. Sympathoadrenal precursors in the interrenal gland co-express the cholami‐
nergic enzymes tyrosine hydroxylase and dopamine-β-hydroxylase as well as neuronal
specific Hu proteins. In this model the dopamine-β-hydroxylase promoter was used to drive
EGFR-MYCN expression. Using this experimental model it was found that 17.3% of MYCN
induced zebrafish develop neuroblastomas. Transgenic zebrafish that expressed wild type
ALK or that expressed F1174L mutant ALK did not develop neuroblastomas. Activated ALK
accelerate the onset of neuroblastoma and increased the penetrance of MYCN-induced
neuroblastoma with a 3 fold increase for fish co-expressing both MYCN and ALK F1174L
compared to wild type or F1174L mutant ALK fish. The mechanism as to how neuroblastomas
arise within the zebrafish model was also investigated. MYCN overexpressing transgenic fish
has an increased number of Hu+ neuroblasts that fail to differentiate resulting in increased cell
number with reduced numbers of chromaffin cells compared to controls at 3-5 weeks post
fertilization (wpf). An apoptotic response significantly reduced the number of these Hu+ cells
at the 5-7 wpf interval. In the presence of a cooperating activated ALK there is continuous
accumulation of Hu+ neuroblasts with failure of differentiation but there is decreased apop‐
tosis of high penetrance and transformed neuroblastoma. Overall it has been inferred that ALK
mutant F1174L attenuates the sequential apoptotic response in MYCN transformed Hu+
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neuroblasts constituting the ‘second’ hit when considering it as an oncogenic equivalent of the
Knudson ‘two hit’ model.
Another study found that ALK regulates the initiation of MYCN transcription in neuroblas‐
toma [58]. ALK (including wild type ALK and mutated variants) stimulated the transcription
of MYCN mRNA by affecting the MYCN promoter in neuronal and neuroblastoma cell lines.
Similarly the transcription of MYCN can be abrogated by using ALK inhibitors such as
crizotinib or NVP-TAE684. A series of experiments found that ALKF1174L or ALKR1275Q mediated
a marked transformation of NIH3T3 cells but MYCN alone or wild type ALK failed to initiate
cellular transformation. Co-transfection of ALK1174L concurrent with MYCN caused a 3 fold
increase in transformation compared to activated ALKF1174L alone. Results consistent with this
finding were seen when ALKR1275Q was expressed with MYCN. It was consistently noted that
ALKF1175L has a greater transforming potential than ALKR1275Q 60. Overall it appears that ALK
drives the initiation of MYCN transcription. Concomitant expression of a constitutively active
mutant ALK variant causes increased transformation and MYCN protein levels compared with
expression of ALKF1174L, ALKR1275Q or MYCN alone. Trials of ALK inhibitors alone in neuro‐
blastoma may not succeed as dysregulation of MYC is the main ‘oncogenic driver’ in the
disease and initiation of MYCN transcription can occur by ways other than by the mutation
or amplification of ALK.

5. Recent therapeutic advances in neuroblastoma and the promise of
targeted therapies changing the treatment paradigm
The treatment of neuroblastoma varies according to risk group stratification and prognosis.
Therefore prognosis needs to be considered first prior to contextualizing recent therapeutic
advances.
5.1. Prognosis
Phenotypic and prognostic variation occurs in neuroblastoma as some clinical phenotypes
spontaneously regress while other patients have rapidly progressive high risk disease in which
despite intensive myeloablative chemotherapy relapses are common and almost invariably
fatal [61,62]. Neuroblastoma prognosis can be subdivided into low risk, intermediate risk, high
risk, and stage 4S disease [63]. The U.S. National Cancer Institute also has listed different
subdivisions of neuroblastoma. Firstly neuroblastomas can be subdivided into three biologi‐
cally discrete types of tumor. These categories can be used to sub-stratify patient prognosis
but do not have treatment implications [64,65].
Type 1: Hyperdiploid, expression of TrkA neurotropin receptor. Tends to spontaneously
regress.
Type 2: Expression of TrkB neurotropin receptor and its ligand. Additional copy of chromo‐
some 17q, loss of heterozygosity 14q or 11q. Genome unstable.
Type 3: Gain chromosome 17q, loss of chromosome 1p, MYCN amplification.
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There also is a risk assignment system in North America that has been used clinically by the
Children’s Oncology Group in studies such as COG-9641 and COG-A3961 [66, 67]. It has
categories of low, intermediate and high-risk based on INSS stage, age, and tumor biology.
Tumor biology characteristics considered are International Neuroblastoma Pathologic
Classification (INPC), MYCN status and tumor DNA index. The INPC system involves the
evaluation of pre-treatment tissue for the amount of stromal development, the mitosiskaryorrhexis index and the degree of neuroblastic maturation [68,69,70,71]. Stage 4S disease
though included in these studiers is a particular case.
5.1.1. Treatment advances in high risk neuroblastoma in the ‘ ALK Era’
In 2009 long term outcomes of 379 patients with high risk neuroblastoma (CCG-3891) all of
whom received the same induction treatment (5 cycles’ cisplatin, doxorubicin, etoposide and
cyclophosphamide plus surgery and received radiotherapy for residual local and metastatic
disease) was reported [72]. Subsequent to induction patients were randomly assigned to
consolidation with myeloablative chemotherapy, total body irradiation, and autologous
purged bone marrow transplantation versus 3 cycles of intensive chemotherapy (cisplatin,
etoposide, doxorubicin and ifosfamide). Of the participants that completed consolidation
without disease progression, they were randomly assigned to no further therapy or 6 cycles
of 13-cis retinoic acid (160mg/m2/d in 2 divided doses for 14 days every 28 days). Myeloablative
therapy and autologous hematopoietic rescue had a significantly better 5 year event free (~30%
versus ~19%) and overall survival compared with non-myeloablative chemotherapy. 13 cisretinoic acid after consolidation independently lead to significantly improved overall survival.
5 year overall survival from time of second random assignment for patients who underwent
both sequential randomisations is documented in table 1.
Treatment randomly assigned to

5-year overall survival

ABMT / 13-cis retinoic acid

59%+/-8%

ABMY / no 13-cis retinoic acid

41%+/-7%

Continuing chemotherapy / 13-cis retinoic acid

38%+/-7%

Chemotherapy / no 13-cis retinoic acid

36%+/-7%

Table 1. please add caption

In 2010 a new treatment advance was reported in high risk neuroblastoma involving ch14.18
a chimeric human-murine anti-GD2 monoclonal antibody that targets GD2 a disialoganglio‐
side tumour associated antigen [73]. Patients that had a response to induction therapy and
stem-cell transplantation were treated with immunotherapy (six cycles of isotretinoin and five
concomitant cycles of ch14.18 in combination with alternating GM-CSF and interleukin-2). This
regimen was found to be better than standard treatment ( six cycles of isotretinoin) with a 2
year event free survival rate of 66% compared to 46% respectively, P=0.02.
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High risk disease has a generic treatment paradigm of intensive chemotherapy to induce
remission followed by surgery, radiotherapy and myeloablative chemotherapy. A presenta‐
tion at the 2011 ASCO Annual meeting changed the treatment standard for high risk disease.
The HR-NLB1 trial was a comparator trial between two high dose myeloablative chemother‐
apeutic regimens in high risk neuroblastoma. 563 children with stage IV disease (high risk
distant metastatic disease or local disease; median age 3 years) received busulphan and
myelphalan (281 patients) or a 3 drug chemotherapeutic combination of carboplatin,
etoposide and melphalan (CEM; 282 patients). The 3 year event free survival was 49% versus
33% respectively. The 3 year overall survival was 60% versus 48% again favouring busul‐
phan-melphalan over CEM. Busulphan-melphalan also had a lower rate of relapse 47%
versus 60% [74].
5.1.2. Intermediate risk neuroblastoma advances in the ‘ALK Era’
A phase 3 non randomized trial of newly diagnosed intermediate risk neuroblastoma without
MYCN amplification was performed on 479 patients (323 patients had favourable biology
tumours; 141 patients had tumours with unfavourable biology) [75]. Patients with favourable
histopathology and hyperdiploidly received 4 cycles of chemotherapy (carboplatin, etoposide,
cyclophosphamide and doxorubicin, administered at 3-week intervals) and patients with
unfavourable features or an incomplete response received 8 cycles. The 3 year overall survival
rate was ~ 96% with an overall survival rate of 98% for patients with favourable biology tumour
and 93% for patients with unfavourable biology neuroblastomas. Using this biologic based
risk assignment high rates of survival were preserved in intermediate risk disease with
reduced doses and duration of chemotherapy compared to historic controls (e.g. Children’s
Oncology Group trial CCG-3881; overall survival INSS stage 4s, 92%; stage 4, 93%; stage 3,
100%)[76,77,78]. Recent years have seen advancements in high risk neuroblastoma involving
myleoablative conditioning regimens, 13-cis retinoic acid and immunotherapeutic. However
in intermediate risk disease the evolution of treatment involves preservation of treatment
efficacy using a biologically defined stratification approach with a reduction in the patient
exposure to chemotherapy.
5.1.3. What of ALK and MYC and targeted treatments?
MYC gene transcription can be diminished by targeting BET bromodomainds using small
molecular inhibitors of the BET family of chromatin adaptors [79]. Inhibition of BET bromo‐
domain-promoter interactions with reduced MYC mRNA transcription and translation of
MYC protein caused G1 cycle arrest with apoptosis in a diverse number of lymphoma and
leukaemia cells. There was dysregulation of the MYC transcriptome including reactivation of
the tumour suppressor p21. Treating xenograft models of Burkitt’s lymphoma or acute
myeloid leukaemia with a BET inhibitor demonstrated significant anti-tumour activity.
Activation of the c-MYC gene is the sine qua non of Burkitt’s lymphoma with the c-MYC locus
at Chr. 8q24 involved in t (8;14)(q24;q32) epidemic Burkitt’s lymphoma and other abnormali‐
ties involving the MYC gene in sporadic cases including a different t(8;14) translocation and
point mutation of exon 2 of c-MYC. In neuroblastoma cell lines with MYCN amplification high
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dose transient treatment with (+)-JQ1 (a small molecule enantiomer BET bromodomaine
inhibitor) caused transcriptional repression of MYCN.
Zhu and colleagues in the zebrafish model of neuroblastoma show that ALK F1174L attenu‐
ates MYCN induced apoptosis [59]. Given the previous experience with targeted therapeutics
in other disease types and the emergence of drug resistance it has been contended that respons‐
es to crizotinib are unlikely to be durable [57]. As ALK and MYCN have collaborative roles with
MYCN being the primary oncogenic driver it may be the case that some of the initial optimism
pertaining to Crizotinib in neuroblastoma may not be fulfilled and that dual targeting of ALK
and MYCN once technically feasible may revolutionise the outcome for many patients with
neuroblastoma. In a fascinating caveat it is notable that in MYCN single-copy cases of neuroblas‐
toma, increased MYCN mRNA and protein levels are paradoxically associated with a more
favourable clinical phenotype. Gene expression profiling of 251 primary neuroblastomas
identified a core set of MYCN/c-MYC target genes with a successive gradual increase in that
target gene signature in localized non-amplified cases to stage 4s-non amplified followed by
stage 4-non-amplified and finally MYCN amplified cases. High expression of the MYCN/cMYC gene signature identified patients with poor overall survival independent of some of the
usual clinico-pathologic variables such as age at diagnosis (> or equal 1.5 years; stage 4 versus
stages 1,2,3, and 4s and amplified MYCN) [80]. It is apparent that MYCN’s role in the quite
heterogenous disease neuroblastoma is complex and the development of targeted therapeu‐
tics in neuroblastoma needs to appreciate these complexities. Of course treatments that target
MYCN remain therapeutic lacunae to be filled. A final ancillary comment on ALK and MYC.
German investigators have designed and performed experiments using JoMa1 which is a
multipotent neural crest progenitor cell line that is kept in an undifferentiated but viable state
by a tamoxifen activated c-Myc transgene (c-MycER T) [81]. Expression of ALKF1174L in primary
neuroblastomas caused in vitro growth of these cells independent of c-MycERT activity and the
in vivo growth of neuroblastoma like tumours. Tumorigenicity was further enhanced by serial
transplantation and remained susceptible to NBT-272 a MYC inhibitor. Therefore it appears that
targeting ALK alone may result in regression of neuroblastoma with the potential to further
augment tumour regression by inhibition of MYC. Maybe new hope for children with neuroblas‐
toma does not fully rely on neighbourly gene relations!

6. Conclusion
The improvement in outcome in neuroblastoma treatment in recent decades is a tremendous
success however outcomes for high risk disease have changed little. The importance of the
ALK gene in this disease and an established ALK inhibitor already being used in other types
of cancer offers new hope for improving outcomes. Therapeutic targeting of Myc is a long
aspired for hope in the wider field of oncology which may be realised. Chromosomal proximity
of genes such as topoisomerase II and Her-2 in breast cancer has been a topical subject but
aside from the concept of co-amplification of genes as in the breast cancer ‘topo II-Her2’
paradigm ALK and Myc interact in many nuanced and therapeutically exploitable ways with
the prospect of many advances still to come.
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1. Introduction
Neuroblastoma (NB) is an embryonic tumour that originates from cells of the neural crest (NC)
arrested in their differentiation at different stages along the sympatho-adrenal lineage and,
less frequently, from precursors of sensory neurons [1, 2]. As a consequence, NB can occur
throughout the sympathetic chain from thoracic, abdominal and pelvic sites to the adrenal
medulla, which accounts for the majority of NBs. Consistent with this, NBs exhibit a high
degree of genetic heterogeneity and biological variability, including differences in catechola‐
mine expression, according to their differentiation state along the sympathoadrenal lineage,
with a small number of primitive midline and spinal NBs that do not secrete catecholamines
considered to be of dorsal root sensory origin [1, 2].
Sympathetic nervous system development is orchestrated by neurotrophins (NT) and their
respective neurotrophin receptors (NTR), which exhibit subtle temporal and spatial changes
in expression that are critical for the delamination, migration, proliferation, survival, differ‐
entiation and apoptotic programs of NC lineages that form the fully differentiated and
functional sympathetic nervous system. Not surprisingly NBs, consistent with their origin and
particular differentiation state at the time of transformation, exhibit a variety of different
patterns of NT and NTR expression. A great deal of research has focussed on characterising
and exploiting these different patterns of expression for potential prognostic and therapeutic
benefit. Recent studies have led to exciting new developments in understanding how block‐
ages in sympathetic differentiation promote NB and how NBs utilise different patterns of NT
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and NTR expression to select a more malignant, stress-resistant, invasive, genetically unstable,
stem cell-like phenotype. Furthermore, they have also identified novel potential therapeutic
targets and characterised patterns of NT/NTR expression of value in prognosis and therapeutic
choice. In this chapter therefore, we will review the origins of NB during neural crest migation
and sympathetic nervous system development, introduce NTs and NTRs and describe their
roles NC and sympathetic nervous system development, examine patterns of NT/NTR
expression in NB, review their potential roles in regulating spontaneous NB regression and
metastatic NB progression, and discuss potential therapeutic ways to target the NT/NTR
system in NB.

2. Formation of the neural crest, neural crest cell delamination and
migration
NBs originate from NC cells (NCC) during sympathetic nervous system development. In this
section therefore, we will briefly describe the natural history of neural crest, sensory dorsal
root and sympathetic nervous system development, focussing attention on the sympathoadrenal neuroblast lineage, which is responsible for generating neuroendocrine chromaffin
tissues, SIF and ganglion cells, and in particular the adrenal medulla within which the majority
(40-50%) of NBs develop [2, 3].

Figure 1. Formation of the Neural Crest and Neural Crest cell migration

During the 3rd week of human embryonic development the intra-embryonic mesoderm
differentiates into paraxial, intermediate and lateral plate portions. The paraxial mesoderm
organises into primitive segmented somites and the lateral plate mesoderm splits into somatic
(parietal) and splanchnic (visceral) layers. This event occurs in a BMP-induced Notchdependent “clock” and Wnt-dependent “wave” manner in a rostral to caudal gradient of
FGF [2, 4-6] and results in the simultaneous formation of Somite pairs either side of the
forming neural tube, in a head to tail direction along the entire length of the embryo, with
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each new somite forming on the caudal side of an existing somite. Somites further differen‐
tiate into dermomyotome and sclerotome structures that will eventually provide the cells for
skin, muscle and skeletal formation. Contemporarily, the embryonic neuroectoderm
undergoes progressive indentation to form the neural groove, neural folds and neural plate.
This neurulation process causes the fusion of opposing neural folds at the future upper
cervical level, which progresses in both rostral and caudal directions, eventually resulting in
continuity between neural and squamous surface ectoderm. This event separates the
presumptive epidermis from the neural plate, which in turn forms the distinct and sepa‐
rate columnar cellular structure of the Neural Tube. Interaction between the neural plate and
presumptive epidermis is regulated by Wnts, BMPs and FGFs and results in mesenchymal
transformation of the epithelial cells that line the margins of the neural fold. These cells
organise between the epidermis and neural tube to form the transient Neural Crest (NC)
embryonic structure [2, 6] (Fig. 1).
NC cells (NCC) delaminate from the NC and migrate initially in a ventrolateral manner and
later in a dorsolateral direction, relative to the somites. Ventrolateral NCC migration occurs
in chain-like manner [7] between the somites and neural tube and the rostral half of each somite
[8]. NCC initially migrate through the inter-somitic boundary before switching to a sclerotome
pathway controlled by semaphorin and its receptor neuropilin, with the entire dermomytome
repulsing neuropilin positive trunk NCC [9] (Fig. 2).

Figure 2. Neural Crest cell ventrolateral and dorsolateral migration

Dorsolateral NCC migration occurs between the developing dermis and the dorsal dermo‐
myotome boundary [8, 10]. During NCC migration cells receive signals from adjacent struc‐
tures that initiate a series of differentiation processes that will eventually lead to
differentiation-commitment and specific cell fates at different locations. This process provides
a wide variety of differentiated tissues, including: epidermal pigment cells (melanocytes);
dorsal root, sympathetic and parasympathetic ganglia, neurons and plexuses; neuroglial and
Schwann cells; endocrine/paracrine cells of the adrenal medulla, carotid body and organ of
Zuckerland; cartilage and bones of the facial and ventral skull; corneal endothelium and
stroma; tooth papillae; dermis, smooth muscle and adipose tissue of the head and neck;
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connective tissue of the salivary, lachrymal, thymus, thyroid and pituitary glands and
connective tissue and smooth muscle in arteries of aortic origin (Fig. 3).

Figure 3. Neural crest cell destinations during embryonic development

3. The sympathetic nervous system
The vertebrate nervous system is composed of the central (CNS) and peripheral (PNS)
nervous systems, the former comprised of the brain and spinal cord and the latter com‐
prised of ganglia and associated plexuses that innervate and connect visceral organs and
other tissues to the CNS.
The PNS is divided into the somatic and autonomic nervous systems, the former responsible
for skeletal muscle function and the latter for innervation of visceral organs [11, 12]. The
autonomic nervous system is further subdivided into sympathetic (SNS) and parasympathetic
(PSNS) nervous systems, which are often antagonistic. Motor outflow from both systems is
formed by serially connected neurons that initiate with pre-ganglionic neurons of the brain
stem or spinal chord, which synapse with ganglia and post ganglion neurones outside the
CNS. Parasympathetic ganglia lie close to or within the organs they innervate, whereas
sympathetic ganglia lie at some distance from their target organ. Both have sensory fibres that
feedback information concerning organ function to the central nervous system [11, 13].
The NC is fundamental for SNS formation. Pluripotent migratory NCC progenitors delaminate
from the NC and migrate in a vetrolateral direction through the rostral half of each somite.
NCC remaining within somites coalesce to form paraspinal dorsal root ganglia, which contain
the nerve bodies of afferent spinal nerves responsible for relaying sensory information into the
CNS. NCC that exit somites ventrolaterally initially lose segmental organisation, mix adjacent
to the dorsal aorta then re-segregate to form sympathetic ganglia, helping to explain sympa‐
thetic ganglia heterogeneity [7]. At this point cells initiate differentiation that is responsible
for the eventual formation of sympathetic ganglia, associated sympathetic neurones and
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Schwann cells, small intensely fluorescent (SIF) cells and chromaffin cells of the adrenal
medulla and extra adrenal paraganglia (Fig. 4). Together, these components form the neuro‐
endocrine SNS, which consists of preganglionic neurones that exit from spinal chord ventral
routes of the 12 thoracic and 3 lumbar spinal segments that synapse with neurons of the
sympathetic ganglia or specialised chromaffin cells of adrenal medulla and paraganglia.
Sympathetic ganglia include paravertebral and prevertebral ganglia, with pairs of paraverte‐
bral ganglia each side of the vertebra interconnected to form the sympathetic chain. Normally,
there are 21 to 22 pairs of paravertebral sympathetic ganglia, 3 cervical, 10-11 thoracic, 4
lumbar, 4 sacral and a single ganglion impar in front of the coccyx. Cervical superior, middle
and stellar ganglia innervate viscera of the head and neck, thoracic ganglia innervate viscera
of the trunk, and lumbar/sacral ganglia innervate the pelvic floor and lower limbs. Sympathetic
ganglia also innervate blood vessels, muscle, skin, erector pilli and sweat glands [11, 13].

Figure 4. Cell types generated from differentiated sympathoadrenal neuroblast progentitors

In general, preganglionic neurons utilise acetylcholine as the major neurotransmitter, whereas
post-ganglionic neurons are noradrenergic and utilise noradrenalin as the major neurotrans‐
mitter, combined with specific neuropeptide transmitters (e.g. neuropeptide Y, somatostatin,
vasointestinal peptide and calcitonin related peptide), utilised in an organ-specific manner.
Under normal conditions the sympathetic nervous system provides local adjustments (e.g.
sweating) and relax adjustment to the cardiovascular system. Under conditions of stress, the
entire SNS can activate to induce the “fight or flight” response, during which adrenalin
released from the adrenal gland leads to rapid increases in heart rate, cardiac output, skeletal
muscle vasodilation, cutaneous and gastrointestinal vasoconstriction, pupil dilation, bronchial
dilation and pili-erection, in preparation for imminent danger [11, 13].
3.1. Sympatho-adrenal progenitors, SIF and Chromaffin cells of the neuroendocrine SNS
The vast majority (40-50%) of NBs arise from neuroblastic NCCs within the developing adrenal
gland [2, 3]. Therefore, a description of normal adrenal gland development is also warranted
at this point.
The fully developed functional adrenal gland is composed of cortex and medulla. The adrenal
medulla is composed of neuroendocrine-differentiated chromaffin, SIF and ganglion cells,
which are also present in extra-adrenal paraganglia of the carotid body and organ of Zucker‐
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land [14]. Chromaffin and SIF cells, characterised by their affinity from chromium salts, are
closely related to sympathetic neurons and, like sympathetic neurons, synthesise, store, uptake
and release catecholamines and express enzymes for noradrenalin synthesis including tyrosine
hydroxylase (TH) and dopamine-β-hydroxylase (DBH). Unlike sympathetic neurons, chro‐
maffin cells also synthesise, store and release adrenalin and retain their capacity proliferate
but do not produce axons or dendrites [15]. Adrenal and extra-adrenal chromaffin tissues, like
sympathetic ganglia, are innervated by pre-ganglionic neurones originating from the spinal
chord [16]. Chromaffin, SIF and sympathetic neurons exemplify the wide spectrum of
sympathoadrenal cell types that originate from NCC [17].
Chromaffin and SIF cells differentiate from pluripotent NCC progenitors that delaminate from
the NC at the “adreno-medullary” somite level (somites 18-24 in avian development) [18].
These cells migrate ventrolaterally initially between Somite dermomyotome and sclerotome
then through the rostral sclerotome mesenchyme to arrive at para-aortic sites [18-20]. At these
sites, NCC mix, re-segregate and coalesce to form sympathetic ganglia. At the same time, NCC
derived from the “adreo-medullar” somite region coalesce adjacent to the adrenal cortex
anlage then invade the anlage in considerable numbers, initially in a nerve fibre-independent
then nerve fibre-dependent manner [21], in a Sox transcription factor-dependent manner [22].
Once within the adrenal primordium, NCCs form rosettes, nests and nodules along nerve
fibres, proliferate and initiate pheo-chromoblast differentiation. This process continues
throughout foetal development and into the neonatal period, providing differentiated
Chromaffin and SIF adrenal medulla cell populations. In humans, the gestational period
between 17 and 20 weeks is critical for adrenal sympathetic component development, with
neuroblastic NCC proliferation peaking during this period in terms of maximal nodule size
and number, waning thereafter. Neuroblastic nodules tend to disappear during the third
trimester and are usually absent at birth. However, nodules that continue to grow and persist
into neonatal life are not infrequent and have been classified as in situ NB. A sizeable number
of these NBs spontaneously regress and are likely, therefore, to represent delayed differentia‐
tion in addition to neoplastic transformation [23].
Chromaffin cells, SIF cells and sympathetic neurons develop from catecholaminergic sympa‐
thoadrenal (SA) progenitors [18, 24, 25] and their formation involves BMP signalling [18,
26-28]. However, the classical concept that a common SA lineage acquires neuronal and
catecholaminergic traits prior to migration to secondary sympathetic ganglia and adrenal sites
[24, 25] has now been discounted, as chromaffin cells undergo catecholaminergic differentia‐
tion within the adrenal anlage and not within primary sympathetic ganglia, and do not express
neuronal markers at the onset or even following induction of TH expression [29, 30]. Therefore,
sympathetic neuronal and chromaffin lineages must separate upstream prior to catecholami‐
nergic differentiation, despite evidence of sympathoadrenal marker expression in some
migrating cells [22, 24, 30], and enter the adrenal primordium as undifferentiated Sox10
expressing NCC [22, 30]. Indeed, chromaffin and sympathetic neurones originate at the same
axial level from common NC progenitors but differ in the time of catecholaminergic differen‐
tiation [18]. Furthermore, NCC populations migrating to the adrenal anlage and within the
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adrenal medulla exhibit heterogeneity, and consist of SOX10/Phox2B/p75NTR, SOX10/
p75NTR and PHox2B/p75NTR sub-populations [22].
3.2. Transcriptional regulation of sympathoadrenal differentiation
Chromaffin and sympathetic neuron differentiation is regulated by BMP-induced transcrip‐
tion factors Phox2B, Mash-1, Insm1, Hand2 and Gata 2/3 [31]. Knockout technology has
identified a fundamental role for Phox2B in chromaffin and sympathetic neuronal differen‐
tiation [18], with Phox2B knockout increasing neuron but not chromaffin precursor death.
This not only relates to specific cell traits but also differences in environment and migra‐
tion [32, 33], and confirms that adrenal anlage are colonised by undifferentiated NCC
progenitors. Knockout technology has also characterised a role for Mash-1 as an accelera‐
tor of sympathetic neuronal and chromaffin differentiation [34, 35], a role for Insm-1 as a
regulator of catecholamine synthesising enzyme expression and, therefore, endocrine
differentiation [36, 37], a role for Hand2 in the induction and maintenance of noradrener‐
gic differentiation [38, 39] and a role for Gata3 in the differentiation of both sympathetic
ganglia and chromaffin cells [31, 40].
It has now been confirmed that adrenal cortex glucocorticoids are not responsible for chro‐
maffin cell differentiation [41] but they do, however, regulate postnatal chromaffin cell
survival and phenyl ethanolamine N-methyl transferase expression [30, 42]. The adrenal cortex
is also dispensable for chromaffin differentiation, which is also found in extra-adrenal
neuroendocrine tissue, but may regulate adrenal chromaffin cell numbers and associated
vascularity [30, 43]. Within the adrenal gland, hypoxia has recently been shown to promote
chromaffin/SIF cell differentiation from neuroblasts [44-46].

4. Neurotrophins and neurotrophin receptors in neural crest, sympathetic
nervous system and adrenal development
Neurotrophins (NTs) and NT receptors (NTRs) are critical for the development and mainte‐
nance of the vertebral CNS and PNS [47-50], NTs and NTRs are also expressed by human NBs
and have been implicated in both NB regression and malignant progression. In this section,
therefore, we will introduce NTs and NTRs and describe their potential involvement in normal
SNS and adrenal development.
4.1. Neurotrophins (NTs)
NTs are a family of growth, differentiation, survival and apoptosis-inducing factors that are
involved in many aspects of nervous system development, maintenance and function. They
comprise four structurally related basic 115-130 amino acid containing polypeptides, nerve
growth factor (NGF), brain-derived growth factor (BDNF), and the neurotrophins 3 (NT-3)
and 4/5. NGF was first NT to be described and purified from the mouse salivary gland [51].
This was followed by the discovery of BDNF, NT-3 and NT-4/5 some 30 years later [52-54].
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NTs exhibit close structural homology, with the exception of NT4/5 that exhibits only 50%
homology to the others NTs, and all contain six conserved cysteines that form structurally
important disulphide bridges [55, 56]. NTs are expressed by both neuronal and non-neuronal
cells as pre-NTs and are converted to pro-NTs upon signal peptide removal. This can occur
within the endoplasmic reticulum (ER), in which NTs are converted to mature-NTs by furins.
Alternatively, NTs are transported to the cell surface and released following signal peptide
removal as pro-NTs. Secreted pro-NTs, which also exhibit biological activity, are converted to
mature NTs by enzymes including plasmin and the matrix metalloproteinases MMP-7 and
MMP-9 [56-58]. Within the extracellular environment, pro- and mature NTs form homo-dimers
and bind specific receptors to induce an array of biological activities, including cell migration,
proliferation, survival, differentiation, apoptosis and neuronal synapse/junction plasticity,
depending upon the cell population, receptor expression and activation status [57, 60]. The
human NGF gene localises to chromosome 1p13.1 [61], the human BDNF gene localises to
chromosome 11p13 [62], the human NT-3 gene localises to chromosome 12p13 [62] and the
human NT4/5 gene localises to chromosome 19q13.3 [63]. Since the discovery of NTs, their
respective receptors have been identified and many of their roles in nervous system develop‐
ment and function have been elucidated.
4.2. NT receptors
4.2.1. Tropomyosin-related kinases TrkA, TrkB and TrkC
The family of NT receptors includes the tropomyosin-related tyrosine kinases TrkA, TrkB and
TrkC [64]. TrkA is the preferred receptor of mature NGF but also binds the mature neurotro‐
phin NT-3 [64, 65]. Identified following the discovery of the first tumour-associated TrkA
oncogene [64, 66, 67], the 25kb human TrkA gene maps to chromosome 1q21-22 and is
organised into 17 exons [68-70]. TrkA proteins are expressed either as the fully spliced
gp140kDa TrkAII receptor, alternatively spliced TrkA L0 and L1 variants that exhibit differ‐
ential exon 2-4 use [71], the TrkAI variant that exhibits exon 9 skipping [72] or the TrkAIII
variant, which exhibits in-frame skipping of exons 6 and 7 combined with exon 9 omission [73].
TrkA L0 (exons 2, 3 and 4 alternatively spliced) and TrkA L1 (exons 2 and 3 alternatively
spliced) are expressed during rat development [71] as truncated receptors with in-frame
deletions of leucine-rich sequences encoded within exons 2-4 [68]. Since, TrkA leucine rich
sequences may modulate ligand binding [74], these variants may exhibit altered ligandbinding activity similar to analogous alternative TrkB splice variants [75]. TrkAI (exon 9
exclusion) and TrkAII (exon 9 inclusion) splice variants [72] are expressed as cell surface transmembrane receptors and exon 9 omission does not result in ligand-independent receptor
activation. TrkAI and TrkAII variants bind NGF and NT3 [72, 76] but TrkAII exhibits higher
levels of NT-3-mediated activation when co-expressed with the low affinity neurotrophin
receptor CD271/p75NTR [76]. TrkAII is predominantly expressed within the nervous system,
whereas TrkAI expression predominates in the thymus [72].
TrkAIII was identified as an unexpected RT-PCR product in primary human NBs [73]. This
variant exhibits exon 6 and 7 skipping plus exon 9 omission, resulting in the in-frame deletion
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of amino acids 192-284 that encode the D4 extracellular immunoglobulin-like domain, several
functional N-glycosylation sites and introduces a valine substitution at the novel exon 5/8
splice junction [73]. In addition to being expressed by primary human NBs, TrkAIII is also
developmentally regulated and is detected from stages E13-E18 of mouse embryonic devel‐
opment and is also expressed by immature thymocytes within the developing thymus [73,
77]. Unlike fully spliced TrkA receptors, TrkAIII is not expressed at the cell surface but is
retained within intracellular membranes of the endoplasmic reticulum (ER), GN and ER/GN
intermediate compartment (ERGIC) [73, 78, 79], within which it exhibits interphase-restricted
spontaneous ligand-independent activation [73, 78, 79].
TrkB is the preferred receptor of BDNF but also binds NT-4/5 [65, 80-82]. The 590kb human
TrkB gene maps to chromosome 9q22 and contains 24 exons [70, 83]. In addition to fully spliced
gp145kDa TrkB, eight TrkB variant isoforms have been described, including a gp95kDa Cterminal truncated receptor that lacks the tyrosine kinase and Shc binding domains; a Cterminal truncated receptor that lacks the tyrosine kinase domain but retains the Shc binding
site; a C-terminal truncated receptor that lacks exons 23 and 24 but retains tyrosine kinase
activity and four N-terminal truncated receptors that exclude combinations of exons 1-5 and
upstream signal sequence [75, 83-85]. The TrkB gene has also been reported to encode up to
100 different transcripts ranging from 0.7-9kb, at least 36 of which can be translated into
functional TrkB proteins [85-87]. Both full length and C-terminal truncated TrkB receptors are
expressed in the brain and share 100% extracellular domain homology, consisting of 5 highly
glycosylated extracellular binding domains (D1-5) [75, 85, 86].
TrkC binds NT-3 and no other NT [88]. The 387kb human TrkC gene maps to chromosome
15q25 and is organised into 18 exons [70] and six TrkC isoforms have been described. In
addition to the fully spliced gp145kDa receptor, these isoforms include C14/K2, C25/K3 and
C39 variants which contain 14, 25 and 39 additional amino acid insertions between kinase
subdomains VII and VIII, downstream of the TDYYR motif of the putative Trk receptor family
autophosphorylation site [89] and NC1/T1 and NC-2/T2 non-catalytic variants truncated in
the tyrosine kinase domain by short C-terminal sequences [90-92]. Full-length TrkC receptors
are expressed during development, whereas truncated receptors predominate in later life in
post mitotic cerebellar granule neurons and young stem cell-derived differentiated neurons
but not in proliferating neural stem cells. TrkC NC1/T1 and NC2/T2 variants do not support
NT-induced neuritogenesis, suggesting that TrkC variants could exert different roles during
nervous system development [90, 93].
4.2.2. CD271/p75 neurotrophin receptor
The p75 neurotrophin receptor (CD271/p75NTR) is a member of the tumour necrosis factor
(TNFR)/FAS receptor superfamily and binds all NTs in pro-form with high affinity and mature
NGF with low affinity [94, 95]. The 3.4kb CD271/p75NTR gene is organised into 5 exons and
maps to chromosome 17q21-q22 [96]. In addition to the fully spliced 75kDa CD271/p75NTR
receptor, a truncated alternative s-p75NTR splice variant has been described that is devoid of
exon III. S-p75NTR lacks the NT binding domain, does not bind NTs and is expressed by several
neural tissues [97]. The fully spliced CD271/p75NTR extracellular-domain contains four 40-
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amino acid repeats with 6 cysteine residues at conserved positions that are required for NT
binding, a serine/threonine-rich region, a single transmembrane domain and a 155-amino acid
cytoplasmic domain, which does not exhibit catalytic activity. CD271/p75NTR acts either as an
independent NT receptor, a NT receptor complex with Sortilin or a co-receptor for TrkA, and
is involved in regulating death, differentiation or survival signals [94, 98]. The CD271/P75NTR
receptor is devoid of intrinsic catalytic activity, indicating that signalling from this receptor
must depend upon intracellular interactors [99, 100].
4.2.3. Sortilin
Sortilin is a member of the Vps10p domain-containing transmembrane proteins that binds both
mature NGF and the neurotrophins NGF, BDNF and NT-3 in pro-form [98, 101, 102]. The 7kb
human Sortilin gene localises to chromosome 1p13.3 and is expressed as a gp95-100kda
glycoprotein [103, 104]. Sortilin co-expression with CD271/p75NTR results in the formation of a
co-receptor complex that augments affinity for proNGF and acts principally as an inducer of
apoptosis [105].
4.3. NT receptor structure and ligand binding
All three Trk receptors share significant sequence homology and a conserved domain organ‐
ization. This organization comprises from N-terminus to C-terminus of five extracellular
domains, a transmembrane region and the intracellular kinase domain.

Figure 5. NT receptor structure and ligand binding domains

The first three extracellular domains consist of a leucine-rich region (D-2) flanked by two
cysteine-rich regions (D-1 and D-3), and domains 4 and 5 are immunoglobulin-like domains.
Studies on TrkB and TrkC have shown that D-5 is sufficient for the binding of ligands and is
responsible for binding specificity [106-109], although the D-4 domain, leucines and cysteine
clusters may regulate ligand binding [55, 73]. Receptor transmembrane and juxta-membrane
regions are critical for signal internalisation and transduction. The intracellular tyrosine-rich
carboxyl terminal cytoplasmic domain exhibits tyrosine kinase activity upon ligand-mediated
activation and is responsible for propagating post-receptor signal transduction [74, 107,
110-114]. The immunoglobulin-like D4 and D5 domains stabilise receptors in monomeric form
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and prevent spontaneous receptor oligomerisation and activation. Deletions, chimeric
receptors and point mutations that disrupt the structure of the first (D4) and second (D5)
immunoglobulin-like domains result in ligand-independent spontaneous receptor activation
and the acquisition of oncogenic activity [73, 110, 115] (Fig. 5).
CD271/p75NTR receptors modulate the affinity and enhance the specificity of TrkA for NGF,
and TrkB for BDNF, with optimal affinity reflecting the ratio of Trk to CD271/p75NTR receptors
[116-118]. In contrast, CD271/p75NTR reduces TrkAI activity in response to NT-3 and TrkB
activity in response to NT-3 and NT-4/5 [76, 119, 120]. The CD271/p75NTR receptor analogue
neurotrophin-related homolog-2 (NRH2) that is expressed by neural cells, also interacts with
TrkA to promote high affinity NGF binding [121].
4.4. NT receptor signalling
In the absence of ligand, Trk receptors are maintained as inactive oligomers [120], concentrated
within caveolin and cholesterol-containing cell membrane caveolae invaginations, which also
contain components of the Ras signalling pathway [122]. Receptor oligomers are maintained
in an inactive state by mature extracellular domain N-glycosylation, intact D4 and D5 domains
and by receptor-associated protein tyrosine phosphatases (PTPases) [110, 123-126]. Upon
ligand binding, oligomeric Trk receptors dimerize, alter their conformation and acquire
tyrosine kinase activity, facilitated by temporary inactivation of receptor-associated PTPases,
which results in auto- and trans-phosphorylation of receptor tyrosine residues Y490, Y670,
Y674/675, Y751 and Y785, in TrkA and their equivalents in TrkB and TrkC. These tyrosines act
as phosphorylation-dependent binding sites for a variety of signalling proteins, including the
adapters Shc and FRS-2; Grb-2 and SOS; the IP3K subunit p85α and PLCγ. These interactions,
which are modulated by CD271/p75NTR, provide avenues for signal transduction through RAS/
MAPK, IP3K/Akt/NF-κB and PKC pathways that mediate NT effects upon migration, prolif‐
eration, survival, differentiation and apoptosis [73, 111, 127-141]. Cell surface Trk localisation
and NT-mediated Trk activation also involves interaction with the heat shock protein chap‐
erone Hsp90 [78].

Figure 6. Trk receptor signalling and outcome
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Trk receptors activated by NTs use two main pathways to activate MAPKs. The first pathway
involves Shc, Grb-2, SOS, Ras and Raf, and the second pathway involves CrkL, Rap and Raf
[142, 143]. Trk activation of MAPK is now considered to depend not only upon the phos‐
phorylated Trk Y490 tyrosine residue [144, 145] but also the ankyrin repeat-rich membrane
spanning protein ARMS, acting through CrkL [146, 147]. MAPKs activate CREB transcription
factors to promote differentiation and survival [148-150]. Trk activation of PI3K/Akt signalling
occurs through Shc/Grb-2 and Gab-1 and induces pro-survival signals [73, 151, 152], resulting
from the phosphorylation of Bad and activates the pro-survival transcription factor NF-κB [73,
153, 154]. PLCγ is activated as a consequence of being recruited to the phosphorylated Trk
tyrosine Y785 [73, 132] and provides additional differentiation and survival signals that
involve MAPK [155] (Fig. 6).
The alterative TrkAIII splice variant, in contrast to other Trk receptors (see above), is not
expressed at the cell surface but accumulates within intracellular membranes. Intracellular
TrkAIII does not bind extracellular NTs and is prone to spontaneous ligand-independent
intracellular activation [73, 78, 79]. In contrast to ligand activated cell surface TrkA signalling,
spontaneously active TrkAIII signals through PI3K/Akt/NF-κB but not Ras/MAPK, resulting
in increased survival and the induction/maintenance of a stem cell-like undifferentiated
phenotype [73, 78, 79, 156] (Fig. 6).
An additional feature of TrkA receptors is retrograde transport signalling within the cell. This
depends upon receptor/ligand interaction, internalisation and retrograde transport of activat‐
ed receptors, resulting in signal transduction within the cell body. Sympathetic neurons most
dramatically illustrate this activity, with retrograde transport of NGF-activated TrkA occur‐
ring along the axonal length to the neuronal cell body. This phenomenon involves ubiquitin
mediated receptor internalisation through interaction with CD271/p75NTR and TRAF6, receptor
endocytosis within clatherin-coated vesicles and receptor endocytosis facilitated by the
endocytosis inducing protein EHD4/Pincher [157-159]. In addition, immature Trk receptors
also localise to intracellular membranes of the Golgi Network (GN) and can be trans-activated
by agonists of the G-protein linked A2A adenosine receptors, potentially through the nonreceptor tyrosine kinase Src [160, 161], providing evidence for intracellular neurotrophinindependent Trk activation. Post receptor signal transduction from GN-associated TrkA
differs from cell surface-activated TrkA, by signalling through IP3K/Akt but not RAS/MAPK,
which results in NF-κB transcription factor activation, inducing a more stress-resistant
phenotype, not dissimilar to that induced by the intracellular alternative TrkAIII splice variant
[73, 124, 160]. TrkA localisation to the GN may not only reflect transient passage of de-novo
synthesised receptors but also alterations in receptor extracellular domain N-glycosylation and
folding.
CD271/p75NTR receptors regulate cell survival, apoptosis, differentiation and proliferation.
CD271/p75NTR is a positive modulator of Trk-mediated survival, and within this context, it is
likely that CD271/p75NTR does not directly bind NTs in competition with Trks [162] but acts as
a co-receptor, interacting with Trk dimers ligated to active NTs, refining receptor specificity
(e.g. increasing specificity for NGF, while restricting NT-3 binding) [163]. This may be
responsible for shifting NT dependence during development coincident with CD271/p75NTR
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Figure 7. CD271/p75NTR receptor signalling and outcome

expression, which is exemplified by the shift from NT-3/TrkC to NGF/TrkA dependence
observed during SNS development [164]. CD271/p75NTR may also influence Trk signalling by
binding of the Shc adapter, which also binds to activated Trk, to augment or inhibit Trk
signalling [165, 166], and in Trk-complexed form may result in different signalling to that from
Trk dimers alone [147], resulting in differences in capacity to complete differentiation pro‐
grams [167] (Fig. 7).
As a pro-apoptotic receptor CD271/p75NTR also exhibits Trk-independent activity. The
cytoplasmic tail of CD271/p75NTR contains death domains and its role in apoptosis has been
clearly demonstrated in CD271/p75NTR exon 3 knockout mice [168]. CD271/p75NTR exon 3
knockout mice combined with TrkA knockout mice have highlighted the dual function for
CD271/p75NTR in refining innervation and eliminating neuronal excess during early develop‐
ment and later in neuronal survival [169, 170]. Apoptosis induced by CD271/p75NTR involves
JNK, phosphorylated c-jun, p53, Bad, Bim and activated caspases [168, 169, 171-174]. Apoptosis
induced by CD271/p75NTR may also involve β-secretase-mediated release of the intra-cyto‐
plasmic domain, its subsequent nuclear transport and potential involvement in transcriptional
regulation, together with TRAF6, NRAGE, NADE, NRIF and SC-1. TRAF6 interaction with
NRIF has been implicated in the generation of death signals through the activation of JNK
[169, 175]. NRAGE interaction with CD271/p75 NTR is involved in inducing cell death through
JNK and caspase activation, and is blocked by TrkA [176]. A role for NADE in CD271/p75NTR–
mediated apoptosis, involving NGF but not BDNF or NT-3, has been reported [177], whereas
CD271/p75NTR interaction with SC-1 has been implicated in cell cycle arrest via transcriptional
repression of cyclins [178] (Fig. 7). Further advances in the understanding of this effect have
come with the observation that inactive pro-form NT precursors bind CD271/p75NTR receptors
with high affinity and trigger apoptosis at far lower concentrations than active counterparts,
which bind with low affinity (Lee et al., 2001). Up to 60% of NTs released by cells are proform
[56]. Indeed proNGF induces death in CD271/p75NTR expressing cells, highlighting an opposite
effect to activated NGF in cells, including sympathetic neurones [56]. The capacity of proNGF
to activate CD271/p75NTR but not TrkA is now known to depend upon Sortilin, a 95kDa member
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of the Vps10p-domain receptor family [98, 101]. In this interaction, complexes between CD271/
p75NTR and Sortilin are augmented by proNGF, which simultaneously binds both receptors to
induce apoptosis. Thus Sortilin acts as an essential co-receptor capable of switching cells that
co-express TrkA and CD271/p75NTR from survival to apoptosis.
CD271/p75NTR receptors, therefore, promote either survival or death in response to NTs,
depending upon NT status and the cellular context. Survival through CD271/p75NTR receptors
involves NF-κB activated through TRFA6, p62, Interleukin-1 receptor-associated kinase IRAK
and receptor interacting protein RIP2 [179]. CD271/p75NTR promotion of axon growth involves
neurotrophin-mediated dissociation of axonal growth inhibitory complexes between
CD271/p75NTR and the G-protein Rho [180]. Furthermore, the proteolytic shedding of cell
surface CD271/p75NTR releases an intracellular domain that moves to the nucleus and may act
as a transcription factor [181].
4.5. Trks A and C are dependence receptors
A classical concept is that NT activation of Trk receptors inhibits default apoptotic programs
to promote NT-dependent survival [134]. This concept is considered to involve PI3K/Akt/NFκB signalling and induction of Bcl-2 inhibitor of mitochondrial apoptosis. In this mechanism,
NT depletion results in the turning-off of PI3K/Akt signalling, which reduces Bad phosphor‐
ylation and releases it from the chaperone 14-3-3. This results in Bcl-2 and Bcl-XL sequestration
[182, 183], reduces FOX03A phosphorylation resulting in nuclear translocation, induces proapoptotic FAS, Trail, Puma and BIM transcription [184-188], abrogates CREB and NF-κB
survival signals [189, 190] and activates pro-apoptotic JNK, inducing BIM expression [188],
which together trigger apoptosis (Fig. 8).

Figure 8. TrkA and TrkC receptors and Apoptosis

Recently, however, both TrkA and TrkC have also been characterised as true dependence
receptors. In one study, TrkC but not TrkA or TrkB triggered apoptosis in the absence of NT-3
in a variety of cell lines by an activated caspase-dependent cleavage mechanism, releasing a
pro-apoptotic intracellular TrkC domain capable of inducing caspase-9 dependent death [191].
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In a separate study, TrkA and TrkC but not TrkB induced apoptosis in neurons differentiated
from stable transfected embryonic stem cells and promoted loss of all TrkA and TrkC but not
TrkB transfected cells with associated loss of nervous system at E13.5 during mouse embryonic
development, through a CD271/p75NTR -mediated mechanism, in which CD271/p75NTR is
recruited as a “hired killer” [192]. Therefore in the absence of ligand, TrkC acts directly as a
death receptor and TrkA death receptor activity appears to depend upon CD271/p75NTR,
whereas TrkB does not exhibit death receptor activity (Fig. 8)

5. NTs and NTRs in sympathetic nervous system development
5.1. TrkC and NT–3
TrkC is the only NT receptor expressed during early embryogenesis. During avian develop‐
ment TrkC expression coincides with neurulation and is detected in both neural tube and
neural plate anlage [193, 194]. TrkC is also expressed in hindbrain rhombomeres 3 and 5. This,
however, does not associate with lateral NCC migration, suggesting that either TrkC positive
NCC cells die prior to NCC migration or that they migrate away from these regions. NT-3
expression is low at this time and the recent characterisation of TrkC as pro-apoptotic de‐
pendency receptor, supports the former hypothesis [191, 192]. Neither TrkC nor NT-3 knock‐
out prevent neurulation but do result in neuronal loss from sympathetic ganglia [195-197],
indicating that TrkC/NT-3 interactions are not required for neurulation but are required for
later stages of SNS development. Consistent with this, the NT-3 protein is detected at later
developmental stages. There have been no reports concerning the expression of alternative
TrkC isoforms during early development.
During PNS formation, TrkC is expressed by neurogenic pre-migratory and migrating NCC
subsets [194, 198, 199] and TrkC/NT-3 interactions are required prior to NCC arrival at
destination [200]. Indeed, NT-3 acts as a NCC survival factor and promotes NCC proliferation
in the presence of somites [201]. Furthermore, somites express NT-3 during this period [198,
202], sympathetic neuroblasts and neurons also express TrkC and NT-3, NT-3 is expressed by
non-neuronal sympathetic cells [194, 199, 203], and NT-3 and TrkC expression during this time
is stimulated by neuroregulin, PDGF and CNTF [204]. NT-3 in sympathetic tissues increases
mature neuron numbers by promoting the survival of proliferating neuroblast and their
subsequent differentiation, without directly effecting proliferation [205]. This temporary effect
subsequently declines with a switch to NGF-dependence [206], associated with reduced TrkC
expression and the induction of TrkA and later CD271/p75NTR expression [204, 207]. NT-3
continues to be expressed by both sympathetic neural and non-neural cells [198, 199, 204], by
adult non-neural cells [208] and TrkA expression is regulated in part by NT-3 [207]. Therefore,
NT-3 acts as both a survival and differentiating factor through TrkA, eventually rendering
differentiating post-mitotic neurons dependent upon NGF produced by effector tissues. NT-3,
at this stage, acts as an autocrine interim and not peripherally derived paracrine factor,
corroborated by the lack of target innervation at this time [207]. In support of this, NT-3
knockout mice exhibit sympathectomy [106, 197, 209-212] caused principally by neuroblast
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apoptosis, which is partially rescued by exogenous NGF [212]. In the adult, NT-3 continues to
be expressed by a wide range of tissues [202, 203, 213, 214] and, together with NGF, continues
to be important for post-natal sympathetic neuron survival [214, 215]. Consistent with this,
exogenous NT-3 promotes target organ sympathetic innervation in NT-3 knockout animals
[211, 212], suggesting that the switch from NT-3 to NGF dependence observed in sympathetic
neurons in vitro [216] does not actually occur in vivo. This may relate to environmental
differences, corroborated by the mitogenic effect of NT-3 on neuroblasts in vitro [201] but not
in vivo [217], the susceptibility of TrkC transcription to environmental factors and also by the
capacity of NT-3 to bind and activate TrkA receptors, and in particular TrkAII [76]. This helps
to explain how NT-3 rescues NGF-dependent neurons from NGF depletion and vice versa and
is consistent with the characterisation of TrkA as a functional NT-3 receptor in vivo. However,
one difference between these two NTs is that exogenous NGF but not NT-3 induces sympa‐
thetic ganglia hyperplasia [218].
NT-3 released from effector tissues and acting through TrkA also promotes sympathetic
innervation of target organs [202, 213, 214, 219, 220]. In support of this, effector tissue elimi‐
nation induces the death of innervating neurons, which cannot be completely reversed by
exogenous NGF alone, and adult sympathetic neurons expressing TrkA are immunoreactive
for both NGF and NT-3 [49, 221, 222]. Therefore, NT-3 plays an important role throughout
sympathetic neuron life-cycle from neuroblast to neuron, acting initially through the TrkC
receptor as an autocrine/paracrine factor stimulator of migration and survival in proliferating
sympathetic neuroblasts and later as a paracrine promoter of sympathetic neuron differentia‐
tion, survival and target organ innervation acting through the TrkA receptor. CD271/p75NTR
is also required for optimal neurotrophin sensitivity since CD271/p75NTR deficient dorsal root
and sympathetic neurons exhibit reduced sensitivity to NGF [223].
During sympathoadrenal development, progenitors switch from being dependent upon NT3
and TrkC to dependence upon NGF and TrkA, through an intermediate stage of combined
TrkA and TrkC expression. In murine thoracic sympathetic ganglia TrkC expression alone is
detected at E14-15, whereas both TrkA and TrkC expression are detected at E16.5-17 and only
TrkA at E19.5 [224]. Interestingly, sympathetic chromaffin tissues of the adrenal medulla and
paraganglia, which form in parallel to sympathetic ganglia, exhibit differences in NT receptor
expression consistent with upstream progenitor separation. This difference is characterised by
the expression of TrkC but not TrkA by NCCs migrating into the adrenal anlage, at times when
TrkC expression is lost in associated with the induction of TrkA expression by NCCs within
sympathetic ganglia [225].
5.2. TrkA and NGF
Unlike TrkC, TrkA is not expressed during neurulation, NC development or NCC dorsolat‐
eral or vetrolateral migration. In rodent development, TrkA is detected at E12.5 within sensory
cranial and spinal dorsal root ganglia and subsequently in the paravertebral sympathetic
ganglia [226]. NGF is expressed during the mid-stage of development initiating within CNS
structures then within PNS structures at later stages of development [227, 228]. Within the
developing adrenal gland NGF exhibits a brief period of post-natal expression, whereas NT-3
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is expressed by both the developing and adult adrenal gland [229]. This suggests that TrkA/
NGF interactions are of transient importance in adrenal gland development. Consistent with
this, both TrkA and NGF knockout mice exhibit a relatively normal adrenal medulla
chromaffin cell content, although cholinergic innervation of pre-ganglionic origin is lost in
TrkA knockout animals [230], and both chromaffin and SIF cells express TrkA but do not
depend upon NGF for survival. Normal NCC progenitors entering the developing adrenal
glands express TrkC and begin to express TrkA upon seeding under the influence of the
adrenal environment. This event may depend upon NT-3 and/or NT4/5 expressed by the
adrenal cortex anlage, with subsequent chromaffin/SIF differentiation and survival regulat‐
ed by these NTs. In contrast, sympathetic neurones in paravertebral sympathetic ganglia,
despite their common origin, express TrkA and require NGF for their development,
differentiation and survival [229-231]. In support of this, NGF neutralising antibodies do not
delay adrenal development nor induce chromaffin cell degeneration [232]. Differences
between human and rodent adrenal development include observations that the adult rat
adrenal cortex but not medulla express TrkB or TrkC [229, 230], whereas TrkA immunoreac‐
tivity is restricted to the adrenal cortex and TrkC immunoreactivity to the adrenal medulla
with no TrkB immunoreactivity detected in the human adult adrenal glands [233]. Interest‐
ingly, stress induces a massive release of NGF from salivary glands, which targets adrenal
chromaffin cells inducing marked adrenal medullary hyperplasia and catecholamine
synthesis through enhanced TH and BDH expression [234-236]. In chromaffin tissues,
sympathoadrenal cells of the carotid body express NGF and TrkA, providing an autocrine/
paracrine mechanism [237]. Pre-natal and post-natal differentiating and differentiated
chromaffin cells express TrkA mRNA within the adrenal medulla [238], which increases with
development, at times when NGF expression is all but absent [229]. TrkA knockout elimi‐
nates the acetylcholine positive component but does not influence chromaffin content of the
adrenal medulla [230], indicating that chromaffin cells, unlike their sympathetic neuronal
cousins, do not depend upon NGF/TrkA interactions for survival [232, 239]. Chromaffin cells
do, however, respond to NGF with acute hyperplasia [235] and eventual neuronal differen‐
tiation [240, 241]. In rodents, immature sympathoblasts within sympathetic ganglia cells
express TrkA from E14 onwards and express CD271/p75NTR from E16 to birth, in associa‐
tion with acquisition of NGF-responsiveness [242]. Differentiated neurons within sympathet‐
ic ganglia express TrkA but not NGF [208].
5.3. TrkB, BDNF and NT4/5
TrkB, like TrkA, is also not expressed during neurulation but is expressed by motor progenitors
in hindbrain rhombomere 2 at later stages 9-10 and 12, during avian development, either side
of the floor plate in the caudal midbrain, extending through the hindbrain and into the spinal
chord [193]. Alternative TrkB splice variant expression has not been assessed during early
development.
Following neurulation, TrkB expression is detected within motor neuron progenitors of the
ventral neural tube and corresponds to BDNF expression by elements within dorsal neural
tube, which coordinate motor neuron development [243]. Consistent with this, both TrkB and
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BDNF knockout mice exhibit the loss of motor and sensory neurons from dorsal root, trige‐
minal, nodose/petrosal, vestibular, and geniculate ganglia [244].
During SNS development, TrkB exhibits expression restricted to sub-populations of preganglionic cells [230, 245], and sympathoblasts within coalescing sympathetic ganglia, which
exhibit transient TrkB expression prior to differentiating [225]. Sympathoblasts that express
TrkB within coalescing sympathetic ganglia are non-proliferating but do proliferate in
response to BDNF in vitro, suggesting that the concentration of BDNF within coalescing
sympathetic ganglia is sub-threshold at this time [225]. Pre-ganglionic cells respond to BDNF
expressed and release by effector tissues, resulting in pre-ganglionic innervation [230]. Within
the adrenal gland, chromaffin cells express NT4/5 but not TrkB, which is weekly expressed by
the adrenal cortex, providing a neurotrophic source for extra-adrenal TrkB expressing preganglionic neurons located in spinal chord segments T7-T10. Thes cells use adrenal medullary
NT-4/5 to project axons into the adrenal medulla in a TrkB-dependent manner [230]. BDNF,
on the other hand, is expressed by sympathetic neurones and regulates sympathetic synaptic
complexity [246].
The fact that NT4/5 but not TrkB is expressed within the developing adrenal medulla [230, 238,
247] has prompted hypotheses that medullary NT-4/5 may also ligate and activate TrkA
receptors expressed by adrenal medullary neuroblasts and chromaffin cells [63, 80, 229, 230].
However, adrenal medullary chromaffin tissues do exhibit rapid stress-induced TrkB expres‐
sion, which facilitates the adrenal catecholamine response to stress-induced elevation of blood
bourn BDNF [248].
5.4. CD271/P75NTR
CD271/p75NTR is a neural crest marker that is expressed by NC crest stem cells during early
development, by NC stem cells in peripheral neural tissues during late development after NCC
migration has ceased, and by nerve associated post natal and adult NC stem cells [249]. CD271/
p75NTR expressing adult NC stem cells have been identified as a potential origin for adult
tumours of the PNS and NC, including adult NB [249, 250]. Within the human foetal adrenal
medulla, CD271/p75NTR immunoreactivity is detected in nerve fibres and primitive neuroblast
clusters, and in the adult adrenal medulla is detected in nerve fibres, ganglion cells and
connective tissue cells of septi but not chromaffin cells [251, 252]. CD271/p75NTR is required for
normal sympathetic neuronal death and the death of damaged neurons [253-255]. CD271/
p75NTR knockout alters synapses within sympathetic ganglia and reduces sympathetic target
organ innervation, consistent with its function in enhancing NT-responsiveness [223, 256].

6. Neurotrophins and neurotrophin receptors in human neuroblastoma
6.1. TrkA and NGF expression in NB
The cloning of the TrkA receptor in 1991 [113] initiated the study of TrkA expression in
human NBs [257]. This initial report detected an inverse relationship between TrkA mRNA
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levels and N-myc amplification and expression, with low to no TrkA mRNA expression
associated with poor prognosis. This salient study not only implicated Nmyc in the repres‐
sion of TrkA expression but also reported moderate to high TrkA expression in non-Nmyc
amplified disease. The inverse relationship between Nmyc amplification and expression, low
TrkA expression and advanced stage disease has now been confirmed by many studies, and
it is generally accepted that low TrkA expression combined with Nmyc amplification and
expression characterises unfavourable NB and carries poor prognosis [156, 257-270]. In
support of this, NBs that form in the root ganglia of Nmyc transgenic mice also exhibit
reduced TrkA expression [271]. Nmyc amplified NBs, however, also exhibit heterogeneity
[272] and a small number of these tumours exhibit high TrkA expression and favourable
histology [270], suggesting that the relationship between NMYC and TrkA in NB is not always
straightforward.
Adding to the observation that moderate to high TrkA levels associate with non-Nmyc
amplified NB [257, 258], Shimada and colleagues extended the clinical relationship between
TrkA expression in NB to include outcome, prognostic significance, biological relevance and
histopathological status. They reported that TrkA expression could not distinguish prognostic
groups but could distinguish between Nmyc amplified (low TrkA) and non-Nmyc (high TrkA)
amplified NB, between Nmyc amplified NB with favourable (high TrkA) and unfavourable
(low TrkA) histology, but could not distinguish between non-Nmyc amplified NB with
favourable histology (moderate to high TrkA) and unfavourable histology (moderate to high
TrkA) [270]. This contrasts with some reports [257, 258, 264] but not others [263]. Adult NBs
are aggressive non-Nmyc amplified tumours that express high TrkA levels and in such bear
similarity to non-Nmyc amplified paediatric NBs [156, 268, 273].
Low TrkA expression by Nmyc amplified NBs may relate to an origin along the sympathoa‐
drenal lineage within non-TrkA expressing NCC subpopulations that colonize coalescing
sympathetic ganglia, paraganglia and adrenal medulla anlage during development [225].
Alternatively, reduced TrkA expression in Nmyc amplified NBs may occur post transforma‐
tion, since Nmyc represses TrkA transcription by promoting TrkA promoter methylation and
TrkA promoter methylation is detected in Nmyc amplified NBs [274, 275].
Moderate to high TrkA levels in non Nmyc-amplified NBs may also relate to cellular origin
within undifferentiated TrkA expressing NCC subpopulations of the sympathetic chain and
adrenal primordia [225, 276], or may also occur post-transformation, regulated by NTs, growth
factors and/or cytokines [277-279].
Despite elevated TrkA expression in advanced stage non-Nmyc amplified and in a small
subgroup of Nmyc amplified NBs with favourable histology [270], full length TrkA exhibits a
tumour suppressor function in NB models, suggesting that defects in TrkA receptor signalling
occur in NB [280]. Consistent with this, TrkA gene transfection in the absence of CD271/
p75NTR restores NGF responsiveness to NB cells, inducing either neuronal differentiation,
growth arrest and/or apoptosis in response to NGF [73, 281-284]. Differentiation induced by
NGF in TrkA transfected NB cells involves insulin growth factor II [285], RET [286], c-Src [287],
protein kinase C-ε [288] and Ras/MAPK/Erk signalling [289, 290], and associates with reduced
angiogenic factor expression and angiogenesis resulting in reduced tumorigenic activity [291,
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292]. Furthermore, full length TrkA does not promote genetic instability [73, 293] or invasive
behaviour of NB cells [294]. Apoptosis induced by TrkA in NB cells is p53-dependent [295],
involves the cerebral cavernous malformation 2 protein, CCM2 [296], ERK and caspase-7, and
can also be augmented by NGF [297]. As stated above, TrkA may also acts as a true dependency
receptor, recruiting CD271/p75NTR as a hired killer to promote apoptosis in the absence of NGF
[192]. TrkA responsiveness and specificity for NTs is optimised by CD271/p75NTR, which in its
own right acts as a Fas-like apoptosis receptor in response to pro-NTs, supporting the
hypothesis that NBs that coexpress TrkA and CD271/p75NTR are favourable tumours that carry
good prognosis [298, 299]. It should be noted, however, that metastatic bone marrow NB
infiltrates induced in SCID mice express TrkA [300] and human NB metastatic bone marrow
infiltrates express CD271/p75NTR [301].
Although, TrkA gene rearrangements have not been described in NB, a c.1810 C>T TrkA
polymorphism has been detected in approximately 9% of NB, with potential to predict disease
relapse in non-Nmyc amplified NB [302].
6.2. The alternative TrkAIII splice variant in NB
Anomalies of TrkA expression that do not support an exclusively tumour suppressing role
for TrkA in NB, include moderate to high TrkA expression reported in non-Nmyc ampli‐
fied advanced stage, metastatic unfavourable NBs. These reports may be explained by TrkAIII
expression [73], an increase in which was originally reported in advanced stage NB [73], and
later confirmed [156, 303, 304]. Recently, TrkAIII expression in a cohort of 500 NBs was found
to be significantly higher in high TrkA expressing unfavourable NBs compared to high TrkA
expressing favourable NBs (p<0.0001) and to correlate with worse prognosis [156]. Further‐
more in the latter study, TrkAIII promoted a cancer stem cell NB phenotype [156], helping
to explain high TrkA levels in unfavourable non-Nmyc amplified NB, adult NB and a subset
of relapsing NBs [73, 156, 270, 303, 304]. In support of this, gene-based outcome prediction
studies focussed on exon-specific expression, have identified a TrkA splicing difference
between stage I and stage IV non-Myc amplified NBs [305, 306], and an exon gene array
analysis using TrkAI/II specific primers, excluding TrkAIII, reported to provide a signifi‐
cant prognostic and predictive statistical advantage, associating high TrkAI/II expression
with better prognosis in NB [307].
TrkAIII represents a developmental and stress-regulated TrkA isoform [73, 77] that exhibits
spontaneous ligand-independent activation and oncogenic activity in NB models [73, 78, 79]
and promotes a nestin, CD117, CD133 and Sox2 positive NB stem cell phenotype [156]. In
contrast to full length TrkA, TrkAIII does not restore NGF responsiveness to NB cells nor
induce NB cell differentiation or apoptosis [73, 78, 79] but interfers with NGF/TrkA signalling
through Ras/MAPK, augments genetic instability by promoting centrosome amplification [79]
and promotes angiogenesis by altering the equilibrium between MMP-9, VEGF and throm‐
bospondin, through IP3K/Atk. Together these phenomena promote NB cell xenograft primary
[73] and metastatic tumorigenic activity [308]. Furthermore, TrkAIII increases NB cell resist‐
ance to stress, doxorubicin and geladanamycin-induced cytotoxicity [73, 78, 79].
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TrkAIII expression in human NB cells is regulated by hypoxic stress [73] and by agents that
promote stress within the endoplasmic reticulum (unpublished observations). TrkAIII
signalling through IP3K/Akt but not Ras/MAPK, combined with interference in NGF/TrkA
signalling, would permit tumours to override NT-dependence, whilst promoting survival and
staminality to provide a selective advantage [73, 78, 79]. Therefore, TrkAIII expression in nonNmyc amplified NBs may parallel the selective advantage provided by BDNF/TrkB in Nmyc
amplified NBs [309-313], and NT-3/TrkC in a subgroup of advanced stage NBs [314].
It remains to be determined whether TrkAIII can counteract the pro-apoptotic effects of the
Sortlin-CD271/p75NTR complex in the presence of pro-NTs or prevent CD271/p75NTR-mediated
apoptosis in the absence of NTs.
6.3. CD271/ p75NTR expression in NB
The CD271/p75NTR low affinity nerve growth factor receptor is a neural crest stem cell marker
[249, 250, 315] and is expressed by neural crest-derived melanoma and NB cancer stem cells
[250, 316, 317]. In a model of non-Nmyc amplified NB cancer staminality, self replicating
CD133, CD271/p75NTR positive clonogenic stem cells produce both a non-malignant fibromus‐
cular lineage and a malignant neuronal (N)-type cell lineage defective in terminal neuronal
differentiation. Although Trk expression in this NB population remains to be determined,
CD271/p75NTR positive self-replicating neural stem cells have been shown to express TrkA,
TrkAIII, TrkB and TrkC [73, 318].
Consistent with a restricted pattern of CD271/p75NTR expression in NB, primary human NBs
have been reported to not express CD271/p75NTR [252, 259, 319] or to express variable levels of
CD271/p75NTR [251, 319], which either correlate [259] or don’t correlate with TrkA expression
[259, 264]. Indeed, differences in CD271/p75NTR co-expression with TrkA have been associated
with survival, with the co-expression of CD271/p75NTR and TrkA in NB associated with a 100%
survival probability, TrkA expression in the absence of CD271/p75NTR with a 62.3% (inter‐
mediate) survival probability and no TrkA or p75NTR expression with a 0% probability of
survival [259]. Consistent with this, a lack of CD271/p75NTR expression has been reported in
Nmyc amplified and undifferentiated NB [252, 319, 321] and high CD271/p75NTR expression
reported in more favourable differentiating NBs, ganglioneuromas and ganglioneuroblasto‐
mas [251, 252, 299, 320]. However, despite the general concept that high level CD271/p75NTR
expression associates with favourable NB behaviour and outcome [259, 264, 322], CD271/
p75NTR expression characterises GD2 positive stage IV metastatic bone marrow NB infiltrates
[301] and aggressive adult NBs [268, 323].
Consistent with a general association with favourable NB, CD271/p75NTR exhibits a tumour
suppressor role in NB models, promoting differentiation, apoptosis and reducing tumorigenic
activity [299, 324, 325]. Differentiation promoted by CD271/p75NTR depends upon the molec‐
ular context and may involve an IP3K-Akt-mediated BcL-X-dependent survival pathway [326,
327] or a TrkA-dependent pathway, in which CD271/p75NTR plays a subtle but critical role in
optimising and prolonging NGF-mediated TrkA activation [328-331]. Indeed, mutation of
CD271/p75NTR within a TrkA context results in proliferation and not differentiation in response
to NGF [332]. Coexpression studies in NB cells have also indicated that, in response to NTs,
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CD271/p75NTR alone induces mild differentiation, TrkA alone causes a more marked differen‐
tiation and coexpression an even more marked and rapid differentiation [333].
CD271/p75NTR can acts as either an anti-apoptotic or pro-apoptotic factor, depending upon
the molecular context. At low TrkA to CD271/p75NTR ratios the anti-apoptotic activity of NGF
requires binding to CD271/p75NTR, whilst at higher TrkA to CD271/p75NTR ratios involves a
mechanism independent of CD271/p75NTR binding [334]. Conversely, NGF also induces
apoptosis in NB cells with a high CD271/p75NTR to TrkA ratios [335]. In the absence of NTs
and TrkA, CD271/p75NTR induces apoptosis and inhibits NB tumorigenic activity [299,
336-338]. It has been reported that apoptosis, induced by non-ligated CD271/p75NTR is
inhibited by non-ligated TrkA but this may reflect spontaneous activation of overex‐
pressed TrkA [337]. Furthermore, agents such as prion proteins activate CD271/p75NTR to
promote apoptosis in NB cells via NF-κB [339]. In the absence of spontaneous TrkA activation
and NT expression, however, the coexpression of CD271/p75NTR and TrkA promotes more
marked apoptosis [333]. In the presence of BDNF CD271/p75NTR interaction with TrkB
promotes NB cell proliferation and survival, through RAS/MAPK and PI3K/AKT/NF-κB [322].
These reports suggests that CD271/p75NTR is a pivotal regulator of the disparate behaviour
of TrkA and TrkB expressing NBs, exhibiting capacity to enhance differentiation and
apoptotic responses in TrkA expressing NBs and enhance proliferation and survival responses
in TrkB expressing NBs, by increasing receptor sensitivity to low NT concentrations and
blocking responses to promiscuous NTs.
CD271/p75NTR also interacts with Sortilin and other proteins, complicating potential responses
to both pro- and active NTs. The CD271/p75NTR-Sortilin co-receptor complex augments affinity
for proNGF and induces apoptosis [105, 340]. Furthermore, CD271/p75NTR also interacts with
NRIF, TRAF, NRAGE and MAGE proteins to promote apoptosis [340-342].
With respect to the regulation of CD271/p75NTR expression in NB, Nmyc acts as a transcrip‐
tional repressor of CD271/p75NTR expression by promoting promoter methylation [274]. This
effect can be reversed by HDAC inhibitors, resulting in the resoration of NGF-mediated
apoptosis [274]. This novel pathway, detected in Nmyc amplified NB, may help to explain
the inverse relationship between CD271/p75NTR and Nmyc expression detected in human
Nmyc amplified NBs and in root ganglia NBs in Nmyc transgenic mice [271, 343]. The
histone methyltransferase EZH2A has also been reported to repress CD271/p75NTR provid‐
ing an additional Nmyc-independent CD271/p75NTR transcriptional repressing mechanism
that may contribute to the genesis and maintenance of undifferentiated CD271/p75NTR
negative NBs [344].
At the therapeutic level, CD271/p75NTR protects NCC and NB cells from apoptosis induced by
antimitotic agents [345], and histone deacetylase inhibitors induce NB cell apoptosis and
restore CD271/p75NTR and TrkA expression [274, 346].
6.4. TrkB and BDNF in NB
Fully spliced TrkB is expressed by a subpopulation of Nmyc amplified NBs [311, 347-349].
Despite observations that Nmyc alone is insufficient to induce TrkB expression [348], TrkB
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expression in NB exhibits a positive correlation with Nmyc amplification and expression [309,
311, 347, 348, 350]. TrkB expression is stimulated by activated c-erbA in NB cells, unveiling a
potential oncogenic receptor tyrosine kinase-mediated mechanism for promoting TrkB
expression [351]. Aggressive unfavourable Nmyc amplified NBs also express BDNF, which
when coexpressed with TrkB provides an autocrine/paracrine survival mechanism in tissues
that do not express NTs [309-313]. Recently, BDNF variants encoding exons 4, 6 and 9 have
been associated with unfavourable NB outcome [312, 313].
TrkB expression by sympathoblasts subpopulations during SNS development provides a
potential origin for TrkB expressing NBs. However, this population proliferates in response
to BDNF in vitro but does express BDNF in vivo [225, 245], suggesting that BDNF expression
may be acquired at a later stage. TrkB transcription in NB cells is also up regulated by hypoxia
inducible factor-1, providing a potential epigenetic mechanism through which tumourassociated hypoxia could augment TrkB expression [352].
In contrast to signals from NGF-activated TrkA, which induces NB cell differentiation and
growth arrest [73, 324, 353, 354], BDNF activation of TrkB induces partial differentiation in the
absence of growth arrest, through Ret tyrosine kinase [354-357]. BDNF activation of TrkB
increases NB cell survival [358], resistance to chemotherapeutic agents [358-363], augments
invasive capacity [294] in cooperation with c-Met [364] and galectin-1 [365], promotes angio‐
genesis and angiogenic factor expression [292, 350, 366], augments genetic instability [293]
(Schulte et al., 2008) and increases metastatic behaviour by inhibiting anoikis [367]. In contrast,
NB cells expressing truncated TrkB lacking the tyrosine kinase domain, display a more
differentiated phenotype [311] and this receptor is more frequently detected in ganglioneur‐
oblastomas and ganglioneuromas. Consistent with this, truncated TrkB overexpression in NB
cells promotes differentiation suggesting that this receptor variant promotes a more benign
phenotype [368]. Oxidative stress up-regulates the expression of full length TrkB relative to
the truncated isoform, providing an additional epigenetic mechanism for regulating TrkB
involvement in NB [369].
6.5. TrkC and NT3 in NB
TrkC is expressed by migrating NCC progenitors, sympathoblasts and sympathetic neurons
[194, 201, 203], providing many potential origins for TrkC expressing NBs. High level TrkC
expression in low stage NBs is associated with favourable outcome (309, 310, 349, 353, 370-372],
and is often accompanied by TrkA expression [257, 258, 309]. Recently, however, a subset of
advanced stage IV NBs has been identified that exhibit high level NT-3 and TrkC co-expression,
providing an autocrine/paracrine survival and proliferation mechanism for selecting these
NBs in tissues that do not express NT-3 [314]. This expression pattern bears close similarity to
migrating, proliferating NCC sympathoblasts prior to sympathetic neuronal differentiation,
which also coexpress NT-3 and TrkC [194, 201, 203], identifying a potential origin for this NB
subset. TrkC expression in NB, like that of TrkA, inversely correlates with Nmyc amplification
and expression, and Nmyc amplified NBs either do not express TrkC at all, or express truncated
TrkC [371, 372]. With the exception of NBs that coexpress NT3 and TrkC [314], the coexpression of TrkC, TrkA and CD271/p75NTR in NB carries the best prognosis and associates
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more frequently with spontaneous regression, differentiation and chemo-responsiveness [100,
258, 259, 333, 370, 371]. The TrkC gene, however, encodes multiple NT-3 receptors with distinct
biological properties and substrate specificities [89, 373] and, although TrkC gene rearrange‐
ments in NB have not been reported, the effect of differential TrkC isoform expression in NB
remains to be elucidated.
Association between high TrkC expression and favourable NB outcome, in the absence of NT-3
[333, 371], is consistent with pro-apoptotic TrkC dependency receptor function, which
promotes apoptosis in the absence of CD271/p75NTR and NT expression [191, 192]. Further‐
more, NT-3 activation of TrkC induces NB cell differentiation [374] and the co-expression of
TrkC with CD271/p75NTR lowers tumorigenic potential and tumour growth [375] but may
protect NB cells from doxorubicin and cisplatin cytotoxicity [375].
With respect to the transcriptional regulation of TrkC, Nmyc silencing increases TrkC expres‐
sion in human NB cells [376], corroborating the inverse relationship reported for TrkC
expression and Nmyc amplification [371,372]. TrkC expression, furthermore, is abrogated by
the activation of c-erbA, providing a potential oncogenic tyrosine kinase-mediated mechanism
for repressing TrkC expression in NB [351]. Retinoic acid induces TrkC expression in human
NB cells, restoring NT-3-dependent differentiation [152]. Retinoids also induce the expression
of microRNAs-9, 125a and 125b that repress truncated kinase domain-deleted TrkC, resulting
in altered growth and highlighting a role for the truncated TrkC receptor in the regulation of
NB growth and differentiation [377]. MiR-151-3p represses full length TrkC expression,
whereas miRs-128, 485-3p, 765 and 768-5p repress truncated TrkC expression in NB cells [378],
indicating that full length and truncated TrkC receptors are regulated by different miRs,
linking NT-mediated processes to miR expression in NB.
6.6. General considerations on NT and NTR expression patterns in NB
The concept that different NT and NTR receptor expression profiles characterise NB subsets
and that these differences are involved in divergent NB behaviour and therapeutic suscepti‐
bility, continues to evolve with potential to improve prognosis and therapeutic choice, whilst
identifying novel potential therapeutic targets.
The hypothesis that high TrkA, high TrkC and/or high CD271/p75NTR expression always
associate with low disease stage and better prognosis in NB is clearly not the case. Moderate
to high levels of TrkA, TrkC and/or CD271/p75NTR can also characterise advanced stage and
relapsing non-Nmyc amplified NBs and a subset of Nmyc amplified NB with favourable
histology (see section 6.1). However, high TrkB expression appears to distinguish advanced
stage Nmyc amplified from non-Nmyc amplified NB and carries poor prognosis associated
with potential therapeutic resistance (see section 6.4). It is also now apparent that NTRs can
be expressed as different isoforms with altered biological activity and can interact with one
other and with a variety of ancillary proteins to modulate function (see section 6.3), compli‐
cating prognosis and potential therapeutic outcome, as outlined below (Fig. 9).
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Figure 9. Different combinations, potential outcomes and prognosis of NTs and NTRs in NB

NTR expression in low stage non-Nmyc amplified NB characterised by the coexpression of
TrkA and CD271/p75NTR may carry the best prognosis. These tumours may terminally
differentiate in response to NGF (TrkAI) or NT-3 (TrkAII), or undergo TrkA and/or CD271/
p75NTR–mediated apoptosis in the absence of NTs, depending upon the CD271/p75NTR to TrkA
expression ratio. Furthermore, the coexpression of Sortilin in these tumours would extend
apoptotic potential to include pro-NTs (see Sections 4.2.1-4.2.4). NBs that express TrkA but not
CD271/p75NTR may have a worse prognosis, as they require higher NT concentrations for TrkA
activation and signalling and would also respond to promiscuous NTs potentially with a
response of proliferation, survival and/or partial differentiation. In the absence of CD271/
p75NTR, these NBs would neither exhibit TrkA dependency receptor-mediated apoptosis nor
Sortilin-CD271/p75NTR complex-mediated apoptosis in response to pro-NTs.
NBs that co-express TrkC and CD271/p75NTR but not TrkA or TrkB, may have better prognosis
with potential to differentiate in response to NT-3 but alternatively could proliferate and
survive in response to NT-3, complicating prognosis. NT-3 is rarely expressed in NBs,
increasing the potential for TrkC dependency receptor-mediated apoptosis, in the presence or
absence of CD271/p75NTR (see Sections 4.5 and 6.3). The coexpression of Sortilin with
CD271/p75NTR in these NBs would increase apoptotic potential to include a response to proNTs (see Sections 4.2.3 and 6.3). Advanced stage NBs coexpressing TrkC and NT-3 would be
expected to carry worse prognosis as a result of this autocrine survival and proliferation
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mechanism that may also extend to NBs expressing TrkC but not NT-3 in tissues that express
NT-3, and could be further optimised by co-expression of CD271/p75NTR (see Section 6.3).
High levels of BDNF and TrkB expression in Nmyc-amplified NBs, in the absence of TrkA,
TrkC and CD271/p75NTR, carries the worse prognosis as a result of autocrine/paracrine BDNFmediated TrkB activation, which would be expected to promote proliferation, survival and
metastatic capacity. Furthermore in the absence of BDNF, TrkB would not be expected to
promote apoptosis, as TrkB does not act as a dependence receptor (see Sections 6.4). As with
other Trk receptors, TrkB co-expression with CD271/p75NTR would be expected to optimise
NT-specificity and responsiveness, which would be expected to further promote aggressive
bahaviour in TrkB expressing NBs.
NBs that express CD271/p75NTR but not Trks may carry better prognosis, as they would be
expected to respond to active NTs with an apoptotic response and if co-expressed with Sortilin
in the absence of Trks, would also be expected to exhibit an apoptotic response to pro-NTs,
which comprises up to 50% of secreted NTs (see Sections 4.2.2 and 6.3).
Non-Nmyc amplified NBs that express TrkAIII may carry worse prognosis, as spontaneous
TrkAIII activation would override NT-dependency, provide a selective growth advantage in
tissues including those that do not express NTs, promote NB cell stamilality, survival,
angiogenesis and genetic instability, resulting in a more tumorigenic, metastatic and stressresistant phenotype (see Sections 4.2.1 and 6.2). Although it remains to be elucidated whether
TrkAIII may interfere with CD271/p75NTR –mediated apoptosis in the presence or absence of
Sortilin, its expression in NB may represent the biological equivalent to BDNF/TrkB expression
in Nmyc amplified NB and TrkC/NT3 expresssion in a subset of advanced stage NBs, as an
indicator of poor prognosis.

7. Potential therapeutic approaches
7.1. Trk kinase inhibitors
Trk kinase inhibitors would be more suitable for use in advanced stage Nmyc amplified TrkB
expressing NBs and advanced stage unfavourable non-Nmyc amplified NBs that express the
TrkAIII oncogene but may also reduce survival in NBs expressing full length TrkA and TrkC
and their corresponding NTs.
Therapeutic Trk kinase inhibitors include the selective Trk kinase inhibitors AZ-23 and AZ623,
which inhibit Trk kinase activity at low nanomolar concentrations. AZ-23 has shown efficacy
following oral administration in a TrkA-driven mouse allograft NB model [379], whereas
AZ623 inhibits BDNF-mediated signalling and NB proliferation, and when combined with
topotecan prolongs the inhibition of tumour regrowth and reduces chemo and radio thera‐
peutic resistance [380, 381]. Lestaurtinib (CEP-701) is a small-molecule receptor tyrosine kinase
inhibitor that competitively inhibits ATP binding to the Trk kinase domain at nanomolar
concentrations. This compound not only inhibits the tyrosine kinase activities of full-length
Trk receptors but also inhibits the kinase activity of the alternative TrkAIII splice variant [73,
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78,79]. Lestaurtinib inhibits NB growth in vitro and in vivo, and substantially enhances the
efficacy of conventional chemotherapy, such as 13-cis-retinoic acid, ferenteride and bevacizu‐
mab, presumably by inhibiting autocrine TrkB/BDNF [382-384] and/or spontaneous TrkAIII
activity [73]. Lestaurtinib is an active metabolite of the Trk kinase inhibitor CEP-751, and is
more suitable for clinical trials, as it can be administered orally [384, 385]. These Trk tyrosine
kinase inhibitors not only target tumour promoting effects of Trk receptor activation but also
Trk-mediated chemotherapeutic resistance, which has been attributed not only to TrkB [348,
358-363] but also to TrkC [375], fully spliced TrkA [375] and TrkAIII [73, 78, 79]. CEP-701
synergises with retinoids in the treatment of NB by inhibiting TrkB activity [386].
Nifutimox, a drug used for years to treat Chagas disease, is also currently in clinical trials for
refractory or relapsed NB, and has been shown to suppress TrkB-mediated Akt activation and
induce caspase-dependent apoptosis of NB cells in vitro and in vivo [387].
7.2. TrkAIII inhibitors
Tyrosine kinase inhibitors K252a and CEP-701 inhibit TrkAIII tyrosine kinase activity. TrkAIII
activity is also inhibited by the Hsp90 inhibitor geladanamycin and its clinically relevant
analogues 17-AAG and 17-DMAG, and by the ARF inhibitor Brefeldin A (BFA) [78, 79]. CEP701
inhibits TrkAIII activity and TrkAIII-induced centrosome amplification at nanomolar concen‐
trations, whereas BFA reversibly inhibits spontaneous TrkAIII activation in association with
disruption of the Golgi Network and the endoplasmic reticulum/Golgi Network intermediate
compartment [78, 78]. Geldanamycin and its analogues reversibly inhibit TrkAIII tyrosine
kinase activity and reduce proliferation of TrkAIII expressing NB cells in vitro [78]. Inhibitors
of TrkAIII activity, however, do not inhibit TrkAIII expression nor promote TrkAIII elimina‐
tion but cause retention within the endoplasmic reticulum, with potential to induce an ER
stress response. This may help to explain the high level of resistance to GA-mediated cytotox‐
icity exhibited by TrkAIII but not TrkAI transfected NB cells, despite inhibition of TrkAIII
activity [78, 79]. This suggests that, in addition to other off target effects, reversible TrkAIII
tyrosine kinase inhibitors may increase stress-resistance by promoting TrkAIII-ER retention
and inducing an ER stress response. Consistent with this, geldanamycin selects slow growing
TrkAIII expressing NB cells from mixed populations, with TrkAIII re-activation post drugremoval, suggesting a mechanism for potential post therapeutic relapse [78]. To counter this,
we have also developed a specific peptide nucleic acid (PNA) inhibitor of TrkAIII expression
based upon the novel exon 5/8 splice junction (TrkAIII PNA conjugate (KKAA)4-GGCCGGGA‐
CAC) [78, 79] for use in combination with with TrkAIII tyrosine kinase inhibitors, to maximise
therapeutic efficacy.
7.3. Agents that conserve Trk tyrosine phosphorylation and facilitate signal transduction
TrkA activation and signal transduction is fundamental for NB differentiation and the loss of
TrkA expression or defective activation and/or signalling probably contributes to NB patho‐
genesis. Agents that optimise TrkA activation and facilitate subsequent signal transduction
may, therefore, overcome defective TrkA signalling and restore differentiation and/or
apoptotic responses to NTs. In this context, a novel cyclophane compound CPPy, with low
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toxicity, has been shown to facilitate NGF-induced TrkA signal transduction through RAS/
MAPK and to induce NB differentiation [388]. Since, CD271/p75NTR optimizes TrkA responses
to NTs and augments NT specificity, agents such as CPPy may be particularly useful in NBs
that express TrkA but not CD271/p75NTR.
7.4. DNA methylation and HDACs inhibitors
Recent reports have identified promoter methylation as an important mechanism in the
transcriptional repression of TrkA and CD271/p75NTR in NB [274, 389, 390]. Therapies that
reverse or inhibit DNA methylation may, therefore, be useful in malignant NBs to restore the
expression of favourable NB genes. In support of this, the DNA methylation inhibitor 5-aza-2’deoxycytidine and histone deacetylase inhibitors 4-phenylbutyrate, trichostatin A and
Romidepsin, have been shown to restore TrkA and CD271/p75NTR expression in NB cells,
decrease proliferation, reduce tumorigenicity and promote caspase-dependent apoptosis [291,
346, 390]. Romidepsin is presently in clinical trials [346].
7.5. Liposome targeting of TrkB expressing cells
Considering the importance of TrkB in advanced stage Nmyc amplified NB, a recent report
has characterised liposomes that target TrkB expressing cells, providing the opportunity to
deliver nanotherapeutic cargos to TrkB expressing cells within NBs [392].

8. Concluding remarks
The complex nature of NT and NTR expression during normal development of the sympathetic
nervous system is reflected in the different patterns of NT and NTR expression exhibited by
human NB, which is consistent with their NCC origin at different stages along the differenti‐
ating sympathoadrenal lineage. The different biological potentials of TrkA, TrkB, TrkC,
CD271/p75NTR and Sortilin receptors expressed alone or in different combinations, range from
promotion of proliferation and/or differentiation to survival and/or apoptosis and to chemo‐
therapeutic resistance. This complexity is increased by the potential of each receptor to be
expressed as a functionally altered alternative splice variant, the recent characterisation of
TrkA and TrkC as true dependency receptors, and the pro-apoptotic behaviour of the CD271/
p75NTR -Sortilin complex, providing an exciting array of new potential ways to restore and/or
modulate Trks, CD271/p75NTR and Sortilin behaviour for therapeutic purposes, based upon
accurate characterisation of NT and NTR expression profiles in individual tumours.
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1. Introduction
Neuroblastoma is the most common extracranial solid tumor to present in children [1].
Neuroblastoma arises from bipotential sympathoadrenal progenitor cells of the trunk neural
crest. During normal development, sympathoadrenal progenitors differentiate to form the
sympathetic ganglia and adrenal medulla, however in neuroblastoma they form tumors at
these sites instead [1, 2].
Retinoic acid is now employed in multi-modal therapy to treat high-risk neuroblastoma and
eradicate minimal residual disease [3]. All-trans retinoic acid (ATRA) diminishes MYCN
oncogene expression, arrests proliferation, and induces differentiation of neuroblastoma cells
[4, 5].
Gap junctional intercellular communication (GJIC) and connexins (Cx) have been implicated
in carcinogenesis and differentiation. GJIC is often perturbed and connexins are typically
downregulated or aberrantly localized in cancer cells, including IMR-32 neuroblastoma cells
[6, 7]. Many connexins have been identified as tumor suppressors when overexpressed in
cancer cells [6]. For example, overexpression of Cx43 resulted in growth suppression of
communication deficient Neuro-2A murine neuroblastoma cells [8]. In addition, connexins
have been shown to enhance the differentiation of cancer cell lines [8, 9]. For example,
overexpression of Cx32 and Cx43 resulted in enhanced nerve growth factor induced neurite
outgrowth in PC12 cells [10].
Gap junctions are membrane channels that allow intercellular communication between
adjacent cells [11]. GJIC involves the passage of ions, second messengers, and metabolites less
than 1kDa in size between cells [11, 12]. Gap junctions and their constituent proteins, connex‐
ins, regulate cellular processes such as homeostasis, growth, and differentiation [6, 13]. Gap
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junctions are formed from the docking of two connexons or hemichannels contributed by
adjacent cells. Each connexon in turn is comprised of a hexamer of connexin subunits [11].
There are 21 known members of the human connexin family, most with unique spatial and
temporal expression patterns [14].
Cx36 is a recently identified connexin that is expressed in neurons and pancreatic beta cells
[15-17]. Cx36 is highly expressed in the developing nervous system, however its expression is
decreased or lost by the second post-natal week in many structures [18, 19]. In adults, Cx36 is
the predominant connexin involved in electrical synapses [20].
The differentiating agent, retinoic acid, increases GJIC and Cx43 expression in multiple cell
types [21-23]. Interestingly, the mouse Cx36 gene contains a retinoid X receptor binding motif
indicating that Cx36 may be susceptible to transcriptional regulation by retinoic acid [24].
In this study, we explored the effect of the neuronal connexin, Cx36, on the differentiation of
SH-SY5Y human neuroblastoma cells. SH-SY5Y cells are often utilized as a model system for
studies of neural disease, as well as in studies of differentiation [25, 26]. The effect of ATRA
on Cx36 expression was first examined in SH-SY5Y cells. Furthermore, the effects of Cx36 on
proliferation and features of differentiation including neuritogenesis and molecular differen‐
tiation marker expression were investigated by manipulating Cx36 expression.

2. Experimental procedures
2.1. Cell culture
The neuroblastoma cell line, SH-SY5Y was obtained from American Type Culture Collection.
SH-SY5Y is a proliferative cell line with a documented doubling time of 48 hours. SH-SY5Y
cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen) with high
glucose, and supplemented with 10% fetal bovine serum (FBS, HyClone), 100 U/ml penicillin
and streptomycin (Invitrogen) and 2 mM L-glutamine (Invitrogen). For cell passage, cells were
washed with Hank’s Buffered Salt Solution (HBSS, Sigma), treated with 0.25% trypsin and
incubated for 5 minutes at 37°C to disperse the cells. Five ml of growth medium was added to
the cells, and they were resuspended in a 10 cm dish in fresh growth medium after pipetting
several times.
2.2. Generation of stable cell lines
2.2.1. Overexpression
Cells were plated at a density of 1x106 cells per well in a 6-well dish. The following day, 4 μg
of Cx36myc-DDK (Origene) or EGFP pcDNA3.1 were diluted in OPTI-MEM (Invitrogen) and
mixed with 2.5 μl of lipofectamine 2000 (Invitrogen) in OPTI-MEM. The DNA and lipofecta‐
mine were mixed and the resulting complexes added to the cells after 20 minutes, which were
also in OPTI-MEM. The cells and complexes were incubated for 6 hours and then returned to
normal growth medium. The following day, transfected cells were passaged onto 10 cm dishes.
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Kill curves were performed on wild-type cells to determine optimal antibiotic concentrations.
For stable cell lines, 800 μg/ml G418 was added to the cells, and all viable cells were passaged
to a 10 cm dish following two weeks of selection, and G418 was reduced to 200 μg/ml. However,
cells were treated with 800 μg/ml G418 monthly to ensure purity of the culture.
2.2.2. Knockdown
shRNA knockdown: Cells were plated at a density of 5x105 cells per well in a 6-well dish. The
following day, 1 μg of one of four distinct shRNAs targeting Cx36 or non-effective (scrambled)
control plasmids co-expressing GFP (Origene) were diluted in OPTI-MEM and mixed with 1.5
μl of lipofectamine 2000 in OPTI-MEM. The cells were then maintained as per the overexpres‐
sion protocol. For stable cell lines, 800 ng/ml puromycin was added to the cells, and all viable
cells were passaged to a 10 cm dish following two weeks of selection, and puromycin was
further increased to 1.5 μg/ml. In addition, cells were treated with 2.5 μg/ml puromycin
monthly to maintain purity of the culture due to the occasional appearance of non-fluorescent
cells.
2.3. Differentiation assay
SHSY-5Y cells were plated on rat-tail collagen coated 6-well or 60 mm plates, at a density of
10 000 cells/cm2 in growth medium. The following day, cells were treated with 10 μM of all
trans-retinoic acid (Sigma) for 4 days, with medium and treatment refreshed every 2 days.
Cells were then washed with HBSS and treated with 20 ng/ml of brain derived neurotrophic
factor (BDNF) in serum-free DMEM for 6 days, with medium and BDNF replaced every 2 days
(modified from [26]). Medium for transfected cells contained the appropriate antibiotic. RNA
and protein were extracted at Days 0, 2, 4 and 10 of differentiation, and connexin and differ‐
entiation marker expression were analyzed. Images were taken at each timepoint with a Leica
inverted epifluorescent microscope. The images were analyzed with the NeuronJ plugin for
ImageJ [27, 28]. For each image, neurites within the 0.16 mm2 field of view were traced. Neurites
were classified as cell projections longer than one cell body length. For analysis of average
neurite length, the mean length of all neurites in the field of view was computed. In order to
calculate maximum neurite length, the length of the longest neurite in the field of view was
analyzed. Finally, for neurite density, the number of neurites was divided by the number of
cell bodies in the field of view.
2.4. Real-time PCR
RNA was extracted and purified using the Qiagen RNeasy mini kit, and 0.5 μg of RNA was
reverse transcribed using the qScript cDNA synthesis kit (Quanta Biosciences). Connexin
primers were designed using Primer-Blast yielding the following sense and anti-sense
sequences: Cx36, 5’-AAG GCA TCT CCC GCT TCT ACA - 3’ and 5’- GCC AAC CAG GAA
CCC AAT TT- 3’; Cx45, 5’-CTG GAG GCT CTG CAG CGG GA- 3’ and 5’-TCT CCC GGG GAC
CAT GAG GG- 3’; Cx43, 5’-GGT TAC ACT TGC AAA AGA GAT C- 3’, and 5’-GAG CAG CCA
TTG AAA TAA GC- 3’. Differentiation markers: Neuropeptide Y (NPY), 5’- TCC AGC CCA
GAG ACA CTG ATT-3’ and 5’-AGG GTC TTC AAG CCG AGT TCT-3’; Growth associated
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protein 43 (Gap43), 5’-ACG ACC AAA AGA TTG AAC AAG ATG-3’ and 5’-TCC ACG GAA
GCT AGC CTG AA-3’ (Origene). Adhesion molecule: Neural cell adhesion molecule (NCAM),
5’- CAT CAC CTG GAG GAC TTC TAC C-3’ and 5’- CAG TGT ACT GGA TGC TCT TCA GG3’ (Origene). Inhibitor of DNA Binding 2 (ID2), 5’-TTGTCAGCCTGCATCACCAGAG-3’ and
5’-AGCCACACAGTGCTTTGCTGTC-3’
(Origene).
Nestin,
5’-TCAAGATGTCCCT‐
CAGCCTGGA-3’ and 5’-AAGCTGAGGGAAGTCTTGGAGC-3’ (Origene). Values were
normalized to those of the PPIA reference gene: cyclophillin A (PPIA), 5’-AGA CAA GGT CCC
AAA GAC-3’ and 5’ACC ACC CTG ACA CAT AAA-3’. All primer pairs were tested using
standard curves with 10-fold serial dilutions, and selected only if the effiencies were within
the 95-110% range over a minimum of 3 points. Three technical repeats were included for each
biological replicate. The qPCR was performed in the CFX96 Real-Time PCR Detection System
(Bio-Rad) using Perfecta Sybr Green Fastmix (Quanta Biosciences), and the data analyzed with
CFX Manager software (Bio-Rad).
2.5. Western blot analysis
Protein was extracted using 18 mM Tris, 123mM NaCl, 10% glycerol, 1% NP40, and protease
inhibitor cocktail (Calbiochem). Cell lysates were kept on ice for 5 minutes with frequent
agitation, sonicated for 10 seconds, and lysates were cleared in a cold centrifuge at 10,000 rpm
for 10 minutes. The supernatant was removed and used for western blotting. Protein concen‐
tration was measured using the BCA Protein Assay (Thermo Scientific). Thirty μg of protein
were electrophoresed on 10% polyacrylamide gels and transferred to a nitrocellulose mem‐
brane. The membrane was blocked for one hour in 3% BSA in PBS with 0.05% Tween-20 (PBST),
followed by incubation with primary antibodies: rabbit polyclonal Cx43 (Sigma) 1:2000
overnight at 4°C; mouse monoclonal Gap43 (Invitrogen) 1:500 overnight at 4°C; mouse
monoclonal N-cadherin (BD) 1:2500 2 hours at room temperature; mouse monoclonal GAPDH
(Millipore) 1:5000 for 2 hours at room temperature. Membranes were washed with PBST and
incubated with secondary antibodies for one hour: horseradish peroxidase conjugated goat
anti-mouse at a 1:5000 dilution (Thermo Scientific). Membranes were then washed with PBST
and developed using enhanced chemiluminscence (Thermo Scientific). Zymed, Diatheva,
Santa Cruz, and Sigma Cx36 antibodies were tested on blots with both positive and negative
controls for Cx36. However, none of these antibodies were able to detect Cx36. Therefore, Cx36
expression was measured at the gene expression level. Protein expression was quantified with
Quantity One software (Bio-Rad) by densitometric analysis. Protein levels were normalized
to GAPDH.
2.6. MTT proliferation assay
Cells were plated at 20, 000 cells per well in a 48-well plate. At 0, 2, 4, and 6 days, 20 μl of MTT
(Invitrogen) solution was added to each well and incubated for 4 hours. 200 μl of SDS-HCl
was then added to each well and incubated for 14 hours. The absorbance was measured at 570
nm on a μQuant Biomolecular spectrophotometer (Bio-Tek). Increased absorbance indicates
higher cell numbers. Four technical repeats were included in each biological replicate.
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2.7. Statistical analysis
Student’s t-test was conducted for aggregate and neuritogenesis analysis between EGFP and
Cx36 overexpressing cells. One-way analysis of variance (ANOVA) was conducted for the
following experiments: gene expression analysis between wild-type cells, and neuritogenesis
analysis between non-effective shRNA and Cx36 shRNAs. Tukey’s multiple comparison posthoc test was used to assess differences in means between groups.
Two-way ANOVA was conducted for the following experiments: All gene and protein
expression analysis and proliferation assays between transfected cells (overexpression and
knockdown). Bonferroni’s post-hoc test was conducted to assess differences in means between
groups. p<0.05 was considered significant for all tests. All statistical analysis was performed
with GraphPad Prism 4.0 software.

3. Results
3.1. Retinoic acid induces differentiation and upregulates Cx36 expression of SH-SY5Y
neuroblastoma cells
SH-SY5Y human neuroblastoma cells were induced to differentiate with all-trans retinoic acid
to determine whether neuronal connexins are regulated by retinoic acid. Neuritogenesis, and
Gap43 and NPY expression were assessed in order to evaluate the differentiation status of
cells. Neuritogenesis is the process of morphological differentiation of neuronal cells whereby
the cytoskeleton reorganizes and forms neurites, which are extensions of the cell body that
serve as precursors of axons and dendrites [29]. Gap43 is found at high concentrations in the
growth cone during neuritogenesis [30] and consequently it is often used as marker of neuronal
differentiation [25, 31]. NPY is a sympathetic peptide neurotransmitter and is also often used
as a marker for differentiated neurons [31, 32].
SH-SY5Y cells were exposed to retinoic acid and BDNF treatment to induce cell differentiation.
Neurite outgrowth was observed in treated cells beginning at day 2 (Figure 1A). Neuritogen‐
esis continued through day 4, and within 10 days extensive neurite networking was observed
(Figure 1A). Untreated cells began to cluster and form aggregates by day 2, and continued to
form large aggregates by day 10 (Figure 1A). Thus, retinoic acid and BDNF treatment induces
the morphological differentiation of SH-SY5Y cells.
In order to determine whether retinoic acid regulates the expression of neuronal connexins,
the effect of the differentiation treatment on Cx36 and Cx45 transcript expression was exam‐
ined. Gap43 transcript expression was also assessed to confirm differentiation at the molecular
level. RNA was isolated from untreated and treated cells at each timepoint, and real-time PCR
was used to quantify gene expression. Messenger RNA for the growth cone marker, Gap43,
was upregulated at days 4 and 10 of treatment compared to untreated cells (Figure 1B). Cx36
mRNA was increased in treated cells at 2, 4, and 10 days compared to untreated cells (Figure
1C). Cx45 mRNA, however, did not increase in treated cells (Figure 1D). These results indicate
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that transcription of the gene encoding Cx36 is upregulated by retinoic acid signaling, while
Cx45 mRNA expression is unaffected.
3.2. Cx36 suppresses neuritogenesis
Cx36 mRNA was either stably overexpressed or knocked down in SH-SY5Y cells to determine
the effect of Cx36 on differentiation. SH-SY5Y cells were transfected and selected to stably
overexpress Cx36 mRNA. Three weeks post-transfection, Cx36 overexpressing cells expressed
150 fold (141 +/- 27) more Cx36 mRNA than EGFP transfected cells (Figure 2A). Cx36 shRNA
expressing cells exhibited an 88-99% reduction in Cx36 mRNA levels in comparison to noneffective shRNA control prior to our differentiation studies (Figure 2B). Since all shRNA
constructs coexpressed GFP, fluorescence was visualized to ensure continued expression of
the construct during differentiation. The majority of differentiating cells (>85%) continued to
express all constructs during the ten day experiments (Figure 2C). Therefore, all constructs
were successfully transfected and expressed by SH-SY5Y cells. In addition, Cx43 expression
was analyzed following Cx36 overexpression and knockdown to ensure that Cx43 did not
compensate for changes in Cx36 expression. Since Cx43 expression was not altered by changes
in Cx36 expression, Cx43 does not appear to compensate for Cx36 in SH-SY5Y cells.

Figure 1. Retinoic acid induces differentiation of SH-SY5Y cells and upregulates Gap43 and Cx36 expression.
Cells were seeded on rat-tail collagen coated dishes and treated with 10 µM of retinoic acid the following day. During
days 5-10, cells were treated with 20 ng/ml of BDNF in serum-free medium. (A) Untreated cells formed increasingly
larger aggregates over time. Neurite outgrowth (arrows) was observed beginning at days 2 and 4 of treatment, and
dense neurite networks were formed following 10 days of treatment. Scale bar = 50 μm. (B-D) RNA was isolated from
SH-SY5Y cells at days 0, 2, 4, and 10 of treatment. Real-time PCR was used to quantify mRNA expression. (B) Gap43
expression increased following 4 and 10 days of treatment. (C) Cx36 expression increased following 2, 4 and 10 days
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of treatment, as compared to untreated cells. (D) Cx45 expression did not increase in either treated or untreated cells.
mRNA levels were normalized to PPIA. N=3 (Day10, N=5). * p<0.05. Bars show mean +/- S.E.

Cx36 overexpressing cells were induced to differentiate in order to determine the effect of Cx36
on neuritogenesis. EGFP and Cx36 overexpressing cells were seeded for differentiation, and
imaged at 0, 2, 4, and 10 days following differentiation treatment. EGFP expressing cells showed
intense neurite networking by day 10 of differentiation treatment, while Cx36 overexpression
diminished neuritogenesis (Figure 3A). There was no significant difference between EGFP and
Cx36 overexpressing cells in average neurite length (Figure 3B). However, Cx36 overexpress‐
ing cells had significantly reduced neurite density compared to EGFP expressing cells (Figure
3C). Thus, our findings indicate that Cx36 downregulates retinoic acid induced neuritogenesis.

Figure 2. Cx36 overexpression and knockdown are maintained throughout differentiation. (A) SH-SY5Y cells
were transfected and selected to stably overexpress Cx36 or EGFP as a transfection control. RNA was isolated from
transfected cells over the 10 day differentiation treatment, and Cx36 overexpressing cells showed at least 150 fold
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greater Cx36 expression levels than the EGFP control. (B, C) In addition, cells were transfected and selected to express
four distinct Cx36 shRNA’s and a non-effective shRNA transfection control, all of which coexpressed GFP. (B) RNA was
isolated to determine expression levels prior to seeding cells for experiments. Cx36 shRNA expressing cells had de‐
creased Cx36 transcript levels compared to non-effective control. RNA expression levels were normalized to PPIA
mRNA. N=3 (B, N=1). *p<0.05. Bars show mean +/-S.E. (C) Most of the cell population expressed GFP, and thus the
shRNA construct through ten days of differentiation treatment. Scale bar = 50 μm. (D) Cx43 expression was not de‐
tected and did not change following Cx36 overexpression or knockdown in SH-SY5Y cells.

Figure 3. Cx36 overexpression diminishes neurite density and increases cell clumping in SH-SY5Y cells. Stably
transfected EGFP and Cx36 overexpressing SH-SY5Y cells were treated with retinoic acid and BDNF. (A) EGFP express‐
ing cells formed denser neurite networks (arrows) than Cx36 overexpressing cells following treatment. Untreated
Cx36 overexpressing cells formed numerous small cell clumps whereas EGFP expressing cells formed larger aggre‐
gates. Scale Bar = 50 μm. (B,C) Treated cells were imaged at day 10 and neurite length and density were measured
using Neuron J. (B) There was no significant difference in average neurite length between EGFP control and Cx36
overexpressing cells. (C) However, neurite density was diminished in Cx36 overexpressing cells. (D,E) Aggregate area
and number were measured for untreated cells at day 10 using Image J. (D) Cx36 overexpressing cells formed aggre‐
gates with significantly smaller area, (E) however developed more numerous aggregates per field of view than EGFP
expressing cells. * p<0.05. Bars show mean +/- S.E

To further demonstrate that Cx36 negatively regulates neuritogenesis, the effect of Cx36
knockdown on neuritogenesis was determined. An identical experimental design as the
overexpression study was conducted between non-effective shRNA and Cx36 shRNA
expressing cells. In these experiments, Cx36 shRNA expressing cells showed enhanced
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neuritogenesis (Figure 4A). There was no significant difference in average neurite length
between Cx36 shRNA expressing and non-effective shRNA expressing cells (Figure 4B).
However, neurite density was significantly increased in Cx36 shRNA expressing cells com‐
pared to non-effective shRNA expressing cells (Figure 4C). Therefore, knockdown of Cx36
enhanced retinoic acid induced neuritogenesis. These findings confirm that Cx36 diminishes
retinoic acid induced neuritogenesis of SH-SY5Y cells.

Figure 4. Knockdown of Cx36 increases neurite density and suppresses aggregate formation in SH-SY5Y cells.
Cx36 shRNA expressing cells were plated and subjected to differentiation treatment over 10 days. (A) Treated Cx36
shRNA expressing cells exhibit enhanced neuritogenesis compared to non-effective control. Untreated non-effective
shRNA expressing cells aggregate on collagen, while Cx36 shRNA expressing cells remain dispersed. Scale bar = 50 μm.
(B,C) Differentiating cells were imaged at day 10 and neurite length and density were measured using Neuron J soft‐
ware. (B) There was no significant difference in average neurite length between non-effective shRNA expressing con‐
trol and Cx36 shRNA expressing cells. (C) However, neurite density was higher in Cx36 shRNA expressing cells than in
control. N=3. Different letters indicate statistical significance. p<0.05. Bars show mean +/- S.E.

3.3. Cx36 suppresses differentiation marker expression
In order to determine whether Cx36 also negatively regulates other indicators of differentia‐
tion, the effect of Cx36 on the expression of molecular differentiation markers, Gap43 and NPY,
was assessed. Transcript expression of the Gap43 differentiation marker was significantly
reduced in Cx36 overexpressing cells at days 2 and 4 of treatment in comparison with EGFP
expressing cells (Figure 5A). NPY mRNA levels were also significantly decreased in Cx36
overexpressing cells at days 2 and 10 of treatment compared to EGFP expressing cells (Figure
5B). Gap43 protein expression significantly increased upon differentiation treatment in EGFP
expressing cells, however Cx36 overexpressing cells failed to significantly increase Gap43
expression following treatment (Figure 5 C & D). Thus, Cx36 overexpression diminished the
retinoic acid induced expression of molecular differentiation markers.
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Figure 5. Cx36 overexpression diminishes retinoic acid induced Gap43 and NPY expression. (A,B) RNA was iso‐
lated from cells at day 0, 2, 4, and 10 of differentiation treatment, and real-time PCR was used to quantify changes in
mRNA expression. (C,D) Protein was extracted from cells at 0 and 10 days of treatment and western blot analysis was
used to quantify protein expression. (A) Gap43 expression was diminished in Cx36 overexpressing cells at days 2 and 4
of treatment. (B) NPY expression is diminished at days 2 and 10 of treatment in Cx36 overexpressing cells. (C,D)
Gap43 protein expression did not significantly differ between Cx36 overexpressing and EGFP expressing cells. Gap43
expression significantly increased upon treatment in EGFP cells, however it failed to significantly increase in treated
Cx36 overexpressing cells. mRNA levels were normalized to PPIA and protein levels to GAPDH. N=3. *p<0.05. Bars
show mean +/- S.E.

The impact of Cx36 knockdown on expression of differentiation markers was assessed to
confirm the effect of Cx36 on differentiation. Non-effective shRNA and Cx36 shRNA express‐
ing cells were subjected to the 10 day differentiation treatment, and RNA was isolated at days
0, 4, and 10. Cx36 shRNA expressing cells exhibited significantly increased levels of Gap43
mRNA expression at day 10 of treatment compared with non-effective shRNA expressing cells
(Figure 6A). In addition, Cx36 shRNA expressing cells had significantly higher NPY mRNA
expression at day 0 and day 10 of differentiation treatment compared to non-effective shRNA
expressing cells (Figure 6B). Untreated and treated Cx36 knockdown cells also expressed
higher levels of Gap43 protein (Figure 6 C & D). Furthermore, untreated Cx36 shRNA
expressing cells expressed as much Gap43 protein as treated non-effective control, while
treated Cx36 shRNA expressing cells expressed the highest levels of Gap43. Our findings show
that Cx36 knockdown enhances retinoic acid induced differentiation marker expression.
3.4. Cx36 promotes cell clumping
An unexpected finding of our study was that Cx36 overexpression affected the adhesion and
aggregation properties of cells on collagen coated dishes. Untreated EGFP and Cx36 overex‐
pressing cells were plated on collagen coated plates for ten days. EGFP expressing cells
behaved like wild-type cells, where they formed large cell aggregates over time, while Cx36
overexpressing cells formed cell clumps that were susceptible to lifting off the plate (Figure
3A). Cx36 overexpressing cells formed significantly smaller aggregates than EGFP expressing
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Figure 6. Cx36 knockdown enhances retinoic acid induced Gap43 expression and upregulates NPY expression. RNA
and protein were isolated from cells at days 0, 4, and 10 of differentiation treatment. Real-time PCR and western blot‐
ting were used to quantify mRNA and protein expression respectively. (A) Gap43 expression is increased at day 10, (B)
while NPY expression is increased at 0 and 10 days of treatment in Cx36 shRNA expressing cells compared to noneffective control. (C,D) Gap43 protein expression is enhanced in untreated and untreated Cx36 shRNA expressing cells
compared to non-effective control at day 10 of treatment. mRNA levels were normalized to PPIA and protein normal‐
ized to GAPDH. N=3. Asterisks and different letters denote a statistically significant difference. p<0.05. Bars show
mean +/- S.E.

cells (Figure 3D) in addition to significantly higher numbers of cell clumps than EGFP
expressing cells (Figure 3E). Expression levels of two distinct cell adhesion molecules, NCAM
and N-cadherin, were examined to determine whether altered expression of these proteins
mediated the cell clumping in Cx36 overexpressing cells. However, neither NCAM mRNA nor
N-cadherin protein levels showed any significant changes in Cx36 overexpressing cells during
differentiation or in their untreated state (Figure 7). Therefore, Cx36 overexpression resulted
in increased formation of small cell clumps, although the adhesion molecules involved in this
process have not yet been identified.
In order to further explore the effect of Cx36 on cell clumping, the effect of Cx36 knockdown
on aggregate formation was assessed in a comparable study between non-effective shRNA
and Cx36 shRNA expressing SH-SY5Y cells. The untreated non-effective shRNA expressing
cells formed large aggregates over ten days, similar to wild-type cells (Figure 4A). However,
Cx36 shRNA expressing cells did not form aggregates, and maintained a dispersed phenotype
(Figure 4A). NCAM expression was significantly higher in treated non-effective shRNA
expressing cells than all other conditions (Figure 8A). N-cadherin expression did not mean‐
ingfully change between constructs (Figure 8 B & C). Therefore, Cx36 knockdown prevents
aggregate and cell clump formation in SH-SY5Y cells. However, the molecules through which
Cx36 exerts its effect on cell aggregation have not yet been determined.
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Figure 7. NCAM and N-cadherin expression were not altered in differentiating Cx36 overexpressing cells. RNA
and protein were isolated from cells at day 0 and 10 of treatment, and real-time PCR was used to quantify mRNA ex‐
pression and western blotting to quantify protein expression. (A) NCAM mRNA expression levels were not significantly
different between any condition. (B,C) N-cadherin protein expression levels did not change between differentiation
treatment or overexpression conditions (B & C). mRNA levels were normalized to PPIA mRNA and protein levels to
GAPDH. N=3. Bars show mean +/- S.E.

Figure 8. NCAM expression was reduced in Cx36 shRNA expressing cells and N-cadherin expression was only de‐
creased in shRNA-4 expressing cells. RNA and protein were isolated from cells at day 0 and 10 of differentiation
treatment, and real-time PCR was used to quantify mRNA expression and western blots to quantify protein expres‐
sion. (A) NCAM mRNA expression was higher in treated non-effective control cells than all other conditions. (B,C) Ncadherin protein expression levels were decreased in shRNA-4 but not shRNA-1 expressing cells in comparison to
non-effective control. mRNA levels were normalized to PPIA mRNA and protein levels to GAPDH. *p< 0.05. N=3. Bars
show mean +/- S.E.

3.5. Cx36 increases SH-SY5Y cell proliferation
Neurons typically exit the cell cycle in order to terminally differentiate. Thus, cell proliferation
was assessed in Cx36 overexpressing and knockdown cells to determine if changes in prolif‐
eration rate are a consequence of Cx36 manipulation of differentiation. The proliferation rates
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of EGFP and Cx36 overexpressing cells were assessed using the MTT proliferation assay.
Absorbance was measured at 0, 2, 4, and 6 days in culture. At day 6, Cx36 overexpressing cells
had significantly higher absorbance than EGFP expressing cells implying enhanced cell
proliferation in these cells (Figure 9A).
The identical assay was performed for non-effective shRNA and Cx36 shRNA expressing cells
to confirm that Cx36 stimulates cell proliferation. At day 6, Cx36 shRNA expressing cells had
significantly reduced absorbance in comparison to non-effective shRNA expressing cells
(Figure 9B). Therefore, our findings indicate that Cx36 promotes proliferation of SH-SY5Y
neuroblastoma cells.

Figure 9. Cx36 overexpression increases SH-SY5Y cell proliferation while knockdown of Cx36 suppresses cell
proliferation. Cells were seeded at 20,000 cells per well in 48-well plates and the MTT proliferation assay was con‐
ducted according to manufacturer’s guidelines. (A) Following 6 days in culture, Cx36 overexpressing cells had a signifi‐
cantly higher proliferation rate than EGFP control cells. In contrast, Cx36 shRNA expressing cells had a significantly
lower rate of proliferation than non-effective control. Different letters indicate significant difference. p< 0.05. N=3.
Points show mean +/-S.E.

Since high proliferation and lack of differentiation are traits of stem cells, the effect of Cx36
overexpression and knockdown on stem cell marker expression was assessed. ID2 and Nestin
mRNA expression were upregulated following Cx36 overexpression (Figure 10 A & B), but
did not change upon Cx36 knockdown (Figure 10 C & D). These findings suggest that Cx36
overexpression may cause SH-SY5Y cells to adopt a stem-cell like phenotype.

4. Discussion
4.1. Retinoic acid induces upregulation of Cx36
Retinoic acid is often used as a therapeutic agent in the treatment of neuroblastoma to induce
differentiation. In current neuroblastoma therapy, patients are given 13-cis retinoic acid during
remission following treatment with chemotherapeutics to eradicate minimal residual disease
[3, 33]. Retinoic acid has been shown to upregulate Cx43 expression [21, 22], however there have
been no reports of its effect on the neuronal connexins, Cx36 and Cx45. The SH-SY5Y human
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neuroblastoma cell line is known to undergo extensive differentiation in response to retinoic
acid treatment [4, 25]. Therefore, the effect of retinoic acid on these neuronal connexins was
investigated in the SH-SY5Y neuroblastoma cell line. We also investigated the IMR32 neuroblas‐
toma cell line and while it expressed Cx36 and was responsive to retinoic acid, it had limited
differentiation potential, consistent with previous findings by others [34]. Our study indicates
that Cx36 may be a target of retinoic acid signaling, since it is upregulated upon retinoic acid
induced differentiation and Cx36 contains a retinoid X receptor binding motif similar to that of
the Cx43 gene [24]. Conversely, Cx45 does not appear to be regulated by retinoic acid. In fact, the
influence of retinoic acid in either of its configurations, cis-retinoic acid or all-trans retinoic acid
appears to have similar effects on connexins in a particular cellular context, however that effect
can be very different depending on cellular environment, with examples of enhanced expres‐
sion on Cx32 protein in LNCaP prostate cancer cells [35] versus suppression of Cx26 or 43
mediated coupling in squamous cell carcinoma cells [36]. Thus, we have identified Cx36 as a
novel potential transcriptional target in retinoic acid signaling. In addition, since Cx36 expres‐
sion increased upon retinoic acid induced differentiation, Cx36 gene expression was manipulat‐
ed to ascertain its effects on the differentiation and proliferation of SH-SY5Y cells.

Figure 10. Cx36 overexpression results in increased stem cell marker expression, while Cx36 knockdown has
no effect. RNA was isolated from cells and real-time PCR was used to quantify mRNA expression. (A,B) ID2 and Nestin
expression increased following Cx36 overexpression. (C,D) However, ID2 and Nestin were unaffected by knockdown
of Cx36. mRNA levels were normalized to PPIA. N=3. Asterisks denote a statistically significant difference. p<0.05. Bars
show mean +/- S.E.

4.2. Cx36 negatively regulates SH-SY5Y cell differentiation
Cx36 appears to negatively regulate differentiation of SH-SY5Y human neuroblastoma cells.
Accordingly, overexpression of Cx36 dimishes differentiation while knockdown of Cx36
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enhances differentiation. This appears to be in contradiction with the upregulation of Cx36
upon retinoic acid induced differentiation. However, since we were unable to measure protein
expression, it is possible that although Cx36 mRNA is upregulated in response to retinoic acid,
Cx36 protein expression is unaffected. Conversely, this discrepancy may also be due to the
requirement of an optimal level of Cx36 for proper differentiation. Accordingly, the small
increase in Cx36 expression induced by retinoic acid in wild-type cells does not appear to
interfere with differentiation. However, since Cx36 overexpressing cells exhibit diminished
differentiation and Cx36 knockdown enhances differentiation, it is apparent that substantial
changes in Cx36 expression alter the process of differentiation.
The effect of Cx36 on SH-SY5Y differentiation is in contrast with what Hartfield et al (2011)
have recently shown on Cx36 and neuronal progenitor cells [37]. Progenitors isolated from the
rat hippocampus and striatum and grown in neurospheres showed increased differentiation
with Cx36 overexpression, and diminished differentiation with Cx36 knockdown [37].
Although neuroblastoma arises from progenitor cells, these cancer cells likely respond
differently to Cx36 levels than healthy progenitors. It is also possible that neuronal cells of the
peripheral nervous system react differently to Cx36 than those of the central nervous system.
The effect of Cx36 on differentiation is also in contrast with other connexins, which are known
to enhance differentiation [8, 9]. For example, overexpression of Cx43 and Cx32 enhanced
nerve growth factor induced differentiation of PC12 cells [10]. Although connexin overex‐
pression usually enhances differentiation, Todorova et al (2008) have shown that GJIC and
Cx43 are required to maintain pluripotency of embryonic stem cells. Inhibition of GJIC or Cx43
knockdown resulted in reduced proliferation and stem cell marker expression, with a con‐
comitant increase in differentiation marker expression [38]. Thus, in certain environments, as
with our Cx36 overexpression study, connexin expression may be required to maintain the
stem cell or cancer phenotype. This is further demonstrated in human breast cancer where gap
junctions and GJIC are usually associated with tumor suppression however in aggressive
breast cancers they may facilitate disease progression [39]. Our finding of Cx36 knockdown
enhancing differentiation in fact parallels the natural expression patterns of Cx36, where it is
highly expressed in many neural structures of the developing fetus but is subsequently
downregulated during postnatal differentiation and maturation of the nervous system [18,
19]. This downregulation may be due in part to replacement of electrical synapses with
chemical synapses [40], or it may indicate that Cx36 is actually detrimental in the process of
terminal differentiation of certain tissues or cell types, as was shown in this study.
4.2.1. Cx36 promotes clumping of SH-SY5Y cells
A surprising finding was that altering Cx36 expression dramatically changed the adhesion and
aggregation properties of SH-SY5Y cells. Cx36 overexpression led to the formation of small
cell clumps susceptible to lifting off the dish and growing in suspension. This type of growth
is similar to that of neurospheres, which are suspended clusters of neural stem cells [41]. In
fact, it is characteristic of the neuroblast subpopulations of SH-SY5Y cells to aggregate, lift off,
and grow in suspension [42]. This neuroblastic phenotype appears to be stimulated by
overexpression of Cx36, which is in accordance with our findings of Cx36 induced downre‐
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gulation of differentiation. Interestingly, knockdown of Cx36 resulted in a dispersed cell
phenotype.
NCAM and N-cadherin expression were assessed as potential mediators of the differential
aggregate formation in Cx36 overexpressing and knockdown cells. Cx43 is known to colocalize
with N-cadherin and regulate its localization at the cell surface [43]. Although there have been
no documented reports of Cx36 and N-cadherin interaction, we investigated whether manip‐
ulation of Cx36 expression resulted in changes to N-cadherin expression. In addition, we
explored the effect of Cx36 expression on NCAM mRNA expression, as NCAM is upregulated
in poorly differentiated and aggressive neuroblastomas [44]. Based on our studies, N-cadherin
and NCAM are unlikely to be the primary adhesion molecule involved in this process.
Therefore, while Cx36 expression has a dramatic effect on cell aggregation, the adhesion
molecules mediating this process are yet to be identified.
4.2.2. Cx36 increases cell proliferation
There is a substantial linkage between connexin expression and cell growth and proliferation
[6]. Our findings of increased cell proliferation with Cx36 overexpression, and diminished cell
proliferation following knockdown of Cx36 are in contrast to other connexins, which typically
act as tumor suppressors [6, 8]. However, in certain environments, connexins and gap
junctional intercellular communication are required to maintain the proliferative ability of
cells. For example, extravillous trophoblasts lost the ability to proliferate when GJIC was
inhibited by a gap junction blocker or Cx40 antisense cDNA [45].
Additionally, Cx36 has been implicated in retinal cell survival following injury [46]. In light
of the role of Cx36 in cell survival and its high expression during development when neural
precursors are proliferating, it is not surprising to find that Cx36 serves to increase prolifera‐
tion. It is also important to consider that Cx36 is regulated in a different manner from other
connexins. For example, Cx36 channels show differential pH gating and experience very low
sensitivity to voltage gating [47, 48]. This pH gating may be important under pathological
conditions such as ischemia, where Cx36 expression has been shown to be upregulated and
involved in cell survival [49]. Therefore, the differential regulation mechanisms of Cx36
channels may suggest a different role for Cx36 in key cellular processes from that of other
connexins.
In relation to differentiation, as neurons do not retain a capacity to divide, cells must exit the
cell cycle and stop proliferating in order to terminally differentiate into neurons. Retinoic acid
also exerts part of its differentiation inducing effects by inhibiting cell proliferation [50].
Therefore, the enhanced differentiation observed in Cx36 shRNA expressing cells may be
partially due to their decreased proliferative ability.
SH-SY5Y cells overexpressing Cx36 adopt several characteristics of stem cells, including
aggregation, high proliferation, and lack of differentiation. To determine whether these cells
were also more stem cell like at the molecular level, the expression levels of ID2 and Nestin
were assessed. ID2 is expressed in neural crest cells and is also known to increase proliferation
and inhibit differentiation of neuroblastoma cells [51]. Nestin is often used as a neural stem
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cell marker as it is highly expressed in progenitor cells during development, but is downre‐
gulated in adults [52]. The upregulation of both ID2 and Nestin upon Cx36 overexpression
suggests that increased levels of Cx36 push SH-SY5Y cells towards a stem cell phenotype.
This study is the first to determine the effects of Cx36 in a cancer cell context. We have identified
Cx36 as a novel potential transcriptional target of retinoic acid signaling. However, further
research is required to determine whether Cx36 is a direct target of retinoic acid signaling. In
addition, Cx36 negatively regulates SH-SY5Y differentiation, which is in contrast to the effects
of other connexins on differentiation. Furthermore, it appears that Cx36 promotes a neural
stem cell like phenotype based on the diminished differentiation, enhanced clumping and
increased proliferation in overexpressing cells, and the reversal of this phenotype in cells
where Cx36 is knocked down.
However, it is unknown whether Cx36 mediates these changes in a gap junctional intercellular
communication dependent manner or through interaction of Cx36 with binding partners, and
thus downstream signaling pathways. Therefore, further research is required to elucidate the
mechanisms underlying Cx36 mediated regulation of differentiation.

Acknowledgements
Supported by the National Sciences and Engineering Research Council of Canada to DJB.

Author details
Mandeep Sidhu and Daniel J. Belliveau*
*Address all correspondence to: dbellive@uwo.ca
Department of Anatomy and Cell Biology, Schulich of Medicine & Dentistry and School of
Health Studies, Faculty of Health Sciences, Western University, London, Ontario, Canada

References
[1] Brodeur, G. M. Neuroblastoma: biological insights into a clinical enigma. Nature re‐
viewsCancer. (2003). Mar;PubMed PMID: PMID: 12612655; nrc1014 [pii]., 3(3),
203-16.
[2] Huber, K. The sympathoadrenal cell lineage: specification, diversification, and new
perspectives. Developmental biology. (2006). Oct 15;PubMed PMID: PMID: 16928368;
S0012-1606(06)00992-4 [pii]., 298(2), 335-43.

125

126

Neuroblastoma

[3] Wagner, L. M, & Danks, M. K. New therapeutic targets for the treatment of high-risk
neuroblastoma. Journal of cellular biochemistry. (2009). May 1;PubMed PMID:
PMID: 19277986., 107(1), 46-57.
[4] Thiele, C. J, Reynolds, C. P, & Israel, M. A. Decreased expression of N-myc precedes
retinoic acid-induced morphological differentiation of human neuroblastoma. Na‐
ture. (1985). Jan 31-Feb 6;PubMed PMID: PMID: 3855502., 313(6001), 404-6.
[5] Sidell, N, Altman, A, Haussler, M. R, & Seeger, R. C. Effects of retinoic acid (RA) on
the growth and phenotypic expression of several human neuroblastoma cell lines.
Experimental Cell Research. (1983). Oct;PubMed PMID: 6313408. Epub 1983/10/01.
eng., 148(1), 21-30.
[6] Naus, C. C, & Laird, D. W. Implications and challenges of connexin connections to
cancer. Nature Reviews Cancer. (2010). Jun;PubMed PMID: 20495577. Epub
2010/05/25. eng., 10(6), 435-41.
[7] Arnold, J. M, Phipps, M. W, Chen, J, & Phipps, J. Cellular sublocalization of Cx43 and
the establishment of functional coupling in IMR-32 neuroblastoma cells. Molecular
carcinogenesis. (2005). Mar;PubMed PMID: PMID: 15605363., 42(3), 159-69.
[8] Mao, A. J, Bechberger, J, Lidington, D, Galipeau, J, Laird, D. W, & Naus, C. C. Neuro‐
nal differentiation and growth control of neuro-2a cells after retroviral gene delivery
of connexin43. The Journal of biological chemistry. (2000). Nov 3;PubMed PMID:
PMID: 10924505; M003917200 [pii]., 275(44), 34407-14.
[9] Banks, E. A, Yu, X. S, Shi, Q, & Jiang, J. X. Promotion of lens epithelial-fiber differen‐
tiation by the C-terminus of connexin 45.6 a role independent of gap junction com‐
munication. Journal of cell science. (2007). Oct 15;PubMed PMID: PMID: 17895360;
jcs.000935 [pii]., 120(20), 3602-12.
[10] Belliveau, D. J, Bani-yaghoub, M, Mcgirr, B, Naus, C. C, & Rushlow, W. J. Enhanced
neurite outgrowth in PC12 cells mediated by connexin hemichannels and ATP. The
Journal of biological chemistry. (2006). Jul 28;PubMed PMID: PMID: 16731531;
M600026200 [pii]., 281(30), 20920-31.
[11] Laird, D. W. The life cycle of a connexin: gap junction formation, removal, and deg‐
radation. Journal of Bioenergetics and Biomembranes. (1996). Aug;PubMed PMID:
8844328. Epub 1996/08/01. eng., 28(4), 311-8.
[12] Saez, J. C, Connor, J. A, Spray, D. C, & Bennett, M. V. Hepatocyte gap junctions are
permeable to the second messenger, inositol 1,4,5-trisphosphate, and to calcium ions.
Proceedings of the National Academy of Sciences of the United States of America.
(1989). Apr;PubMed PMID: 2784857. Epub 1989/04/01. eng., 86(8), 2708-12.
[13] Vinken, M, Vanhaecke, T, Papeleu, P, Snykers, S, Henkens, T, & Rogiers, V. Connex‐
ins and their channels in cell growth and cell death. Cell Signal. (2006). May;PubMed
PMID: 16183253. Epub 2005/09/27. eng., 18(5), 592-600.

Connexin36 is a Negative Regulator of Differentiation in Human Neuroblastoma
http://dx.doi.org/10.5772/55643

[14] Laird, D. W. Life cycle of connexins in health and disease. The Biochemical journal.
(2006). Mar 15;PubMed PMID: PMID: 16492141; BJ20051922 [pii]., 394(3), 527-43.
[15] Sohl, G, Degen, J, Teubner, B, & Willecke, K. The murine gap junction gene connex‐
in36 is highly expressed in mouse retina and regulated during brain development.
FEBS Letters. (1998). May 22;428(1-2):27-31. PubMed PMID: 9645468. Epub
1998/06/30. eng.
[16] Condorelli, D. F, Parenti, R, & Spinella, F. Trovato Salinaro A, Belluardo N, Cardile
V, et al. Cloning of a new gap junction gene (Cx36) highly expressed in mammalian
brain neurons. European Journal of Neuroscience. (1998). Mar;PubMed PMID:
9753189. Epub 1998/09/30. eng., 10(3), 1202-8.
[17] Serre-beinier, V, Bosco, D, Zulianello, L, Charollais, A, Caille, D, Charpantier, E, et al.
Cx36 makes channels coupling human pancreatic beta-cells, and correlates with insu‐
lin expression. Human molecular genetics. (2009). Feb 1;PubMed PMID: 19000992.
Epub 2008/11/13. eng., 18(3), 428-39.
[18] Belluardo, N, Mudo, G, & Trovato-salinaro, A. Le Gurun S, Charollais A, Serre-Beini‐
er V, et al. Expression of connexin36 in the adult and developing rat brain. Brain Re‐
search. (2000). May 19;PubMed PMID: 10814742. Epub 2000/05/18. eng., 865(1),
121-38.
[19] Gulisano, M, Parenti, R, Spinella, F, & Cicirata, F. Cx36 is dynamically expressed dur‐
ing early development of mouse brain and nervous system. Neuroreport. (2000). Nov
27;PubMed PMID: 11117498. Epub 2000/12/16. eng., 11(17), 3823-8.
[20] Connors, B. W, & Long, M. A. Electrical synapses in the mammalian brain. Annual
Review of Neuroscience. (2004). PubMed PMID: PMID: 15217338., 27, 393-418.
[21] Bertram, J. S, & Vine, A. L. Cancer prevention by retinoids and carotenoids: inde‐
pendent action on a common target. Biochimica et biophysica acta. (2005). May
30;PubMed PMID: PMID: 15949684; S0925-4439(05)00003-7 [pii]., 1740(2), 170-8.
[22] Stahl, W, & Sies, H. The role of carotenoids and retinoids in gap junctional communi‐
cation. International journal for vitamin and nutrition research. (1998). PubMed
PMID: 9857261. Epub 1998/12/19. eng., 68(6), 354-9.
[23] Vine, A. L, & Bertram, J. S. Upregulation of connexin 43 by retinoids but not by nonprovitamin A carotenoids requires RARs. Nutrition and cancer. (2005). PubMed
PMID: PMID: 16091010., 52(1), 105-13.
[24] Cicirata, F, Parenti, R, Spinella, F, Giglio, S, Tuorto, F, Zuffardi, O, et al. Genomic or‐
ganization and chromosomal localization of the mouse Connexin36 (mCx36) gene.
Gene. (2000). Jun 27;PubMed PMID: 10876089. Epub 2000/07/06. eng., 251(2), 123-30.
[25] Encinas, M, Iglesias, M, Liu, Y, Wang, H, Muhaisen, A, Cena, V, et al. Sequential
treatment of SH-SY5Y cells with retinoic acid and brain-derived neurotrophic factor
gives rise to fully differentiated, neurotrophic factor-dependent, human neuron-like

127

128

Neuroblastoma

cells. Journal of Neurochemistry. (2000). Sep;PubMed PMID: 10936180. Epub
2000/08/11. eng., 75(3), 991-1003.
[26] Agholme, L, Lindstrom, T, Kagedal, K, Marcusson, J, & Hallbeck, M. An in vitro
model for neuroscience: differentiation of SH-SY5Y cells into cells with morphologi‐
cal and biochemical characteristics of mature neurons. J Alzheimers Dis. (2010).
PubMed PMID: 20413890. Epub 2010/04/24. eng., 20(4), 1069-82.
[27] Abramoff, M. D, Magelhaes, P. J, & Ram, S. J. Image Processing with ImageJ. Biopho‐
tonics International. (2004). , 11(7), 36-42.
[28] Meijering, E, Jacob, M, Sarria, J. C, Steiner, P, Hirling, H, & Unser, M. Design and val‐
idation of a tool for neurite tracing and analysis in fluorescence microscopy images.
Cytometry A. (2004). Apr;PubMed PMID: 15057970. Epub 2004/04/02. eng., 58(2),
167-76.
[29] Clagett-dame, M, Mcneill, E. M, & Muley, P. D. Role of all-trans retinoic acid in neu‐
rite outgrowth and axonal elongation. Journal of neurobiology. (2006). Jun;PubMed
PMID: PMID: 16688769., 66(7), 739-56.
[30] Larsson, C. Protein kinase C and the regulation of the actin cytoskeleton. Cell Signal.
(2006). Mar;PubMed PMID: 16109477. Epub 2005/08/20. eng., 18(3), 276-84.
[31] Edsjo, A, Lavenius, E, Nilsson, H, Hoehner, J. C, Simonsson, P, Culp, L. A, et al. Ex‐
pression of trkB in human neuroblastoma in relation to MYCN expression and reti‐
noic acid treatment. Laboratory investigation; a journal of technical methods and
pathology. (2003). Jun;PubMed PMID: PMID: 12808116., 83(6), 813-23.
[32] Hokfelt, T, Stanic, D, Sanford, S. D, Gatlin, J. C, Nilsson, I, Paratcha, G, et al. NPY and
its involvement in axon guidance, neurogenesis, and feeding. Nutrition. (2008).
Sep;PubMed PMID: PMID: 18725084; S0899-9007(08)00276-1 [pii]., 24(9), 860-8.
[33] Reynolds, C. P, Matthay, K. K, Villablanca, J. G, & Maurer, B. J. Retinoid therapy of
high-risk neuroblastoma. Cancer letters. (2003). Jul 18;197(1-2):185-92. PubMed
PMID: PMID: 12880980; S0304383503001083 [pii].
[34] Haussler, M, Sidell, N, Kelly, M, Donaldson, C, Altman, A, & Mangelsdorf, D. Specif‐
ic high-affinity binding and biologic action of retinoic acid in human neuroblastoma
cell lines. Proceedings of the National Academy of Sciences of the United States of
America. (1983). Sep;PubMed PMID: 6310582. Pubmed Central PMCID: PMC384290.
Epub 1983/09/01. eng., 80(18), 5525-9.
[35] Kelsey, L, Katoch, P, Johnson, K. E, Batra, S. K, & Mehta, P. P. Retinoids regulate the
formation and degradation of gap junctions in androgen-responsive human prostate
cancer cells. PloS one. (2012). e32846. PubMed PMID: 22514600. Pubmed Central
PMCID: PMC3326013. Epub 2012/04/20. eng.
[36] Rudkin, G. H, Carlsen, B. T, Chung, C. Y, Huang, W, Ishida, K, Anvar, B, et al. Reti‐
noids inhibit squamous cell carcinoma growth and intercellular communication. The

Connexin36 is a Negative Regulator of Differentiation in Human Neuroblastoma
http://dx.doi.org/10.5772/55643

Journal of surgical research. (2002). Apr;PubMed PMID: 11922733. Epub 2002/04/02.
eng., 103(2), 183-9.
[37] Hartfield, E. M, Rinaldi, F, Glover, C. P, Wong, L. F, Caldwell, M. A, & Uney, J. B.
Connexin 36 expression regulates neuronal differentiation from neural progenitor
cells. PloS one. (2011). e14746. PubMed PMID: 21408068. Epub 2011/03/17. eng.
[38] Todorova, M. G, Soria, B, & Quesada, I. Gap junctional intercellular communication
is required to maintain embryonic stem cells in a non-differentiated and proliferative
state. Journal of cellular physiology. (2008). Feb;PubMed PMID: PMID: 17654515.,
214(2), 354-62.
[39] Mclachlan, E, Shao, Q, & Laird, D. W. Connexins and gap junctions in mammary
gland development and breast cancer progression. The Journal of membrane biology.
(2007). Aug;218(1-3):107-21. PubMed PMID: 17661126. Epub 2007/07/31. eng.
[40] Lee, S. C, Cruikshank, S. J, & Connors, B. W. Electrical and chemical synapses be‐
tween relay neurons in developing thalamus. Journal of Physiology. (2010). Jul
1;588(Pt 13):2403-15. PubMed PMID: 20457735. Epub 2010/05/12. eng.
[41] Bez, A, Corsini, E, Curti, D, Biggiogera, M, Colombo, A, Nicosia, R. F, et al. Neuro‐
sphere and neurosphere-forming cells: morphological and ultrastructural characteri‐
zation. Brain Research. (2003). Dec 12;993(1-2):18-29. PubMed PMID: 14642827. Epub
2003/12/04. eng.
[42] Ross, R. A, Spengler, B. A, & Biedler, J. L. Coordinate morphological and biochemical
interconversion of human neuroblastoma cells. Journal of the National Cancer Insti‐
tute. (1983). Oct;PubMed PMID: 6137586. Epub 1983/10/01. eng., 71(4), 741-7.
[43] Wei, C. J, Francis, R, Xu, X, & Lo, C. W. Connexin43 associated with an N-cadherincontaining multiprotein complex is required for gap junction formation in NIH3T3
cells. Journal of Biological Chemistry. (2005). May 20;PubMed PMID: 15741167. Epub
2005/03/03. eng., 280(20), 19925-36.
[44] Jensen, M, & Berthold, F. Targeting the neural cell adhesion molecule in cancer. Can‐
cer Letters. (2007). Dec 8;PubMed PMID: 17949897. Epub 2007/10/24. eng., 258(1),
9-21.
[45] Nishimura, T, Dunk, C, Lu, Y, Feng, X, Gellhaus, A, Winterhager, E, et al. Gap junc‐
tions are required for trophoblast proliferation in early human placental develop‐
ment. Placenta. (2004). Aug;PubMed PMID: 15193866. Epub 2004/06/15. eng., 25(7),
595-607.
[46] Striedinger, K, Petrasch-parwez, E, Zoidl, G, Napirei, M, Meier, C, Eysel, U. T, et al.
Loss of connexin36 increases retinal cell vulnerability to secondary cell loss. Europe‐
an Journal of Neuroscience. (2005). Aug;PubMed PMID: 16101742. Epub 2005/08/17.
eng., 22(3), 605-16.
[47] Gonzalez-nieto, D, Gomez-hernandez, J. M, Larrosa, B, Gutierrez, C, Munoz, M. D,
Fasciani, I, et al. Regulation of neuronal connexin-36 channels by pH. Proceedings of

129

130

Neuroblastoma

the National Academy of Sciences of the United States of America. (2008). Nov
4;PubMed PMID: PMID: 18957549; 0804189105 [pii]., 105(44), 17169-74.
[48] Srinivas, M, Rozental, R, Kojima, T, Dermietzel, R, Mehler, M, Condorelli, D. F, et al.
Functional properties of channels formed by the neuronal gap junction protein con‐
nexin36. Journal of Neuroscience. (1999). Nov 15;PubMed PMID: 10559394. Epub
1999/11/13. eng., 19(22), 9848-55.
[49] Oguro, K, Jover, T, Tanaka, H, Lin, Y, Kojima, T, Oguro, N, et al. Global ischemiainduced increases in the gap junctional proteins connexin 32 (Cx32) and Cx36 in hip‐
pocampus and enhanced vulnerability of Cx32 knock-out mice. Journal of
Neuroscience. (2001). Oct 1;PubMed PMID: 11567043. Epub 2001/09/22. eng., 21(19),
7534-42.
[50] Voigt, A, & Zintl, F. Effects of retinoic acid on proliferation, apoptosis, cytotoxicity,
migration, and invasion of neuroblastoma cells. Medical and pediatric oncology.
(2003). Apr;PubMed PMID: 12555246. Epub 2003/01/30. eng., 40(4), 205-13.
[51] Lofstedt, T, Jogi, A, Sigvardsson, M, Gradin, K, Poellinger, L, Pahlman, S, et al. In‐
duction of ID2 expression by hypoxia-inducible factor-1: a role in dedifferentiation of
hypoxic neuroblastoma cells. Journal of Biological Chemistry. (2004). Sep 17;PubMed
PMID: 15252039. Epub 2004/07/15. eng., 279(38), 39223-31.
[52] Wiese, C, Rolletschek, A, Kania, G, Blyszczuk, P, Tarasov, K. V, Tarasova, Y, et al.
Nestin expression--a property of multi-lineage progenitor cells? Cellular and molecu‐
lar life sciences. (2004). Oct;61(19-20):2510-22. PubMed PMID: 15526158. Epub
2004/11/05. eng.

Chapter 6

Pathways of Intrinsic Apoptosis in Neuroblastoma:
Targets for Therapeutics and New Drug Development
Fieke Lamers and Aru Narendran
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/55817

1. Introduction
Neuroblastoma (NB) is one of the most difficult to treat malignancies of early childhood that
originates from the sympathetic nervous system and ranks high among the diseases with
unacceptable fatality rates in paediatrics. Currently, children with high risk NB are treated
with intensive multi-modal therapeutic regimens, but often endure disease recurrence that is
refractory to further treatment. Hence, research strategies are urgently needed to discover
novel therapeutic targets to advance the timely development of innovative treatment ap‐
proaches for these children.
In general, growth and survival of tumors are thought to be defined largely by deregulated
genetic processes such as cell cycle checkpoints, DNA damage repair mechanisms, oncogenes
and tumor suppressor genes, resulting in enhanced and unregulated malignant cellular
proliferation. These findings have contributed significantly to the development of various
chemotherapeutic agents and current treatment protocols. In addition, recent studies have
provided evidence for enhanced tumor survival as a consequence of the breakdown of the cell
death mechanisms that otherwise safeguard the integrity of normal tissue homeostasis while
evading over-proliferation.
Reports from several laboratories have shown that NB cells carry defective or silenced proapoptotic factors, such as caspases (cysteinyl aspartate-specific proteases; CASP) and have
enhanced expression and activity of a range of pro-survival factors [1]. These observations led
to the reasoning that better understanding of the apoptotic mechanisms that sustain the
survival of NB cells could aid in the development of novel therapeutic approaches. The
potential to target and modulate the life or death signals in cancer cells carries immense
therapeutic potential and therefore research continues to focus on the understanding of the
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apoptosis process that intersects the growth and survival pathways of NB. It is hoped that this
information will facilitate effective therapeutic drug discoveries.

2. Apoptosis
Under normal circumstances, cell death processes are characterized by distinct morphological
changes and are classified as necrotic, apoptotic, autophagic or those coupled with mitotic
catastrophe. Among these, apoptosis relates to programmed cell death that occurs in response
to distinct signals such as hypoxia, excessive oncogene activation or chemotherapeutic agents.
The mechanistic basis for this process involves the concerted activity of caspases, which
inactivate or activate target substrates in a cascade of enzymatic activities. This sequence of
activities is broadly grouped as the “extrinsic” and the “intrinsic” apoptotic pathway. The
extrinsic pathway involves the engagement of cell surface “death receptors”, activated by
extra-cellular signals, which induce apoptosis by directly activating the caspase cascade. The
“intrinsic” pathway, also known as the mitochondrial apoptotic pathway, is activated from
within the cell in response to signals of cellular stress. This may occur as a result of deprivation
of cell survival factors, DNA damage and increased levels of abnormally folded cellular
proteins and reactive oxygen species [2], Figure 1. This process, in conjunction with the proapoptotic BCL2 family mediated pore formation, leads to the release of mitochondrial
mediators such as DIABLO (SMAC) and CYCS (cytochrome c) [2]. Once released, CYCS
complexes with APAF1 to mediate dATP/ATP dependent activation of APAF1 and proCASP9, leading to subsequent caspase activation, cell death and more release of DIABLO.
However, this process also lends to the liberation of inhibitor-of-apoptosis protein (IAP)
mediated inhibition of the pro-caspases [3-5]. Currently, however, it appears that in some cell
types, alternate pathways can contribute to the cellular apoptotic activity.

3. BCL2 family of apoptosis regulators
By virtue of their ability to localize to mitochondrial membranes, the BCL2 family of proteins
play a pivotal role in the regulation of mitochondrial apoptotic pathways [6]. They share at
least one of four homologous regions known as BCL homology (BH) domains (BH1-BH4),
which enable the formation of homo- and heterotypic dimers among these molecules. All antiapoptotic effectors and members and some pro-apoptotic members, such as BAX and BAK1,
share sequence homology of three or more of such domains, whereas the BH3-only proteins
show sequence homology only within the BH3 domain [6, 7]. Such interactions are thought to
form the mechanistic basis for the activity of BCL2 proteins. These proteins can be divided into
anti-apoptotic members, including BCL2, BCL2L1 (BCL-XL), MCL1 and BCL2L2 (BCL-W), and
pro-apoptotic members. The pro-apoptotic members can be divided into three groups: 1.
proteins with multi-domain members: BAX and BAK1, which form pores in the mitochondrial
membrane through which CYCS and DIABLO can be released, 2. the group of BH3-only
members including proteins that inhibit anti-apoptotic members by binding directly, such as
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PMAIP1 (NOXA), BAD and BIK and 3. the collection of pro-apoptotic BH3-only proteins that
can either inhibit the anti-apoptotic members or induce BAX/BAK pore formation directly.
This last group consists of BID, BCL2L11 (BIM) and BBC3 (PUMA) [6-8].
In cancer cells, the BCL2 family of proteins contribute to enhanced cell survival and expansion
by blocking physiologically relevant cell death processes. Up-regulated BCL2 proteins also
play a key role in the generation of resistance to chemotherapeutic drugs and radiotherapy by
interfering with tumor cell death induced by cytotoxic agents [9]. In addition, they also offer
protection against cell death pathways that are activated during conditions such as cytokine
withdrawal. An altered expression of BCL2 proteins has been found in many cancers, including
NB [10, 11]. Furthermore, transfection mediated over-expression of BCL2 or BCL2L1 in NB
cells has been shown to generate a phenotype with acquired resistance to therapeutic agents
[12]. Overall, current experimental evidence suggest that BCL2 expression critically regulates
apoptosis and plays an important role in the tumorigenesis and survival of NB [13].
B-cell lymphoma-extra-large (BCL2L1, BCL-XL) is a mitochondrial membrane protein and a
member of the BCL2 family. BCL2L1 has been shown to exhibit its anti-apoptotic properties
by regulating mitochondrial homeostasis. Over-expression of BCL2L1 confers a multidrug
resistance phenotype and protects tumor cells from chemotherapy induced differentiation and
apoptosis. A recent study has shown that, in NB cells, repression of BCL2L1 by the proteasome
inhibitor bortezomib resulted in the activation of pro-apoptotic PMAIP1, thereby triggering
cell death [14]. Additional studies have shown that targeted inhibition of BCL2L1 in combi‐
nation with 4-HPR (a synthetic retinoid) can work synergistically to significantly increase
differentiation and apoptosis in BCL2L1 bountiful NB cells [15, 16]. These data provide
rationale for targeting regulatory pathways of BCL2 proteins in therapeutic approaches for
NB patients.

4. Inhibitor of Apoptosis Proteins (IAPs)
The inhibitor of apoptosis proteins are a group of conserved molecules that are frequently
over-expressed in tumors that confer survival properties and chemotherapy resistance [17,
18]. Structurally, these proteins are characterized by one to three baculoviral IAP repeats (BIR)
domains, which carry characteristic caspase inhibitory activity. The known members of the
human IAP family include, NAIP (BIRC1), c-IAP1 (BIRC2), c-IAP2 (BIRC3), XIAP (BIRC4),
survivin (BIRC5), Apollon/Bruce (BIRC6) ML-IAP (BIRC7 or livin) and ILP-2 (BIRC8) [19]. IAPs
appear to control both extrinsic and intrinsic apoptotic pathways. By virtue of their ubiquitin
ligase activity, BIRC2 and BIRC3 regulate the extrinsic apoptotic pathway [20]. As for the
effects on the intrinsic pathway, XIAP inhibits CASP3, CASP7 and CASP9 by direct binding.
However, this activity can be diminished by DIABLO binding to XIAP through its N-terminal
IAP-binding motif (IBM) [21]. Furthermore, the activity of DIABLO can be blocked by BIRC5
which can also bind and stabilize XIAP [22, 23].
BIRC5 (MW 16.5-kDa) is an IAP member protein found in dividing cells that carries at least
one BIR domain and normally exists as a homodimer [24]. The expression of BIRC5 has been
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demonstrated in many diverse tumor types, including neuroblastoma and appears to correlate
with poor prognosis [25]. Many potential mechanisms have been postulated for the regulation
of cellular expression of BIRC5 in cancer cells, including its transcriptional repression by wildtype p53, gene amplification, hypomethylation, increased promoter activity, and loss of p53
function [26, 27]. BIRC5 appears to have multiple functions in the growth and survival of tumor
cells [28]. Although not shown in all experimental systems, some studies have indicated a role
for BIRC5 in the regulation of cellular caspase activity. For example, a report by Tamm and
colleagues showed that BIRC5 can be co-immunoprecipitated with CASP3, CASP7, and CASP9
and it suppresses apoptosis following over-expression of these caspases [29]. In staurosporine
(STS)–induced apoptosis in NB model, BIRC5 has been shown to exert its phase specific antiapoptotic effect by inhibiting CASP9 activity [30]. Recently, using affymetrix mRNA expres‐
sion analysis, a strong up-regulation of BIRC5 in NB cells compared to normal and fetal adrenal
tissues and adult tumor specimens has been demonstrated [31]. Increased BIRC5 levels were
also found to be associated with poorer prognosis, independent of chromosome 17q gain.
Furthermore, antisense mediated silencing of BIRC5 in ten NB cell lines showed significantly
increased apoptotic cell death defined by PARP cleavage and loss of cell viability.
In addition to its influence on programmed cell death, BIRC5 has also been shown to be a
component of the chromosome passage protein complex (CPC), which is needed for chromo‐
some alignment and segregation during mitosis and cytokinesis. The remaining constituents
of CPC include AURKB (Aurora-B kinase), CDCA8 (Borealin), and INCENP [32]. Based on
localization findings, it has been postulated that nuclear BIRC5 is involved in the control cell
division, whereas cytoplasmic/mitochondrial BIRC5 is cytoprotective [33]. Constitutive
expression of BIRC5 has also been demonstrated in a number of neuroblastoma cell lines [27].
BIRC5 knockdown in SK-N-BE2 and SH-SY-5Y NB cells caused an increase in expression of
pro-apoptotic BAX and a decrease in anti-apoptotic BCL2 expression. A recent study by Miller
and colleagues examined the relationship between CASP8 and BIRC5 levels and outcomes in
neuroblastoma patients [34]. In this investigation, increased BIRC5 was found to be associated
with poor overall survival and an increased BIRC5 to CASP8 ratio was associated with
unfavorable histology and high risk stratification, indicating a combined influence of these
two apoptosis associated factors in the clinical consequences of NB. Moreover, additional
studies have shown that CASP8 is often hypermethylated in neuroblastoma tumors resulting
in an inactive extrinsic apoptotic pathway [35-37].
BIRC7 is a member of the IAP family that has been found to play a notable role in apoptosis
[38]. The expression of BIRC7 has been demonstrated in NB tumor specimens and cell lines
[39]. Although the expression of BIRC7 by itself does not appear to be a prognostic marker,
patients with increased BIRC7 expression and MYCN amplification had significantly poorer
survival compared to those lacking both or either one of these markers. This suggests that NB
patients with increased BIRC7 and MYCN may constitute a worse prognosis subset within the
MYCN amplified group. Subsequently it has been shown that in cells that have increased
MYCN and BIRC7, the suppression of MYCN leads to loss of BIRC7 [40]. An opposite effect
was also seen when NB cells with low MYCN were induced to up-regulate MYCN, which led
to increased BIRC7 levels. Furthermore, these studies also detected a consensus MYCN
binding domain within the 5' proximal sequence of the putative BIRC7 promoter, indicating
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that MYCN is involved in the expression of BIRC7 and that BIRC7 may offset the effects of
MYCN. Normally, NB cells with MYCN amplification show increased proliferation and
paradoxically, increased sensitivity to apoptosis by chemotherapeutic agents [41]. Data
provided by Dasgupta and colleagues suggest that MYCN may act as a transcriptional
activator of BIRC7 expression and in cells co-expressing these genes, the anti-apoptotic effect
of BIRC7 may counteract the apoptotic effects of MYCN amplification, thus enabling tolerance
to cytotoxic agents and enhancing tumor growth and survival properties [42].
BIRC6 (also known as BIR-containing protein 6, Bruce or Apollon) is a giant 528 kDa highly
conserved protein that has been implicated as a modulator of the intrinsic apoptotic pathway
promoting cell survival. The apoptosis inhibitory functions of BIRC6 is mediated by its ability
to bind to caspases through its BIR domain. In humans, BIRC6 has been shown to be involved
in the generation of chemotherapy resistance in cancer cells [43]. In vitro studies have shown its
ability to ubiquitylate DIABLO and consequently cause hindrance to apoptosis caused by
DIABLO [44]. In addition, BIRC6 also binds to pro-CASP9 and inhibits its cleavage and activation
[45]. The expression of BIRC6 in cancer has been investigated in a number of recent studies. For
example, an up-regulation of BIRC6 has been found in gliomas that are resistant to treatment
[43] and in pediatric ALL [46], where its over-expression appears to be associated with poor
overall and disease free survivals. Gene copy number gains and increased expression of BIRC6
in primary NB specimens have been shown the silencing of BIRC6 leads to cell death in the NB
cell line SKNSH [47]. Importantly, these studies have demonstrated that in neuroblastoma cells,
BIRC6 binds to DIABLO and that DIABLO levels increase upon silencing of BIRC6, indicating
a mechanism for the degradation of cytoplasmic DIABLO by BIRC6.

5. Targeted drug development
Experimental evidence regarding the role of the BCL2 family of proteins in the intrinsic
apoptotic pathway of NB led to the evaluation of agents that are BH3 mimetics. These drugs
compete with BH3 domains for interaction with the apoptosis inhibitors and prevent the
inhibitors from sequestering the pro-apoptotic members [Reviewed in 48]. Prominent among
these are ABT-737 and it’s orally bioavailable analog, ABT-263. These small molecule inhibitors
bind to BCL2, BCL2L1 and BCL2L2 with high affinity and induce apoptosis as single agents
or in combination with chemotherapeutic agents based on the priming status of the inhibitors
[49]. Studies by Klymenko et al showed that ABT-737 sensitizes NB cells to clinically relevant
cytotoxic agents under normoxic conditions and maintains its activity under hypoxia, when
tumor cells show resistance to these agents [49]. Using a BH3 profiling approach with mito‐
chondria isolated from NB cells, Goldsmith and colleagues have demonstrated that such
profiles can accurately predict whole cell sensitivity to small molecule BCL2 family antagonists
and may be useful in predicting response to agents, thereby targeting chemoresistance in NB
[50]. Several studies have evaluated the mechanisms of potential emergence of resistance to
ABT-737. MCL1 has been shown to confer resistance to ABT-737 because of the reduced affinity
of ABT-737 for MCL1. Studies by Lestini, and co-workers have shown that in NB cells,
resistance to ABT-737 can be overcome by MCL1 knockdown [51]. Currently, available data
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suggest the utility of effective target identification on tumor specimens to stratify responders
and the formulation of drug combination regimens with MCL1 antagonists to enhance the
clinical effectiveness of agents such as ABT-737 in future clinical trials [51, 52 ]. Compared to
many NB cell lines, NB tumor specimens expressed high BCL2 [53]. The anti-tumor activity of
ABT263 against cell lines with high BCL2 cell lines suggested the potential of targeting BCL2
for effective therapeutics [53].
Agents that target IAPs have also been evaluated in preclinical models of NB. Generally, two
distinct approaches are being taken in the development and identification of effective inhibi‐
tors of IAP: antisense oligonucleotides and small molecular weight inhibitors [54]. Antisense
oligonucleotides against XIAP and BIRC5 are already been evaluated in preclinical and early
phase clinical trials for adult malignancies. YM155 (1-(2-Methoxyethyl)-2-methyl-4,9-dioxo-3(pyrazin-2-ylmethyl)-4,9-dihydro-1H-naphtho[2,3-d]imidazolium bromide) has been shown
to inhibit BIRC5 expression in a dose and time dependent manner leading to the activation of
caspases in a variety of tumor models. Currently, YM155 has been evaluated in early phase
clinical trials for adult tumors [55]. The effect of YM155 against a panel of NB cell lines have
been examined, which showed that YM155 induced effective cytotoxicity in 14 of the 23
neuroblastoma cell lines, with an IC50 in the low nM range, although a direct correlation
between the IC50 values in individual cell lines and extent of BIRC5 expression was not noted
in this study [56]. However, mRNA array studies identified the expression of ABCB1 (MDR1)
as the most predictive gene for the generation of resistance to YM155 and it was possible to
sensitize resistant cells by ABCB1 knockdown.
Recently, a number of innovative screening approaches have been attempted to identify agents
and drug combinations that target apoptotic pathways in NB. Tsang and colleagues have used
a synthetic lethal screen approach to discover targets for effective therapeutic combinations with
topotecan [57]. Their studies have found a number of genes whose suppression synergized with
toptecan to enhance cell death. Notable among these were the NF-κB target genes. Further‐
more, in drug combinations, known NF-κB inhibitors such as bortezomib were also found to
induce caspase- 3 activity in NB cell lines and delay tumor formation in xenograft mouse models.
Specific molecular aberrations in NB and associated anti-apoptotic changes have also been used
in drug screening studies. Recently, Zirath et al. have screened a library of 80 cytotoxic com‐
pounds to identify those that preferentially targeted the cells with MYC over-expression [58].
These studies have shown that MYC also increases sensitivity to targeted inhibition of certain
cellular mechanisms including the activity of topoisomerases and the mitotic control machi‐
nery. In addition to cell lines, methods to screen for agents that selectively target patientderived stem-like or tumor-initiating cells (TICs) have also been described [59]. The dequalinium
analogue, C-14 linker (DECA-14), and rapamycin showed selective inhibition of NB TICs in vitro
and a reduction in xenograft tumor growth and tumor initiating capacity.

6. Discussion
In comparison to the progress made in the treatment outcomes of a number of common
pediatric malignancies, the survival rates of children diagnosed with NB with unfavorable
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biological features still remains unacceptably low. Hence, in the recent past a significant
amount of research effort has been focused on the development of effective novel therapeutic
approaches for the treatment of these children. With the application of cutting edge molecular
technologies, recent years have seen a significant advancement in new knowledge regarding
the complex molecular components and pathways involved in the diversity, growth, survival,
differentiation, metastasis and treatment resistance of this disease. It is becoming evident that
the over-expression of oncogenic survival factors and effective interference with normal cell
death pathways appear to be key strategic characteristics of aggressive NB. As details of the
components, role and regulators of the intrinsic apoptotic pathway in cancer emerge, it is
expected that newer agents and novel therapeutic approaches, especially those with mecha‐
nistically validated drug combination regimens, will be developed for the treatment of
refractory NB. In addition, the advent of molecular screening techniques such as Whole
Genome Sequencing and Comparative Genomic Hybridization arrays may facilitate the
screening of NB specimens from individual patients in high-throughput approach for target
validation to advance future individualized therapeutic regimens.
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Figure 1. Schematic representation of key events of intrinsic apoptotic pathways.

The intrinsic pathway is triggered by stimuli from cytotoxic stress which leads to the upregulation of BH3 only proteins and consequently the mitochondrial translocation and
oligomerization of BAX/ BAK. This results in the release of cytochrome c which then binds to
the pro-apoptotic factor Apaf-1 to form apoptosomes. Aptoptosomes then activate caspase-9,
which in turn leads to the activation of caspases-3, 7 and subsequently to apoptosis. This
process can be regulated by XIAP. In addition, the mitochondrial activation also leads to the
release of SMAC /DIABLO which promotes apoptosis by directly interacting with IAPs and
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disrupting their ability to inactivate the caspases but itself can be modulated by BIRC5. In
addition to IAPs, mitochondrial apoptosis can also be inhibited by the anti-apoptotic BCL2
family members such as BCL2, MCL1 and BCL-XL. The points at which different targeted
agents may interfere with their activities are also indicated.
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1. Introduction
Neuroblastoma (NB) is the most common extra-cranial tumor of childhood with more than
600 new cases per year in the United States. The clinical presentation is heterogeneous and
dependent on age at diagnosis, staging, histology, and alterations such as MYCN amplification
and chromosome 1p loss or 17q gain. High-risk patients with evidence of metastases have an
overall survival rate of less than 40% despite intensive multimodality treatment. This high‐
lights the urgent need for new therapeutic intervention strategies. However due to NB
characteristic molecular features, in about 10% of patients with metastases, tumors disappear
by apoptosis [1].
In the search of new anticancer agents with increased chemotherapeutic spectrum, and lower
toxicity, new substances based on metals have shown initial promising results. Casiopeínas®
(Cas) are a family of compounds with a central Cu2+ core atom and an amino acid acidates or
α, β-diketonates to seem give them tumor specificity [2]. To date, their action mechanisms are
still not completely understood. A possible mechanism may be envisaged however, since it
has been described that metals such as Copper and some complexes of them, participate in
redox reactions that may generate reactive oxygen species (ROS) including Hydrogen peroxide
(H2O2), hydroxyl radical (HO●) and superoxide (O2-●) [3] that are probably the main factors,
leading to apoptosis in cells exposed to these anti-tumor compounds [4-6]
Programmed cell death is an important process for the regulation of different pathways such
as cellular homeostasis, embryonic development or regulation of the immune system [7-9].
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Apoptosis, a form of programmed cell death, is a highly cotrolled process which includes
several well-characterized morphological changes, like membrane blebbing and cell shrink‐
age, chromatic condensation and nuclear fragmentation [10].The induction of apoptosis may
involve either extracellular triggering signals as tumor necrosis factor or endogenous signals
such as a cytochrome c (cyt C) release [11], followed by caspase-and endonuclease-activation
[12], resulting in the disassembly of nuclear chromatin and degradation of oligonucleosomal
DNA.
Several studies have identified other cell death programs clearly distinct from apoptosis [13],
and even if we know they are genetically regulated and often have morphological features
resembling necrosis, their underlying molecular mechanisms remain unclear. Autophagy is a
process that regulates the amount of cell death that occurs in response to specific stimuli like
blocking apoptosis after growth factor depletion [14-15] or external insults as DNA damaging
agents [16] protecting against caspase-independent death [17] and also by the action of a large
variety of anticancer drugs [18].

2. Casiopeínas, a new compound against cancer
Copper is an essential transition metal involved in diverse biological functions, quite especially
in redox balance processes [19]. Due to its properties, Copper and its complexes have the ability
to catalyze the generation of ROS by means of the Fenton reaction [20]. This process might
cause oxidative modification of cellular components like lipids, DNA and proteins, thus
disturbing the redox balance and interfering with the redox-related cellular signaling path‐
ways [21].
Casiopeínas is a family of new antineoplastic agents that have been synthesized, characterized
and patented in base of chelated Copper (II) complexes. Their general formula is [Cu(N–N)(aL-aminoacidate)]NO3 and [Cu(N–N)(O-O)]NO3, where the N–N donor is an aromatic substi‐
tuted diimine (1,10-phenanthroline or 2,20-bipyridine) and the O-O donor is acac or salal
(Figure 1). The underlying hypothesis is that nature, number and position of the substituents
on the diimine ligands, and modification of a-L-amino acidate or O–O donor will have an effect
either on the selectivity or on the degree of biological activity shown by the mixed ternary
Copper (II) complexes. Chemical data for Casiopeínas are: Cas IIgly [elemental analysis data:
calculated (%) for CuC16H16O5N4 2H20 (443.90 g/mol)]: C, 43.29; N, 12.62; H, 4.54. Found (%):
C, 43.59; N, 12.61; H, 4.52); Cas IIIia [(elemental analysis data: calculated (%) for
CuC17H19O5N3 2H20 (444.93 g/mol): C, 45.89; N, 9.44; H, 5.21. Found (%): C, 46.59; N, 9.80;
H 4.93)] and Cas IIIEa [(elemental analysis data: calculated (%) for CuC19-H19O5N3 H20
(450.94 g/mol): C, 50.61; N, 9.32; H, 4.69. Found (%): C, 51.37; N, 9.40; H 4.46)] [22].
Cas have been tested, both in vitro and in vivo, and have shown cytotoxic, genotoxic [23] and
antitumor activity [5, 24]. Cas have been shown good therapeutic indexes in human ovarian
carcinoma (CH1), murine leukemia (L1210), AS-30D rat hepatoma, cervix-uterine (HeLa),
breast, colon (HCT40) carcinomas, murine glioma C6, and human medulloblastoma (Daoy)
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Figure 1. Structures of Casiopeínas.(a) Cas IIgly [Cu (4,7-dimethyl-1,10-phenantroline) (glycinato) (H2O)] NO3; (b)
Cas IIIia [4,4’-dimethyl-2,2’-bipiridina) (acetylacetonato) (NO3)]. (c) Cas IIIEa [Cu (4,7-dimetyl-1,10-phenantroline) (ace‐
tylacetonato) (H2O)] NO3

and neuroblastoma (CHP-212 and SK-N-SH) cells [25-29]. As well as in animal tumor models
such isolated rat hearts [30], dogs [31-32], and nude mice models [5].
The precise mechanism of action for each Cas is still not completely understood and a detailed
description of the events that lead to cell death remains unexplained. However, there is evidence
that supports that these compounds are able to inhibit cell proliferation and produce cell death
by apoptosis by means of mechanisms dependent of caspases activation and independent of
caspases throughout ROS generation [24, 26, 29]. It has been shown that Cas are able to block
oxidative phosphorylation and to bind DNA by adenine and thymine interactions [33-35], and
computational modeling has been done in order to explain such an interaction [36-37]. This
suggests that there is more of than one biochemical action mechanism for Cas.

3. Apoptosis by means of Casiopeínas in neuroblastoma
According to previous research results of our group, neuroblastoma cell lines CHP-212 and
SK-N-SH have showed that Cas IIgly, IIIia and IIIEa, were active even at very low concentra‐
tions (8 μg/ml) when compared to cisplatin, their more efficient competing treatment [29].
These NB cells also showed a differential sensitivity for every Cas treatment and cell lineage
at 24 h. This last finding may be due a selectivity given for the specific ligands in the Copper
core. For instance, Cas IIgly and Cas IIIEa contain the same imine (4,7-dimethyl,1,10-phenan‐
throline) with a different charged ligand (glycine vs acetylacethonate). Then Cas IIIEa turned
out to be more active for CHP-212, whereas Cas IIgly is more active for SK-N-SH cell line.
Cellular origin of NB cell lines or even the lack of caspase-8 cleaved expression [38], are features
that may define the behavior of NB towards Cas.
Since caspase-8 is commonly silenced in NB, mitochondrial apoptosis is the preferential route
to apoptotic cell death, which may involve endogenous process such as cyt C release from
mitochondria, resulting in disruption of the mitochondrial transmembrane potential (Δψm)
[39]. This event generates a reduction in ATP levels with an influx of ions that leads to
decreased mitochondrial activity, and opening of the mitochondrial permeability transition
pores [40]. This is an essential component for caspase-3 activation [41].
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Under stress conditions such as those produced by Cas, the cell could promote several survival
Stimuli, one of them is expression of the Bcl-2 family of proteins. Even when Bcl-2 protein is
found in the cytoplasmic fraction of treated cells, its expression does not result enough to stop
the apoptotic process. In contrast, the expression of the well-known apoptosis promoter Bax
is decreased in neuroblastoma cells treated with Cas. Casiopeínas then possess several
mitochondrial targets in NB. The main effects of these is production of ROS that in turn provoke
Δψm loss, with an augmented Bcl-2 and cyt C release and a massive entrance of Bax protein.
By considering, all this body of evidence together we may support the position that the
apoptotic pathway favored by Casiopeínas in NB is the intrinsic route [29].

4. Autophagy and Copper compounds in neuroblastoma
Autophagy is a dynamic process that involves the arrest of cytoplasmic portions and intra‐
cellular organelles in large double-membrane vesicles (autophagosomes). When these vesicles
are fused with lysosomes they generate autophagolysosomes and mature lysosomes, where
the arrested material is degraded, inducing cell death [42-43].
Constitutive autophagy enables the physiologic turnover of intracellular components, thus
playing an important function in cell homeostasis. However, autophagy can be rapidly
induced as a defensive stress response [44-45]. Although apoptosis and autophagic cell death
present distinct morphological features among themselves, the two pathways overlap at the
level of various signaling steps and may converge and be integrated at the level of the same
organelles (i.e. the lysosome and the mitochondrion) [48].
Another molecule involved in the autophagic process is the cytoplasmic form of LC3-I, which
during the formation of autophagosomes is cleaved and liquefied to give rise to the membra‐
nous form LC3-II. The expression levels of LC3-II can be used to estimate the abundance of
autophagosomes before they are degraded by lysosomal hydrolases and the subcellular
localization of LC3 redistributes from a cytosolic diffuse pattern to punctuate staining in
vacuolar membranes when autophagy is induced. Increased autophagic activity is then
reflected by the enhanced conversion of LC3-I to LC3-II.
In a model of rat glioma C6 treated with Cas IIIia were found augmented levels of LC3,
particularly of LC3-II, leading to an increased ratio of LC3-II/LC3-I. These results indicate that
Cas IIIia induced autophagy promoters such as LC3-II and Beclin-1 [47]. When autophagy was
subsequently prevented with 3-methyladenine (3-MA), localization of LC3 at the autophago‐
somal membrane was inhibited and tumor cells were rescued from cell death [48]. Meanwhile,
when neuroblastoma cells (CHP-212) were treated with Cas IIgly, Cas IIIia, Cas IIIEa and
cisplatin, LC3-II increases protein at 2 h and 10 h were observed. However at 24 h this molecule
was absent, indicating that there was another event different to cellular death [50].
Beclin-1 is a clue regulator of autophagy that directly interacts with Bcl-2, because when they
are bound, Beclin-1 is incapable of activating autophagy. However, autophagy is induced by
the release of Beclin-1 from Bcl-2 by pro-apoptotic BH3 proteins, Beclin-1 phosphorylation by
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DAP kinase (DAPK), or Bcl-2 phosphorylation by JNK [50-51]. Conversely, over-expression of
Bcl-2 or Bcl-XL can inhibit autophagy [52-54]. Another Beclin-1-dependent mechanism by
which apoptosis can inhibit autophagy is through caspase-3 cleavage of Beclin-1 to produce a
truncated protein that is unable to promote autophagy, thus leading to the overall inhibition
of autophagy [55].
Depending of the status of caspase-3, neuroblastoma cells may switch between autophagic and
apoptotic cell death. It was found that a targeted toxin kills glioma cells via a caspase-inde‐
pendent mechanism, and when autophagy is inhibited, this increases (modestly) the amount
of death, but changes dramatically the mode of death by allowing the toxin to activate caspases.
These data show that autophagy can alter the way cells die, not just whether they die or not [56].
Autophagy in cells treated with Casiopeínas may be result of a diminished effect of this
compound that on low doses may not be efficient enough to produce apoptosis. Thus,
caspase-3 activity was found in neuroblastoma cells, yet at very early times (2 and 4 h); whilst
at 24 h this protein was totally absent [29]. This event is probably seemed to point out that low
doses of Cas treatments enable the physiologic turnover of the tumoral cells. In a model of C6
rat glioma cells treated with low doses (5-10 μg/ml) of Casiopeína IIIia, effects at 24 h were
also compatible with autophagic features [32].

5. The role of ROS in apoptosis and autophagy in NB
Among several effector mechanisms are involved in the control and regulation of cell death
pathways, including autophagy and apoptosis, it seems that the starting point is related with
changes in the cellular redox status. In the cell, this stage is determined by the balance between
rates of production and breakdown of ROS, including free radicals such as superoxide,
hydroxyl radical and non-radicals capable of to generate free radicals (i.e., H2O2) [57 ].
A deeper understanding of the mechanisms linking the oxide-radicals-induced autophagy
response to cell death pathways, may suggest new therapeutic strategies for the treatment of
oxidative stress-associated diseases and phenotypic conditions. For instance, apoptosis
observed with Cas treatments, might be the result of one or several events which lead to this
final effect: these signals could be mediated by generation of ROS [23-24, 29], by mitochondrial
toxicity [58], or both, and might play –either alone or cooperatively- an important role in the
regulation of cell death induced by this type of complexes. Several studies have shown that
inhibition of cell proliferation and DNA degradation [59-60]) in the presence of reducing agents
is simultaneous to ROS generation, suggesting that DNA oxidation observed on cells might
also be triggering cell death.
Exposure of C6 glioma cells to Cas IIIia resulted in cell death, with structural and biochemical
features consistent with autophagy and apoptosis. Furthermore, the involvement of ROS
generation and JNK activation, were showed to be the main features of the autophagic and
apoptotic pathways [47]. Hydrogen peroxide reacts with the superoxide radical to constitute
itself into a non-radical reactive species. Even toughH2O2 is less reactive than radical oxygen
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it can produce higher levels of cellular damage. Since it hydrolyzes metals -specially iron Fe(II)
and Copper Cu(I)- giving rise to Fenton reactions, a phenomenon already documented in Castherapy [6, 58].
On the other hand, it has been reported that low H2O2 concentrations (as low as 100μM), are
able to induce several events including morphological cell changes, DNA fragmentation and
caspase-activation in leukemia cell lines [61]. For this reason H2O2 increase by Cas treatment
might be implied, either in apoptosis induction or participating as a substrate in Fenton’s
reaction, producing hydroxyl radical which is a highly reactive and affecting different
biomolecules, which not only may cause an apoptotic process but also secondary necrosis. ROS
increase could then promote p53-mediated increase of both Bax messenger and protein,
implicating cyt C release and consequently promoting caspase-3 activation [62]. In neuroblas‐
toma cells, Cas treatments can induce ROS expression that in turn is related with mitochondrial
apoptosis [29].
Superoxide radical is produced when molecular oxygen accepts an electron which remains
unpaired. Within the cell this process takes place mainly in the mitochondria, since as a
consequence of metabolism, oxygen receive transported electrons [63]. Superoxide synthesis
is increased by the influence of factors as radiation or chemicals like pharmaceutical drugs and
narcotics. Treatment by Cas increase the concentrations of superoxide thus promoting an
unusually high oxidizing environment. This highly oxidant environment cannot be regulated
by means of the usual antioxidant defense mechanisms of the cell [6, 23]. For this reason
oxidative stress appears, thus damages biomolecules, in particular mitochondrial DNA [58].
As a consequence, cells die via the intrinsic route to apoptosis [29, 49]
Previous findings suggest that Copper–phenanthroline complexes react in a redox-cycle with
thiols and H2O2, resulting in ROS production [64]. On the other hand, glutathione (GSH)
indexes haves been related directly to apoptosis due to the ROS expression. In order to
maintain the basal concentrations of GSH in the cell, glutathione reductase (Grd) reduces GSS
to GSH [65]. Intracellular GSH decrement is thus related to ROS production, because the
sulphydril group of Cas is charged in order to trap reactive species that forms a coordinated
covalent link with the metal, thus reducing GSH to GSS, by means of a nucleophilic substitution
reaction. Platinum is, in the other hand, a soft metal which has affinity to soft donors like those
in glutathione’s cysteine group. This link may be the mechanism by which the cells eliminate
cisplatin. Such processes are implied in producing the low levels of GSH detected in both cell
lines after cisplatin treatment, since elimination of cisplatin related to GSS avoids Grd regen‐
eration of the basal levels of GSH. This effect has been reported in several neoplasic lines after
the treatment with cisplatin [6, 58].
In fact, Copper has been reported as reacting with GSH to form a stable complex [58]. Never‐
theless, it is not clear if this is the elimination mechanism for Cas, or if this complex interferes
with the process of GSH regeneration. Decrease in intracellular levels of GSH has been reported
in murine melanoma and pulmonary cancer cells treated with Cas IIgly, since Cas catalyzes
Fenton’s reaction and GSH acts catching the produced ROS [6, 29, 58]. These results allow us
to explain the decreased intracellular levels of GSH resulting after treatment with Cas. This
comes as a result of a pro-oxidant atmosphere, which could be produced since Fenton’s
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reaction is catalyzed through the active Copper core in Casiopeínas. Our results support the
hypothesis that, under certain conditions, GSH can be a substrate for pro-oxidant reactions in
the cell. CasII gly has been previously shown to interfere directly with the mitochondrial
respiratory chain, another effect that could account for an increase in ROS [66]. However, both,
delayed ROS burst and mitochondrial depolarization observed by flow cytometry, support
Cas IIgly-mediated indirect effects, i.e. GSH depletion and disruption of the mitochondrial
respiratory chain due to mitochondrial DNA damage. Given the fast drop in GSH levels, such
delay may be due to the ability of the cells to initially control ROS levels, including O2-● and
HO●; however, after some time this ability results exhausted.
The activation of either the pro-survival or the pro-death pathways by oxidative stress depends
on the type of ROS and the site of its generation [65, 67], the dose and length of exposure, as
well as on the genetic and metabolic background of the target cell [68-73]. Understanding the
mechanisms linking the oxide-radicals-induced autophagy response to cell death pathways
could suggest new therapeutic strategies for the treatment of neuroblastoma.

6. Pathways and biological processes
As we have seen the action mechanisms of Cas-based chemotherapeutics involves system-level
interactions of a number of biochemical processes in the cell, including apoptosis, autophagy,
and response to oxidative stress as main motifs; but also involving (to some extent) signaling
pathways such as NGF, SCF-KIT, interleukins, and FGFR. Immune response processes
involving interferon (alpha/beta), PI3K/AKT; as well as B-cell activation and phosphorylation
cascades. With so many complex processes interacting one may wonder what the driving
forces (and what the ‘side-effects’) are.
In order to acquire a closer understanding of these processes, we performed computational
and data-mining analyses in both protein-protein interactions and biochemical pathway
enrichment. Particular emphasis has been paid to molecular interactions related with the turnover between apoptosis and autophagy since these are the main mechanisms of cell death
observed in NB cells after Cas treatment.
6.1. Protein interaction networks
Computational mining in protein-protein interaction databases (String) was performed in a
curated list of molecules associated with apoptosis. The results may be seen in Figure 2. Panel
A presents the associated protein-protein (physical) interaction network. Panel B renders a
visualization of the same network color- and size-coded according with their connectivity
degree: big red circles represent protein that are highly connected within such network (i.e.
proteins that may interact in a large number of macromolecular assemblies and other func‐
tional roles) while small green nodes are less connected proteins.
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Figure 2. Protein interaction network of apoptotic molecules Panel A displays the protein-protein (physical) inter‐
action network for molecules playing a role in apoptotic processes. Panel B renders a visualization of the same net‐
work color- and size-coded according with their number of known interactions. Big, red circles are thus highly
interacting apoptotic molecules.

One may hypothesize that highly connected proteins (or hubs) perform central roles in their
corresponding biochemical pathways [73]. In fact, by considering the hubs in Figure 2 B we
may see this. Molecules such as TP53, TNF, BCL2, NFKB1, BAX, MAPK8, BCL2L1, CASP3,
APAF1, FAS, TRAF2, STAT1, TNFRSF1A, MYC, STAT3, RELA, and CASP8 seem to be the
main players in the pro-apoptotic/anti-apoptotic molecular switching. These general trends
may vary from one tissue/phenotype to another (for instance CASP8 is usually absent or mildly
expressed in NB cells) yet their compact interaction structure allows for biological robustness,
as displayed for instance in the complementary roles of intrinsic and extrinsic apoptosis.
A similar analysis was performed for molecules associated with autophagy; in Figure 3 we can
see the protein interaction network for these molecules. Again panel A shows the proteinprotein network. Panel B also displays the network color- and size-coded according with the
individual connectivity degree. The key players in this process seem to be MTOR, TP53,
UBA52, BCL2, BECN1, AKT1, FAM48 A, and to a lesser extent PTEN, ULK1, PIK3C3, ATG5,
HSP90AA1 and JUN. Interestingly enough this network is not so densely connected as the one
corresponding to apoptosis (Figure 2) a fact that may result in important outcomes: the
network is less robust to removal of one of its key players hence the regulatory mechanisms
should be more strict. This may be a reason for apoptosis (and not autophagy) as the main
mechanism of cell death.
Given the fact that treatment by Casiopeínas in NB may involve a turn-over between apoptotic
and autophagic cell death, it results appealing to analyze the protein interaction network of
molecules common to both processes since these molecules may serve as switches between
both regimes. In Figure 4 we can see the depiction of a (much simpler) protein interaction
network involving molecules related both to apoptosis and autophagy: main players in both
processes are BCL2, TP53, and AKT1 with TNFSF10, TRAF6, BNIP3 and BECN1 also associ‐
ated. Again, response to oxidative stress, DNA damage and cell signaling are represented in
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Figure 3. Protein interaction network of autophagic molecules Panel A displays the protein-protein (physical) in‐
teraction network for molecules playing a role in authphagy. Panel B renders a visualization of the same network col‐
or- and size-coded according with their number of known interactions. Big, red circles are highly interacting
autophagic molecules.

this set. Especially intriguing results the role of AKT1 since it is known that some survival
factors, induce transcription-independent anti-apoptotic behavior by activation of the onco‐
gene-homolog RAC. AKT1 in turn, phosphorylates inactivating components of the apoptotic
machinery.

Figure 4. Protein interaction network of molecules involved both in apoptotic and autophagic pathways Mole‐
cules are again size and color-coded according with the number of interactions. The role of BCL2, TP53 and AKT1 as
strongly interacting molecules centrally-involved both in apoptosis and autophagy may point to these molecules as
concertators for the transition between these processes.
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6.2. Coupled biochemical pathways
After considering physical interactions between proteins related both to apoptosis and
autophagy, we may wonder which are the most common cellular processes involving such
molecules. Resorting to data-mining and enrichment analyses in the REACTOME database we
found the following pathways (see Fig.4).

7. Conclusions
In the search for new keys to undermine neuroblastoma, our knowledge of the pathways
limiting tumor growth, as well as a deeper understanding of the molecules involved in these
processes result essential. Based on years of research, our experience is that chemotherapeutic
interventions based in Copper compounds as an essential metal, have opened new possibilities
to understand not only the pharmacology but indeed some of the biology behind neuroblas‐
toma's behavior. In this sense, we consider of extreme importance to understand, for instance,
how Casiopeínas affect neuroblastoma cells in such a way that they finally undergo cellular
death by apoptosis, or either -in what resembles a failed attempt of cellular rescue- resort to
autophagy. By identifying key molecules for these processes by means of functional genomics
and similar analyses we may be able to determine if there are other routes involved in
neuroblastoma's final-fate decision processes.
With regards to apoptosis associated molecules, these also take part in biological functions
such as: NGF-signaling (TRIB3, MAPK7, RAF1, PRKAR1A, MDM2, BCL2L11, DUSP6,
NFKBIA, NGFR, RIPK2, BRAF, NGFRAP1, MYD88, MAPK8, NFKB1, AKT1, PIK3R1, CASP9,
CHUK, GSK3B, SRC, CASP2, MLLT7, AKT3, FOXO1A, STAT3, FOXO3A, MAGED1, TRAF6,
MAPK1, BAD, CDKN1A, RELA, CASP3, HRAS, NTRK1, AATF, YWHAE, NGFB, GRB2),
Interleukin-signaling (IL6ST, IL18, STAT5A, RAF1, IL3, CARD15, CSF2RB, HRAS, RIPK2,
MYD88, STAT5B, NFKB1, STAT1, PIK3R1, CARD4, CHUK, IL1A, JAK1, IL2RG, IL6, STAT3,
CASP1, TRAF6, IL1R1, MAPK1, GRB2, IL7), SCF-KIT signaling (BAD, TRIB3, CDKN1A,
STAT5A, RAF1, MDM2, HRAS, STAT5B, AKT1, STAT1, PIK3R1, CASP9, CHUK, GSK3B,
SRC, MLLT7, FOXO1A, AKT3, STAT3, FOXO3A, MAPK1, GRB2) and activation of BAD and
translocation to the mitochondria (BAD, AKT1, BCL2, BID); amongst others (full enrichment
analysis –more than 500 statistically significant (p<0.05) processes- available upon request).
In the case of autophagic molecules, they also participate in the following biological processes:
PI3K/AKT activation (PTEN, PDK1, Lst8, FoxO3, PKB, FoxO1, MTOR), adaptive immune
system (TAK1, ATG5, LRSAM1, BCL2, ATG7, ATG12, PKR, Rab7, PDK1, FoxO1, CD46,
HMGB1, PTEN, RAGE, JNK1, FoxO3, Lst8, Vps34, PKB, TRAF6, MTOR), as well as in the
regulation of apoptosis (JNK1, BCL2, ZIPK, PKB, TRAIL, HMGB1, DAPK) by activation of
BAD and translocation to mitochondria (BCL2, PKB) also among many others [full enrichment
analysis of more than 200 statistically significant (p<0.05) pathways available upon request].
One interesting case for study in the analysis of apoptotic and autophagic pathways as an effect
of Cas therapy, is the biochemical processes (other than apoptosis and autophagy) involving
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apoptotic/autophagic molecules, these involve autodegradation of the E3 ubiquitin ligase
COP1 (ATM, TP53) related to DNA damage repair, NOD-like receptor signaling (BCL2,
TRAF6) closely associated with inflammatory processes, and immune system preparation
(AKT1, BCL2, SUMO1, TRAF6, ATG5). In all the biological response of NB to treatment with
Cas seem to involve oxidative stress causing immune response, cytokine inflammation and
DNA damage leading to cell death initiation either by apoptosis or autophagy depending on
the specific kinase signaling present.
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1. Introduction
Neuroblastoma (NB) is a pediatric tumor that arises from peripheral nervous system. The
clinical presentation of NB is highly heterogeneous, ranging from asymptomatic tumor masses
requiring little, if any, treatment to metastatic disease requiring intensive multimodal therapies
(see [1] for review). Also the outcome of NB patients is highly variable. The 5-years overall
survival ranges from 98-100% for stage 1 infants without MYCN amplification to less than 20%
for children with stage 4 MYCN amplified tumors [2]. The main prognostic factors are indeed
stage, age at diagnosis and MYCN oncogene status [3].
At diagnosis, about 50% of cases present metastatic spread that mainly involves vascularized
tissues, such as bone marrow (BM) and bone. According to the International Neuroblastoma
Staging System (INSS [4]), patients with metastatic disease are categorized as stage 4, whereas
in the absence of metastatic spread patients are categorized as stage 1, 2 and 3, depending on
the extent of the primary tumor (within or across the midline), the involvement of ipsilateral
or controlateral lymph nodes, and the surgical possibility of resection. Recently, the INSS has
been replaced by the International Neuroblastoma Risk Group-Stage System (INRG-SS) based
on image-defined surgical risk [5]. According to the INRG-SS criteria, patients with metastatic
spread have stage M disease, while patients with localized disease have stage L1 or L2,
depending on the level of surgical risk.
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2. Role of bone marrow infiltration in staging of NB patients
Since the spread of tumor cells to the BM is a grim prognostic indicator for patients with NB,
the search for BM infiltration is of utmost importance for both staging and therapeutic
purposes. According to the INSS, presence of metastases is assessed by appropriate imaging,
including 123I-MIBG scintigraphy, and morphological examination of both BM smears and
trephine biopsies [4]. In spite of the limited sensitivity of morphological analysis, alternative
methods for NB cell detection, such as flow cytometry, immunocytology (IC) and reverse
transcription-polymerase chain reaction (RT-PCR) for markers selectively expressed in NB
cells, are not included into the staging system. The reason for this choice depends on the good
survival rate of children with localized NB [2], suggesting that, even if present, few circulating
tumor cells are not clinically relevant. Only few patients with localized NB, in fact, relapse or
die of the disease. Therefore, the introduction of more sensitive methods for the detection of
BM-infiltrating NB cells may cause inappropriate overtreatment of patients with localized NB,
resulting in unnecessary toxicity and long term side effects. These sensitive methods, however,
are currently evaluated in ongoing clinical protocols for patients with metastatic disease for
their potential prognostic value.

3. Sensitive methods for detection of neuroblastoma cells in BM samples
3.1. Flow cytometry
Total cells from BM aspirates are incubated with a monoclonal antibody (mAb) directed
against a neuroblastoma specific antigen, as the disialoganglioside GD2, and with a mAb
specific for the hematopoietic cells, as the pan leukocyte CD45, each one labeled with a different
fluorochrome. After removal of the unbound mAbs and erythrocyte lysis, samples are
analyzed in a flow cytometer. The GD2-positive CD45-negative cells, shown in Figure 1, are
considered BM-infiltrating NB cells and their number relative to the total hematopoietic cells
can be determined.
3.2. Immunocytochemistry (IC)
Ficoll-purified mononuclear cells from BM aspirates are spotted onto slides that are fixed and
then incubated with an anti-GD2 mAb. After stain development, the stained GD2-positive cells
can be counted by light microscopy, relative to a given number of total mononuclear cells.
Standardized conditions for IC analysis and reporting have been developed [6]. An example
of a BM slide with GD2-positive cells is shown in Figure 2.

4. Molecular analysis (qualitative and quantitative RT-PCR)
BM aspirates from the iliac crests are stored in tubes containing RNA preservative. Total RNA
is then extracted and reverse transcribed (RT). For qualitative PCR analysis, the cDNA is
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amplified for 35 cycles in a thermal cycler with primers specific for NB related markers, such
as Tyrosine hydroxylase (TH) [7], GD2 synthase [8], PHOX2B [9], and for a housekeeping gene
(GAPDH, β2-microglobulin). An aliquot of each PCR reaction is then loaded onto a 2% agarose
gel and electrophoresed. The amplification products are visualized by staining with ethidium
bromide. A sample is considered positive for the tested gene if an amplification product of the
expected size is present, a sample is considered negative if product for the tested gene is absent
and the product for the housekeeping gene is present, as shown in Figure 3.

Figure 1. Cytofluorimetric analysis of BM cells from a patient with stage 4 NB, showing the presence of GD2-CD45+
normal hematopoietic cells (upper left panel 74% of total cells) and GD2+CD45- NB metastatic cells (right bottom
panel 26% of total cells).
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Figure 2. Immunocytological analysis of a BM smear from a patient with stage 4 NB, showing the presence of rosettes
of NB cells stained in red and normal unstained hematopoietic cells (Magnification 20X).

Figure 3. Representative agarose gel electrophoresis of PCR products. Samples 1, 2 and 7 are positive for TH expres‐
sion, whereas samples 3, 4, 5 and 6 are negative. M: molecular weight DNA markers.

For quantitative analysis (qPCR), the cDNA is amplified for 40 cycles in triplicates in a realtime thermal cycler, using primers specific for a NB related marker and for a housekeeping
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gene, in the presence of specific probes labeled with different fluorochromes. If a cDNA specific
for the NB marker is present, at each amplification cycle the probe-specific fluorescence is
released and detected by the instrument. At the end of 40 cycles, the cycle at whom the released
fluorescence overcomes the threshold is used to quantitate, through an algorithm [10], the
relative amount of the NB-specific amplified product. An example of quantitative analysis is
shown in Figure 4. Standardized conditions for RT-qPCR analysis and reporting have been
developed [11].

Figure 4. Representative amplification plots showing fluorescence amounts in relation to the number of cycles. Curves
of the same color correspond to the replicates of the same sample. On the right side of the figure the plate layout is
displayed.

4.1. Sensitivity, specificity, diagnostic accuracy and prognostic values of different detection
methods
The sensitivity of morphological analysis is approximately 1 NB cell out of 103-104 for smear
and bone trephine biopsy, respectively [12]. Sensitivity of flow cytometry, immunocytochem‐
istry and molecular analysis is evaluated in spiking experiments by mixing logarithmic
dilutions of a NB cell line with fixed amount of mononuclear cells from a healthy donor.
Sensitivity of flow cytometry is 1 out of 104 cells [13], whereas that of both IC and RT-qPCR is
1 out of 106 cells [11, 12].
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Specificity of flow cytometry and immunocytochemistry is assessed by negative results
obtained in samples from healthy donors. For molecular analysis specificity is assessed by
negative results in samples reverse transcribed without reverse transcriptase and in samples
amplified without cDNAs.
4.2. Comparison of different techniques and markers
The sensitivity and specificity of different techniques and of different markers have been
compared [12, 14-19]. Following the development of standardized conditions [6], GD2 is the
marker of choice for IC analysis [20]. GD2-IC is currently evaluated for its prognostic signifi‐
cance in ongoing protocols for stage 4 NB patients, both in Europe and North America.
To overcome NB tumor heterogeneity and increase sensitivity and specificity of RT-PCR
analysis, different panels of various NB-specific markers have been developed thanks to the
microarray technology [9, 21, 22]. To date the panels have not been compared, but each panel
is currently tested for its prognostic role in ongoing therapeutic protocols for stage 4 NB
patients.

5. BM infiltration in patients with localized NB detected by sensitive
methods
Patients with localized NB without MYCN amplification have good overall survival (OS) rates,
following either surgery alone (stage 1 and 2, 95% and 86% OS, respectively), or standard-dose
chemotherapy followed by surgery (stage 3, 65% OS) [23]. Both the histological features of the
tumors [24] and the presence of no random genetic abnormalities [25] in the primary tumor
are highly prognostic in patients with localized NB. Thus, these two parameters are presently
evaluated at diagnosis to stratify the patients with localized disease into different therapeutic
regimens. Some of the patients with favorable histology and genetics, however, relapse,
making the search for new prognostic markers still necessary [3, 20].
Since conventional morphological methods have limited sensitivity, it has been suggested that
some of the patients with localized NB could have a low number of metastatic cells that could
be responsible for relapse. If such hypothesis was true, the use of sensitive methods, such as
IC and RT-qPCR, may be helpful in identifying patients at risk of relapse and death. Indeed,
we observed that in patients with localized NB the presence of GD2 positive cells in BM
samples at diagnosis negatively associated with survival [12]. Since this finding was based on
a small sample size with a relatively short follow-up, a further study performed in a larger
cohort of patients confirmed the negative impact of BM GD2-positive cell infiltration on
survival of patients with localized NB [26]. Moreover, the negative impact was demonstrated
to be independent of MYCN amplification (Figure 5), the most important negative prognostic
factor for these patients [3]. It is worth noting that MYCN amplification is a relatively rare
event, occurring in about 10% of patients with localized NB [24, 27-29], making it inadequate
to identify all the patients who will eventually relapse.
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Figure 5. Overall survival of patients with localized disease without MYCN amplification stratified by GD2 immunocy‐
tochemistry status

Peripheral blood (PB) samples can be obtained without patient’s sedation with evident
advantages as compared to BM samples. Thus, we tested whether RT-qPCR analysis for NBrelated markers in BM and PB samples from patients with localized NB had a prognostic
impact on their survival [30]. The expression of seven different genes, previously shown to be
specific for NB cells [7, 9, 13, 14, 18, 31-35], was evaluated and compared to those of healthy
subjects. A high percentage of samples resulted positive for the various NB-related markers
(Figure 6). Since the patients’ cohort had a fairly good survival rate, in accordance with
literature data [3, 36, 37], the positive results were likely related to low transcription levels by
the PB hematopoietic cells [21, 22, 32, 38], or were due to the existence of so called dormant
cells, i.e., tumor cells unable to proliferate [39].
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Figure 6. Expression of various NB-related markers in BM and PB samples from patients with localized disease and
healthy children
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In the attempt to discriminate between illegitimate transcription by hematopoietic cells and
transcription by low numbers of NB cells, ROC analysis was applied to find cut-off levels able
to discriminate patients with localized NB from healthy subjects. Although the use of cut-off
levels for each NB-related marker in PB and BM samples increased their specificity, the
percentage of positive results that did not correlate with clinical events remained high. Also a
modified ROC analysis [40] failed to improve the prognostic value of RT-qPCR analysis for
any of the tested marker. However, TH expression in PB samples significantly correlated with
worse EFS of patients with localized NB (Figure 7).

Figure 7. Event-free survival of patients with localized disease stratified by TH status in peripheral blood samples

173

174

Neuroblastoma

Indeed, TH expression was significantly higher in relapsing patients than in patients that
remained in complete remission. Similar results were reported by Yanez et al. [41] that tested
BM and PB samples from patients with localized NB for TH and DCX mRNA expression.
Although the use of multiple markers has been recommended [20], the results obtained in
these studies indicated that, in the subset of patients with localized NB, molecular analysis
should be limited to TH expression in PB samples, because multiple target analysis did not
add useful information to that obtained by TH analysis alone.
In conclusion, in patients with localized NB, detection of metastatic cells in BM by means of
GD2-IC analysis and detection of TH mRNA expression in PB samples significantly associated
with a higher risk of relapse. Therefore, both analyses may help individuating patients at risk
of relapse that may require a closer follow-up.

6. BM infiltration in patients with metastatic disease
Presence of metastasis at diagnosis in children over 18 months of age is a powerful
prognostic factor for a poor outcome [2, 3]. In order to understand the mechanisms
responsible for such aggressive behavior, an extensive characterization of primary tumor
cells from stage 4 NB patients has been performed. DNA abnormalities [42, 43], gene
expression profiles [44-46], and non-coding RNAs expression [47, 48] have been pro‐
posed as sensitive indicators of NB tumor aggressiveness. Unfortunately, all the gene
classifiers, although validated on independent patient cohorts [46, 49], did not appear to
be helpful in stratifying stage 4 patients into different risk groups. Moreover, whole
genome sequencing of primary NB tumors [50] demonstrated that no specific mutations
or chromosomal alterations were present in NB tumors, suggesting that the mechanisms
responsible for invasiveness and metastasis should be searched elsewhere.
6.1. Role of the BM microenvironment for NB metastatic invasion
The processes of invasion, survival and proliferation at distant sites may be mediated in part
by the microenvironment. In the BM, several cell types, such as adipocytes, stromal and
endothelial cells are present together with cells of all hematopoietic lineages. Each cell type
may secrete factors that affect several signaling pathways leading to modifications in BM
structural organization and cell function. Among these factors, the CXCL12 chemokine has
been proposed to play an important role in NB invasiveness [51-53], but conflicting results
have been obtained [54, 55]. Thus, we decided to compare the gene expression profiles of
resident BM cells from healthy children to those of BM cells from patients with localized and
metastatic NB. The results indicated that the resident BM cells from patients with either
localized or metastatic NB have a different genetic signature from healthy children. However,
the deregulation of transcription was more evident in the BM microenvironment of patients
with metastatic stage 4 disease (Figure 8) [56],
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Figure 8. Hierarchically clustered heat maps of differentially expressed genes in BM cells from stage 4 patients (infil‐
trated BMs, I), normal BMs (N) from healthy children, and BM cells from localized NB patients (non-infiltrated BMs, NI).
Each color patch represents the expression level of genes (row) in that sample (column), with a continuum of expres‐
sion levels from bright green (lowest) to bright red (highest).

Precisely, BM samples from NB patients significantly overexpressed genes involved in the innate
immune responses. In particular, all NB patients expressed an interferon (IFN) signature [57].
IFNs are pleiotropic cytokines involved in different biological processes [58], and IFN signa‐
tures have been associated with tumor progression of melanoma and colorectal cancer [59].
Moreover IFN signatures associated with the worse prognosis of African-American patients
with prostate [60] and breast [61] cancer as compared to Caucasian patients. The IFN signature
includes genes involved in the defense against bacterial and viral pathogens [62, 63]. Since all
NB patients showed the IFN signature it was proposed that the NB primary tumor may release,
or induce the release of, soluble factors as occurring during an infection. The BM microenvir‐
onment of NB patients up-regulated also the IFN related DNA damage resistance signature
(IRDS), that was shown to be associated with resistance to radiation-induced DNA damage
[64], as summarized in Table 1.
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Gene Symbol

IFN-α and IFN-β

IFN-γ

IFN-λ

(IFN type I)

(IFN type II)

(IFN type III)

EGR1

x

GALNT1

x

IFI44L

x

BM subgroup
I_BM
I_BM

x

I_BM

IFI6

x

x

x

I_BM

IFIT1

x

x

x

I_BM

ISG15

x

x

x

I_BM

MX1

x

x

x

I_BM

OAS2

x

x

x

I_BM

OAS3

x

x

x

I_BM

OASL

x

x

x

I_BM

PLEC1

x

x

PML
PPIB

x
x

TAP1

x
x

ADAMTSL4
B2M

x

I_BM
I_BM

x

I_BM, NI_BM
x

I_BM, NI_BM

x

x

I_BM, NI_BM

CASP8

x

x

CCL3

x

CD69

x

HLA-G

x

IFI44
IFIT3

x

PARP10
STAT3

x

I_BM, NI_BM
I_BM, NI_BM

x

I_BM, NI_BM

x

I_BM, NI_BM

x

I_BM, NI_BM

x

x
x

x

I_BM, NI_BM

x

x

I_BM, NI_BM

x

I_BM, NI_BM

x

I_BM, NI_BM

STRN

x

I_BM, NI_BM

STXBP3

x

I_BM, NI_BM

TAGAP

x

TRA2A

x

TRIM14

x

x

I_BM

x

CCR3

x

I_BM

x

CASP1

x

I_BM
x

x

TNF

IRDS signature

x

I_BM, NI_BM
I_BM, NI_BM

x

x

I_BM, NI_BM

UPP1

x

x

I_BM, NI_BM

IFNG

x

x

NI_BM

IL1R2

x

NI_BM

x

Table 1. List of the most relevant genes of the IFN and IRDS signatures overexpressed by resident BM cells from
patients with metastatic (I_BM) and localized (NI_BM) neuroblastoma.
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In conclusion, children with NB have evidence of chronic inflammation, more intense in the
presence of infiltrating NB cells [56], that may reduce anti-tumor immune responses and
promote tumor progression [65].
Furthermore, resident BM cells from patients with NB down-regulated genes involved in cell
adhesion, in erythrocyte, myeloid and platelet differentiation, and most importantly, CXCL12
expression. The CXCL12 down-regulation reached near complete silencing in patients with
metastatic disease (Figure 9), likely explaining the anemia and platelet dysfunctions observed
in stage 4 patients.

Figure 9. Expression of CXCL12 in BM samples from healthy children (H_BM), and children with localized (NI_BM) and
metastatic (I_BM) neuroblastoma.

The CXCL12 mRNA down-regulation was independent of direct contact between neuroblasts
and resident BM cells, as expected from the down-regulation observed in patients with
localized NB. Since it is known that CXCL12 expression is regulated by the circadian secretion
of noradrenaline [66], we speculated that CXCL12 down-regulation may be dependent on
noradrenaline secretion by NB tumor cells [67]. Although, the CXCL12 chemokine has been
proposed to play a pivotal role in promoting the homing of the CXCR4 positive NB cells in the
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BM [51, 68], the absence of CXCL12 in the BM of NB patients makes highly unlikely that the
axis CXCL12/CXCR4 play a role in the BM infiltration by NB cells. It is worth noting that we
had previously shown that CXCR4 in freshly isolated human metastatic NB cells was not
functional [54], and that Carlisle et al. [55] showed that CXCR4 expression was regulated
independently of CXCL12.
In conclusion, NB tumor growth at the primary site can alter the BM microenvironment, and
the presence of BM-infiltrating NB cells makes these alterations only more pronounced.
Therefore, the BM microenvironment is unlikely to be responsible for the presence of NB cells
in the BM.
6.2. Characteristics of the BM-infiltrating NB cells
After in vitro culture of BM samples from patients with metastatic disease, Hansford et al. [69]
isolated cells endowed with high tumorigenic potential, suggesting that metastatic cells may
be enriched in tumor initiating cells (TICs). A gene expression profiling of TICs has been
reported [70]. However, it has been demonstrated that the isolated TICs were not NB cells [71],
and Coulon et al. [72] had recently demonstrated that in vitro expanded stem-like NB cells were
a dynamic and heterogeneous cell population, quite difficult to characterize because of the
influence of external stimuli.
To avoid any modification or selection following in vitro culture, we thus decided to charac‐
terize freshly isolated BM-infiltrating NB cells. The metastatic cells expressed several costimulatory molecules [73] and were susceptible to NK cell-mediated lysis [74]. Moreover, as
mentioned above, the CXCR4 expressed by these cells was not functional [54].
Since the proteins selectively over-expressed by the BM-infiltrating NB cells may represent
novel prognostic markers and potential targets for biologically driven therapy for metastatic
NB patients, we performed gene expression profiling of these cells, as compared to the cells
in the primary tumors [75]. The results of the study showed that the BM-infiltrating GD2positive cells were enriched in CD56-positive and NB84-positive mononuclear NB cells, had
the same genetic aberration as the primary tumor cells, and expressed NB-specific genes as
primary tumor cells. The BM-infiltrating GD2-positive cells up-regulated several genes
normally expressed by different lineages of resident BM cells. Therefore, to ascribe the
expression of the proteins encoded by these genes to the metastatic NB cells, we took advantage
of multiple color cytofluorimetric analysis of unprocessed BM samples from stage 4 patients.
While in unprocessed BM samples from healthy individuals the GD2 expression was absent
[76], in BM samples from stage 4 NB patients the GD2-positive cells represented about 20-30%
of mononuclear cells. These latter cells never express the pan-leukocyte CD45 antigen and
always co-express the NB specific markers B7H3 and CD56 [77, 78] (Figure 10), thus confirming
that the GD2-positive BM-infiltrating cells were indeed metastatic NB cells. All freshly isolated
GD2-positive BM-infiltrating NB cells never expressed CD133, sometime co-expressed c-KIT,
CD37 and CD177, but most importantly, they always expressed both HLA-G and calprotectin,
as shown in Figure 10.
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Figure 10. A representative two color cytofluorimetric analysis of a fresh BM sample from a patient with metastatic
stage 4 NB, tested with anti-GD2 mAb and: anti-B7H3 (5B14), anti CD45, anti-CD56, anti-CD117 (c-kit), anti-CD37, an‐
ti-CD177, anti-HLA-G, and anti-calprotectin. Each plot shows specific mAb fluorescence intensity (Y axes) versus sidescatter (X axes), after gating on GD2 positive cells.
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The heterodimer protein calprotectin, encoded by the S100A8 and S100A9 genes, is a
member of the S100 family, composed of small (10–12 kDa) acidic calcium and zinc binding
proteins. Calprotectin is normally expressed by phagocytes and polymorph nuclear
leukocyte and it is released into biological fluids during inflammation. Calprotectin, in fact,
is widely used as a biomarker of inflammation [79]. Calprotectin is a potent ligand of the
Toll-like receptor 4 (TLR4) [80], which is responsible for specific response to endogenous
danger signals. Thus, the expression of calprotectin by the BM-infiltrating metastatic cells
may be responsible in part for the state of chronic inflammation of the BM microenviron‐
ment (see previous paragraph for details). Moreover, the calprotectin-TLR4 axis may also
guide metastatic cell invasion, and facilitate the survival and proliferation of cancer cells
at the metastatic site [79].
The GD2-positive BM-infiltrating cells also expressed HLA-G, a monomorphic HLA class
Ib molecule, whose over-expression facilitate tumor escape from host immune response in
a wide variety of human cancers [81]. Since primary NB tumors did not express HLA-G
[82], it is conceivable that HLA-G may contribute to the high aggressiveness of BMinfiltrating NB cells throughout its immunosuppressive activity.

7. Conclusion
Presence of NB cells within the BM is the most powerful negative prognostic factor for
patients with NB. Presently, sensitive methods of detection of metastatic cells have been
standardized [20], and prospective studies are ongoing to demonstrate their relative or
combined prognostic role. In the near future these methods will help stratification of stage
4 patients into different risk groups. Conversely, these sensitive methods are of limited use
in patients with localized NB.
To date, information about the role of the BM microenvironment in driving infiltration by
metastatic cells is few and still conflicting. However, the finding that the BM microenviron‐
ment of patients with localized disease is not so different from that of patients with
metastatic disease [56], strongly support the hypothesis that the invasion of the BM mainly
depends on the characteristics of the metastatic cells, rather than on the properties of the
BM microenvironment. In this regard the findings that the BM-infiltrating NB cells
expressed proteins not found in the primary tumor cells is intriguing [75]. In fact, both
calprotectin and HLA-G favor tumor escape from anti-tumor immune responses, likely
contributing to the survival and proliferation of the metastatic cells in the BM. These
proteins may be also responsible for the state of intense chronic inflammation observed in
patients with metastatic NB [56]. Future studies are needed to elucidate the mechanisms
responsible for the acquisition of the different properties of metastatic cells as compared
to primary tumor cells. However, the proteins specifically expressed by BM-infiltrating
metastatic NB cells could be new prognostic markers and novel therapeutic targets for high
risk NB patients.
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1. Introduction
In the body, cells are surrounded and supported by an intricate network of glycoproteins and
proteoglycans that make up a complex extracellular matrix, or ECM. Many constituents, such
as collagen, laminin, and fibronectin, are locally produced within the tissues, where they act
as physical scaffolds, growth factor depots, and points of anchorage [1]. The local rigidity and
composition of the matrix also provide environmental cues that govern cell behavior.
The ECM surrounding cells can be considered in two broad classes. On one hand, there exists
a ‘physiologic’ ECM, present in all tissues, that aids in structuring and maintaining homeo‐
stasis. Typical ECM components include several collagens and laminins, as well as proteogly‐
cans. On the other hand, there is a provisional ECM that is deposited during wounding,
hemostasis and tissue remodeling. This ECM is typically deposited, digested and replaced in
a very dynamic manner, and contains proteins such as fibronectin, fibrin, vitronectin and even
residual fragments of collagen and laminin. This type of ECM promotes tissue remodeling as
well as cellular survival, proliferation and invasion. In both types of ECM, however, the
diversity in the type and quantity of each individual ECM component present determines the
physical properties of these tissues. In so doing, this modulates the mechanical forces sensed
by cells that bind to the ECM, and provides yet another layer of information relayed to cells.
This ‘mechanosensation’ requires integrins, receptors that can transmit extracellular forces to
the actin cytoskeleton.
Although many classes of receptors can interact with components of the ECM, the integrins
are regarded as the principle receptors mediating anchorage and attachment to the ECM [2].
The name integrin was derived from initial observations that these receptors permitted a
realignment of the actin cytoskeleton to match that of an underlying ECM. Integrins are
transmembrane glycoprotein receptors that are composed of a heterodimer of α and β subunits
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[3]. There are 18 different α subunits and 8 β subunits, but there are a limited number of possible
combinations that can form from these subunits. To date, at least 24 unique integrin complexes
have been identified, each with its own binding specificity for different subsets of ligands
(Figure 1). Cells will generally express only a limited number of integrins, perhaps 10 of these
combinations. The particular repertoire of integrins expressed by a given cell varies, but is
typically closely tied to a cell’s particular extracellular microenvironment. Differences in
integrin binding to a ligand can be subtle. For example, approximately one third of human
integrins bind to an arginine-glycine-aspartic acid (RGD) sequence of amino acid residues, but
this can be profoundly conformation specific, and thus not all ‘RGD-binding’ integrins are
capable of binding all RGD sequences with appreciable affinity.
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Figure 1. Integrin heterodimers and their ligands This diagram shows the 24 known heterodimers and their li‐
gands. Integrin heterodimers are represented by an α and a β subunit connected by a black line. For example, the β1
subunit dimerizes with 12 different α subunits. The ligands for each heterodimer are written in purple.

1.1. Integrin structure
Each integrin is composed of a large extracellular region of 600-1000 amino acids, as well as a
single transmembrane domain. The extracellular regions can be broadly thought of in terms
of a head and stalk (leg/thigh) region; the head is the critical site for ligand binding and divalent
cation binding, as well as heterodimerization between the α and β subunits. Most integrins
1
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also have a small (~30-50 amino acid) cytosolic domain, with the singular exception being
integrin β4, which has a large cytosolic domain that interacts with intermediate filaments [4].
Integrins are cysteine–rich proteins, and have extensive crosslinking within domains that
stabilize domain structure. Thus, integrins appear at different sizes when analyzed on reducing
and non-reducing gels, and detection of integrins by some antibodies may require either
condition, depending upon the linearity or conformation dependence of an epitope.
The integrin extracellular domains are required for and sufficient to bind to ECM or to
‘receptor-ligands’ present on the surface of adjacent cells. However, the binding of integrins
to their ligands is controlled by their conformation, which is influenced by the stalk and
cytosolic regions of the molecule. Inactive integrins adapt a ‘folded back’ conformation at a
region halfway up the stalk (at the ‘genou,’ or knee, between the thigh and leg). Active integrins
are extended molecules with stalks separated, and intermediates between these states tend to
have intermediate affinities for ligands. Integrin-ligand binding requires the presence of
divalent cations, with a typical preference for manganese, magnesium and calcium, although
the relative preference for optimal affinity varies among the different heterodimers. These
divalent cations, and Mn+2 in particular, directly influence integrin conformation, stabilizing
them in the extended and high affinity conformation (Figure 2).
With the exception of circulating hematopoietic cells, which tend to maintain their integrins
in an inactive conformation, most cells that have been examined express both active and
inactive integrins. Active integrins tend to form higher order clusters on the cell surface, which
promotes their localization to sites of ligation. There, the integrins are further stabilized by
interaction with ligand. The accumulation of integrins in these sites creates a ‘Velcro-like’
effect, with groups of integrins (rather than individual molecules) collaborating to strengthen
anchorage and to induce downstream signaling points of extracellular matrix contact. This
clustering effect is called integrin ‘avidity’ regulation, which is distinct from affinity. This
permits the stable interaction with the ECM required for sustained cellular anchorage and
signaling via the assembly of a ‘focal adhesion complex’ that accumulates proximal to the
membrane.
The focal adhesion complex that forms is multifunctional, and is capable of signaling directly,
scaffolding additional or alternative signals, and engaging the actin/myosin system. Thus,
despite the absence of intrinsic kinase or proteolytic activity, integrins transform mechanical
and chemical cues from the extracellular environment into intracellular signals that profound‐
ly impact cell behavior and function.
The focal adhesion complex contains a complicated array of non-receptor kinases and adaptor
proteins that mediate downstream signaling events. As will be discussed in more detail below,
integrin effectors in the focal adhesion include diverse signaling elements such as: focal
adhesion kinase (FAK), src kinase, cytoskeletal elements including talin, paxillin and vinculin,
phosphoinositide 3 kinase, and small GTPases of the Ras and Rho families and their effectors
[5, 6]. Importantly, as part of the clustering process, integrins tend to undergo lateral associa‐
tions with other cell surface receptors such as the receptor tyrosine kinases, EGFR and VEGFR,
which are important for other global cellular signaling events. This type of signaling, in which
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the integrin ectodomain is ligated and transforms information from the extracellular environ‐
ment into cues for cytosolic signaling events has been termed “outside-in signaling.”
However, in some cases, signals from inside the cell result in changes in integrin conformation.
These are typically associated with cytosolic proteins binding to the cytosolic domains of the
integrins. This type of regulation of integrin conformation is called “inside-out signaling.” Both
types of signaling are important for understanding the role of integrins in normal tissues and
in disease pathology.
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Figure 2. Integrin structure and activation Integrins are composed of a large extracellular domain and short intra‐
cellular tails (with the exception of the β4 tail). The extracellular domain comprises a head region and a stalk region,
which includes the “thigh” and “leg” areas of the integrin. Ligand binding occurs at the head region and requires the
presence of divalent cations such as manganese, magnesium, and calcium. Integrins on the cell surface can exist in a
range of conformations that affect their affinity for ligand. In the low affinity conformation, the extracellular domain is
folded back at the knee (between the thigh and leg areas) and the intracellular tails are clasped together. In the high
affinity conformation the extracellular stalk is straight, the subunits are slightly separated and the tails shift apart as
well. Conformations between these low and high affinity states confer intermediate affinity for ligand. Changes in
conformation can be regulated by intracellular signaling events such as the binding of cytosolic proteins to integrin
tails leading to integrin clustering, focal adhesion formation and further interaction of cytoskeletal proteins.
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2. Integrins and development
2.1. Integrins in early development
The ability of cells to interact with their extracellular environment is crucial for most devel‐
opmental processes. Consequently, it is perhaps not surprising that integrins, as mediators of
the interplay between cells, the ECM and the microenvironment, have critical roles in early
development. The early physiological relevance is evident in defects observed in murine
genetic models lacking proper integrin function or expression. Overall, the loss of the β1, α5,
and α4 subunits leads to an embryonic lethal phenotype. The loss of the αv or α3 subunits
permits initial and subsequent development, but results in perinatal lethality. Other integrin
subunits do not appear to be essential during development.
Nonetheless, loss, misregulation, or improper function of integrins can lead to other abnor‐
malities [7]. (Table 1)
2.2. Integrins in nervous system development
The development of the nervous system is dependent on integrin function, in part, because it
involves extensive migration of neuronal precursors which is mediated by integrins. During
the process of neurulation, the neural crest forms in the region of the neural plate border. Upon
formation of the neural tube, neural crest cells undergo an ‘epithelial-to-mesenchymal-like
transition’ which permits them to move along migratory tracks. These tracks lead cells to a
variety of destinations where they differentiate and help to form several different tissue types.
During development, collagens, laminins, fibronectin and vitronectin are expressed along
these migratory pathways [28]. Disruption of integrin-ligand binding inhibits neural crest cell
migration and results in impaired function in the peripheral nervous system. Following the
initial gross exodus of neurons from the neural crest, integrins also play other key roles in the
development of the peripheral nervous system, including the establishment of Schwann cell
polarity [29], neurite outgrowth [30, 31] and myelination [32].
In addition to the requirement for integrins to support migration, integrins are also important
for arresting migration at the proper time and place. In the central nervous system, for example,
the presence of the α6 and β1 subunits appears to serves as stop signals for neuronal cells when
they reach a laminin rich region. This is critical for cortical plate formation. In the absence of
these integrins, neuronal precursors migrating outward to the outermost layer of the cortical
plate overshoot their destination and disrupt the cortical plate structure [33, 34].
2.3. Integrin expression in the dorsal root ganglion and in neuroblasts
Neuroblastoma is a tumor that is considered to arise from ganglion or pre-ganglion cells. To
begin to understand the pathological roles of integrins in this disease, it is helpful to be familiar
with the normal expression patterns of these receptors in neural crest cells and how that
expression changes over time. Neural crest cells express subsets of integrins that allow them
to adhere to the fibrillar proteins that line their migratory pathways. Truncal neural crest cells,
which give rise to dorsal root ganglia, sympathetic ganglia, and the adrenal medulla express
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Integrin subunit

Genetic Defect (KO)

Expressed on NB

Notes

tumors
α1

Viable

Yes

Normal; [8]

α2

Viable

Yes

Abnormal mammary branching
morphogenesis; [9]

α3

Perinatal lethality

Yes

Abnormal kidneys; [10]

α4

Lethal, by E14.5

Yes

Abnormal placenta and heart formation;
[11]

α5

Lethal, E11

Yes

Abnormal mesoderm morphogenesis; [12]

α6

Perinatal lethality

Yes

Skin blistering; [13]

α7

Viable

Yes

Muscular dystrophy; [14]

α8

Perinatal lethality

No*

Abnormal kidneys and lungs; [15, 16]

α9

Perinatal lethality

No

Bilateral chylothorax; [17]

α10

Viable

No

Improper function of growth plate

α11

Viable

No

Dwarfism; [18]

αv

Perinatal lethality

Yes

Brain and bladder, hemorrhages; [19]

αL

Viable

No

Impaired leukocyte recruitment; [18]

αM

Viable

No

Impaired phagocytosis; obesity; [18]

αE

Viable

No

Inflammatory skin lesions; [18]

αIIb

Viable

No

Impaired platelet aggregation; [18]

β1

Lethal, E5.5

Yes

Abnormal mesoderm morphogenesis; [20]

β2

Viable

No

Impaired leukocyte recruitment; [21]

β3

Viable

Yes

Glanzmann’s thrombasthenia;

β4

Perinatal lethality

No

Skin blistering; [23]

β5

Viable

Yes

No apparent phenotype; [24]

β6

Viable

No

Macrophage infiltration in skin and lungs;

chondrocytes; [18]

osteosclerotic; [22]

[25]
β7

Viable

No

No gut-associated lymphoid tissue; [26]

β8

Lethal, E12 - birth

No*

Abnormal placenta; defects in
neurovascular homeostasis; [27]

*Subunit found on neural crest cells but not yet reported on NB tumor cells
Table 1. Effects of Integrin Deletion in Murine Models

receptors for vitronectin (αvβ1, αvβ3, and αvβ5: [35]), laminin (α1β1, α3β1,: [36] [37]), and
fibronectin and associated molecules (α4β1, α5β1, α8β1, αvβ1 and β8 integrin: [37], [38].
Antibody blockade of any one type of these integrins is unable to completely abolish cell
migration, consistent with a multi-receptor and complex ligand system. However, in studies
on avian truncal neural crest cells, the α3β1, α4β1, and αv integrins appear to be the most
crucial to maintain migration [38]. In particular, inhibition of the interaction between α4β1 and
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its ligands via blocking antibodies or ligand-mimicking peptides, leads to a marked reduction
in neural crest cell migration [37].
As neural crest cells reach their target tissues and differentiate, their integrin expression
changes. For example, neural crest cells do not express detectable levels of α6β1 until they
differentiate into a peripheral nervous system cell type such as a Schwann cell precursor [39].
Conversely, neural crest cells express α1β1 but Schwann cell precursors do not [40, 41]. This
induction of expression of one class of integrins while another is eliminated is not well
understood, however, and further study will be required to elucidate additional neuroblastspecific integrin expression and function.
2.4. Integrins in vascular system development
Similarly, the formation of the vascular system relies heavily on integrin function. During
vasculogenesis, or de novo formation of blood vessels, and angiogenesis, the growth of new
vessels from pre-existing vasculature, integrins play essential roles in endothelial cell migra‐
tion, adhesion to basement membranes and cell survival. Endothelial cells are known to
express a large number of β1 integrin heterodimers including the α1 through α6 subunits as
well as integrins α6β4, αvβ5, and αvβ3. The expression of different subsets of these integrins
is dependent on the activation state of the endothelial cells. For example, integrins αvβ3 and
α4β1 are primarily expressed on activated or angiogenic endothelial cells [42]. Knockout of
integrin αv leads to perinatal lethality due to vessel malformation [15] and studies on the αvβ3
heterodimer show that it is essential for the survival of angiogenic endothelial cells [43]. In
addition, knock-out of integrin α4 in mice is embryonic lethal by day 14.5 due to placental and
cardiac defects [11], likely due to a lack of binding to the α4 ligand, vascular cell adhesion
molecule-1 (VCAM-1) which is present on endothelial and smooth muscle cells.
The formation of the vasculature, and angiogenesis in particular, is of interest to scientists who
study neuroblastoma, which is typically a highly angiogenic disease. Although a focus has
been placed on the roles of integrins in development of the neuronal and vascular systems, the
ability of integrins to regulate such a large array of cellular functions renders them essential
for most, if not all, developmental processes. Their roles may be directly associated with their
adhesion and motility-related functions, or with the ability of integrins to indirectly enhance
the efficiency of other signaling pathways [44].

3. Integrin expression during tumorigenesis and tumor progression
3.1. Tumors exploit integrins for local invasion
As cells are transformed from a normal to malignant state, their integrin expression is
modulated to support pathologic behaviors. In primary tumors, integrin signaling can impact
cell growth, differentiation, and vascular infiltration and continues to be important as the
cancer progresses through the stages of metastasis (Figure 3). The initial steps of the metastatic
process involve the degradation and remodeling of extracellular matrix adjacent to primary
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tumor cells, facilitating cancer cell migration into recruited blood vessels. This process is
termed local invasion. Usually, for local invasion to begin, cells from the primary tumor shift
from an epithelial or non-motile to a more mesenchymal phenotype. In addition, cells
frequently create a pathway for themselves by inducing degradation of the matrix via enzymes
such as matrix metalloproteases [45]. Integrins can regulate MMP expression and/or activity.
For example, integrin α2β1 is a positive regulator of MMP-1 expression [46, 47].

1. Cell Survival

7. Extravasation

2. Proliferation &
Growth Factor
Signaling

6. Embolization

3. Tumor
Angiogenesis

4. Matrix Degradation

5. Cell Invasion
& Intravasation

Figure 3. Roles Played by integrins in cancer progression Integrins play key roles in each phase of cancer progres‐
sion. 1. Ligation of integrins promotes cell survival 2. Co-signaling with growth factor receptors impacts cell prolifera‐
tion 3. Endothelial cell integrins are important for tumor angiogenesis 4. Integrins modulate the expression of
proteolytic enzymes such as matrix metalloproteinases, which play a role in matrix degradation during tumor cell inva‐
sion 5. Integrins are required for migration during invasion and binding to endothelial cells during intravasation (entry
into the vasculature) 6. In circulation, tumor cells interact with platelets and leukocytes via integrins and form cell em‐
boli that can lodge in capillary beds of distant tissues 7. Binding of tumor cell integrins such as α4β1 to endothelial
VCAM-1 can then promote extravasation of tumor cells into surrounding tissues.

3.2. Integrins, tumor metastasis, and tissue tropism
For many types of cancer, metastasizing cells spread to a specific subset of secondary locations
for establishment of metastatic nodules. This phenomenon, termed tissue tropism, has
historically been explained by two major theories. The “seed and soil” hypothesis proposed
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by Stephen Paget in 1889 followed his observation of tissue-specific patterns of tumor meta‐
stasis in 735 breast cancer patients. Paget noted that the pattern of organs bearing metastases
was not random, and suggested that certain tumor types preferentially metastasized to
compatible environments [48]. He proposed that ‘seeds’ of tumors required compatible ‘soil’
to take root and grow. An alternative theory, by Ewing, suggests that tissue tropism is simply
due to mechanical forces and circulatory patterns [49], and that tissue tropism results from
this. These are not absolutely exclusive theories, and it is reasonable that blood flow patterns
are important for the initial distribution of circulating tumor cells, while the propensity to
invade, grow and survive may be dependent on the presence of the appropriate integrin
ligands as well as other pro-survival factors.
Though there have been no studies specifically linking integrins to site-specific metastasis in
neuroblastoma, integrins have been shown to play a role in tissue tropism. The primary sites
of neuroblastoma metastasis are bone marrow, bone, lymph node and liver. In general, certain
integrins have been linked to metastasis to these sites. For instance, integrin α4β1 can promote
homing to the bone [50] and has been shown to enhance bone metastasis in melanoma [51].
This effect may be due to expression of VCAM-1 on bone marrow stromal cells. Integrin α4β1
may also promote lymphatic metastasis by enhancing binding to VCAM-1 present on lym‐
phatic endothelial cells [52]. Integrin α2β1 is associated with enhanced liver metastasis. This
is potentially due to its binding to collagen type IV expressed in liver sinusoids [53].
3.3. Indirect roles for integrins in metastasis
Since the metastatic cascade involves several steps, including local tumor invasion, intrava‐
sation, survival in the lymphatics/blood stream, extravasation, invasion into the new tissue
parenchyma and growth and establishment of metastatic nodules, there are many opportuni‐
ties for integrins to facilitate this process. The role of integrins in local invasion is clear. Once
cells gain entry into the vasculature, integrins are important for cell-cell and cell-platelet
adhesion leading to increased formation of cell emboli [54] and subsequent lodging in capillary
beds. Integrins are also important for the endothelial transmigration that follows. At the site
of distant metastasis, the microenvironment and composition of the extracellular matrix may
be different from that of the native tissue of the invading tumor cells. Here, the balance of
ligated and unligated integrins impacts cell behavior and survival, as discussed in Section 4.
The shedding of gangliosides also impacts neuroblastoma metastasis. Gangliosides are
glycosphingolipids with one or more sialic acids linked to them. In circulation, gangliosides
are associated with lipoproteins. There are several different types of gangliosides that are
classified based on the number of associated sialic acids. Some of these gangliosides, such as
GM3, are normally present in circulation. Conversely, elevated levels of circulating GD2, a
disialoganglioside, have been found in neuroblastoma patients and its concentration is
inversely related to progression-free survival. Shedding of gangliosides enhances integrin
α2β1-dependent platelet activation, leading to platelet aggregation, and increased adhesion
to vascular basement membranes [55]. These events can enhance tumor cell embolization
impacting the occurrence of cells lodging in capillary beds and invading into surrounding
tissue.
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Finally, it is worth noting that at any phase of tumor progression, cancer cells must evade the
immune system. Some T-cell lysis mechanisms are dependent on integrin expression. For
instance, binding of T-cell integrin LFA-1 (αLβ2) to its ligands ICAM-1 on tumor cells is
important in CD3-mediated T-cell lysis [56, 57]. Of note, ICAM expression on neuroblastoma
cells is associated with increased susceptibility to lymphokine-activated killer (LAK) cell lysis
following interferon gamma treatment [58].
3.4. Trends in integrin expression with neuroblastoma stage and grade
Since integrins impact cell differentiation and invasion, there has been an interest in linking
the expression of subsets of integrins with a particular tumor stage, or more appropriately,
with tumor ‘risk.’ Key risk predictors to date have been established by the Children’s Oncology
Group, and include status of the MYCN gene, the pathology of the tumor according to
guidelines established by Shimada [59], and in some cases the relative ploidy of the tumor.
Since integrins are associated with neuronal cell developmental stages and activities, it is
reasonable that integrin expression could offer insights into tumor activities.
In pioneering studies, using 45 clinical samples, Favrot et al. showed that the α2 and α6
subunits were associated with low grade, well-differentiated neuroblastoma samples. The
finding is consistent with observations of normal ‘neural crest cell to neuronal’ differentiation.
The β1 subunit was expressed on all samples while the α5 subunit was not expressed on any
samples examined. Samples expressing the α4, αv, β3, and β4 subunits revealed no N-Myc
amplification, and were associated with a good prognosis. In addition, expression of α4 and
β4 subunits was found selectively on Schwannian stromal cells [60].
Conversely, more recent studies have found that many neuroblastoma cell lines express
integrin α4 and that α4 expression is associated with increased tumor stage (stages 3 and 4) in
clinical samples [61]. At least on cell lines, integrin α5β1 also appears to be expressed [45] and
integrin αvβ3 has been described to be present on some malignant neuroblastomas [62]. In
addition, by flow cytometry, our lab consistently observes low levels of integrin αvβ5 on
established neuroblastoma cell lines, although whether this is a tissue culture adaptation or
reflects actual expression in situ remains unclear. Indeed, neuroblasts exhibit significant
plasticity, and although integrins may be associated with specific stages of neuroblastoma, or
specific developmental states where transformation of the neuroblast initially occurred, an
alternative hypothesis is that neuroblastoma may retain the capacity to alter their relative
integrin expression, and that this type of plasticity may itself be a malignancy factor.
Neuroblastomas fall into three common morphological/adhesive categories when grown in
vitro: S (Substrate adherent), N (Neuroblastic), and I (Intermediate) types [63, 64]. These
different types are sometimes ascribed to a particular cell line, though in many cases a cell line
may contain cells of all three types. Studies using tissue culture cell lines have shown that,
relative to S-type, N-type neuroblastomas exhibit decreased expression of β1 integrin and
greater expression of αvβ3, and are more migratory in vitro. However, the expression of αvβ3
on these cells is still relatively low, at least when one compares with tissues well known to
express αvβ3, such as angiogenic endothelium or melanoma. N-type cells also form more
colonies in soft agar and are more tumorigenic when implanted in mice than S-type, which are
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rarely able to form xenograft tumors [65]. S-type cells express fibronectin; it is therefore not
surprising that they represent the group of neuroblastoma that express α5β1integrin, the
fibronectin receptor [66].
The third type of cells is the ‘intermediate cells.’ Noted as potential ‘cancer stem cells’ as early
as 1989 by Ross and colleagues, these cells look like an intermediate between the N and S types
via diverse measures including phase contrast microscopy, intermediate filament expression,
tyrosine hydroxylase activity, and norepinephrine uptake [64]. Consistent with being a tumor
stem-like cell (or tumor initiating cell), I-type cells are by far the most tumorigenic in mice and
in in vitro surrogate assays of tumor formation. Treatment with 13-cis retinoic acid or 5bromo-2’-deoxyuridine can differentiate I-type cells into N-type or S-type, respectively.
Retinoic acid has significant effects on integrins, consistent with changes seen during neuronal
differentiation, and can differentiate some neuroblastomas into a benign growth-arrested state
[67]. Clinically, retinoic acid has also been demonstrated to improve event free and overall
survival in a long-term follow-up on a large cohort of neuroblastoma patients [68].

4. Signaling by integrins
In addition to key roles in cell anchorage and migration, integrin-mediated ligation of the
extracellular matrix results in the initiation of signaling events exerting both local and cellular
effects. Thus, the extracellular matrix encodes information via the local milieu of cell surface
or diffusible factors presented to the cell (Figure 4). Most of these signals have been studied in
rigorously defined systems in vitro with cell lines, rather than primary in vivo investigation.
4.1. Integrin ligation promotes the activation of the nonreceptor tyrosine kinases FAK and
Src
Signaling that follows the ligation of integrins by extracellular matrix components can be
studied by introducing suspended neuroblastoma cells to a surface coated with an extracellular
matrix component, such as fibronectin. This results in cell attachment and spreading. Con‐
current with these events, phosphorylation is observed on cytosolic nonreceptor tyrosine
kinases like FAK (tyrosine residue 397) and Src (tyrosine residue 418), which indicate activation
of the tyrosine kinases. At least some of this activity is physically present in the integrin
associated focal adhesion complex, and these kinases can be co-purified with integrins from
this complex.
FAK and Src can associate with each other and with an array of cytosolic adaptor proteins and
other effectors. For example, FAK can associate with the cytoskeletal adaptor protein talin,
which also binds to integrins. The adhesion of NB7 neuroblastoma cells to fibronectin or
collagen has been shown to promote co-association of these molecules together in a complex
with the protease calpain. Calpain in turn cleaves talin in a cell-adhesion dependent manner,
which faciliates more rapid turn over of the focal adhesion, and promotes neuroblastoma cell
migration. The same cleavage is observed in other neuroblastoma cells, including NB5 and
NB16, suggesting it may be a conserved pathway [69].
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Figure 4. Signaling Pathways Downstream of Integrins The continued survival of a single cell and its progeny in the
wrong environment can disrupt the homeostasis of the tissue that contains them. Thus, the impetus of individual cells
to live or die is critical for the continued homeostasis of an organism. Recognition of compatible ECM promotes stable
ligation and clustering of integrins, as well as assembly of the heterogeneous and dynamic focal adhesion complex.
Signaling from integrins and focal adhesion-associated receptor tyrosine kinases (RTK) leads to downstream pro-sur‐
vival signaling pathways such as the PI3K /AKT and Erk axes. By contrast, the presence of an incompatible ECM or of
unligated or antagonized integrins promotes cell death via anoikis pathways, including integrin-mediated death. NMyc exerts pleiotropic effects via transcription (or inhibition thereof) of many downstream genes, enhancing prolifera‐
tion and survival, and attenuating the expression of integrins, and therefore decreasing anoikis signaling.

FAK also associates with Grb2 and SoS [70], key regulators of Ras-GTP mediated activation of
4
the Raf/MEK/ERK pathway of MAP kinase signaling. This pathway helps to drive proliferation
of the tumor cells, and may account for adhesion-based induction of cyclin E in neuroblastoma
(and other) cells [71]. FAK is perhaps best known for its capacity to support and promote
integrin-mediated cell migration on an ECM, and performs this function in neuroblastoma
cells as well, although this appears to be integrin specific [61]. For example, integrin α5β1
activates FAK and uses this kinase for migration, while integrin α4β1 migration is dependent
upon the non-receptor kinase Src. Both integrins can bind to a fibronectin substrate, thus the
particular integrin ligated can have an impact on the cells' response. Other effects of specific
integrin ligation have been reported in non-neuroblastoma cell lines, such as the FAK and
α5β1-induced expression of the pro-survival gene Bcl-2 [72]. Thus, signals from FAK can play
a role in regulating cell survival in an ECM and integrin-dependent manner.

Neuroblastoma Integrins
http://dx.doi.org/10.5772/55991

4.2. Integrin activation of the phosphoinositide 3’ kinase signaling axis
Integrins stabilized and ligated to correct ECM promote signaling via class I phosphoinisotol-3
kinases (PI3K). PI3K’s are a family of lipid bound kinases found at the cell membrane or
intracellular endosomes, and can promote cell motility, intracellular trafficking and survival.
Among the four class I PI3K’s, neuroblastoma tend to express P110α and p110β, with the latter
more likely to be associated with N-Myc expressing tumors. Nonetheless, P110γ and p110δ
are also sometimes detected [73]. Activation of the PI3K signaling axis promotes malignancy
in numerous cancer cell lines and models of human cancer [74]. PI3K signaling also enhances
turnover of pro-mitochondrial apoptotic proteins like Bad and promotes downstream prosurvival pathways, such as AKT and mTOR [75]. PTEN, a suppressor of PI3K, is frequently
lost in cancer, although studies in neuroblastoma have shown a lesser degrees of loss, in the
range of ~5% for homozygous deletion [76]. Mutations of PI3K that enhance kinase activity
have been reported in other cancers [77], yet they have been proven to be infrequent in
neuroblastoma [78]. Thus, the activity of PI3K appears to frequently depend upon extrinsic
regulatory factors, mediated by receptor tyrosine kinases (eg., IGFR-1, ALK) and integrins.
Given the lack of effective therapies for malignant neuroblastoma, it is perhaps not surprising
that the PI3K pathway is being pursued for pharmacological intervention [79]. In neuroblas‐
toma, inhibition of PI3K has been demonstrated to decrease migration and survival of tumor
cells in vitro, and inhibit tumor growth in vivo [80, 81]. The efficacy of pharmacological PI3K
inhibition may be enhanced by combining a pro-drug with an RGDS peptide to target the agent
to tumor sites [81]. The relative affinity for this linear peptide for integrin, however, is quite
low, and it is improbable that enhanced efficacy is due to direct action on integrins, rather, it
is likely due to improved pharmacokinetics associated with the targeting peptide.
4.3. Interplay between integrins and signature neuroblastoma signaling pathways
N-Myc is a transcription factor normally expressed during early lymphocyte development and
in embryonic brain and kidney tissues [82], and is critical for survival of neural crest-derived
neurons [83]. Amplification of greater than ten copies of the MYCN gene has long been
recognized as a strong negative prognostic indicator of outcome in neuroblastoma [84]. N-Myc
interacts with integrins in an antagonistic manner; while N-Myc seems to increase expression
of FAK, it has also been shown to down-regulate the expression of integrins such as α3β1 and
α1β1 [85-88]. Transcriptional analysis of the β3 and αv promoters have revealed negative
transcriptional regulatory elements in their promoters by the closely related c-Myc [76],
suggesting why αvβ3 is not highly expressed in neuroblastoma relative to other tumors. In
fact, the loss of integrin expression may be important for survival in specific circumstances,
particularly among tumors that retain intrinsic apoptotic capacity, as discussed below.
ALK is a tyrosine kinase that is expressed largely during development within the nervous
system. ALK belongs to the ‘insulin-like tyrosine kinase’ family of receptors that is frequently
upregulated or subject to oncogenic mutation in neuroblastoma [89]. Signaling by tyrosine
kinases generally requires integrin ligation [5], activating downstream targets (such as FAK,
Src, PI3K etc.). This suggests that there is an intrinsic requirement for ECM adhesion to permit
a tumor to ‘leverage’ amplified ALK. However, mutant forms of ALK also exist, particularly
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a F1174 mutation that drives neuroblastoma malignancy cooperatively with MYCN. In this
case, it is unclear whether integrin-mediated adhesion is actually required for cell proliferation,
although it is likely to enhance signaling in keeping with the rationale described above. MYCN
also leads to increased expression of a close ALK relative, insulin-like growth factor I receptor
(IGF-IR). In this case, crosstalk between IGF-IR and integrins is also observed [90].
4.4. Integrins and cell survival signaling
Cells that lose anchorage for extended periods of time will typically undergo apoptosis. This
phenomenon encompasses one aspect of anoikis (gr., homelessness), a phenomenon wherein
a cell that finds itself in an inappropriate environment is signaled to undergo apoptosis.
However, there is no ‘central cell death pathway’ associated with anoikis, and in fact many
different pathways have been validated in the literature. This underscores the critical need for
cell adhesion. One anoikis pathway is focused on the activation of caspase-9. Although many
neuroblastomas lose expression of one copy of caspase-9 (as many are LOH1p21), this does
not appear to impact the capacity of caspase-9 to activate [91]. Antagonism of b1 integrins on
differentiated neuroblastoma, but not undifferentiated, promotes this apoptotic pathway [92].
Integrin-mediated death is an anoikis pathway in which the presence of unligated, or antago‐
nized, integrins on the cell surface promote cell death via the activation of caspase-8. Neuroblas‐
toma avoid this death pathway via several mechanisms. First, the amplification of MYCN can
lead to an overall decrease in integrin expression, which lowers the capacity of the pathway to
trigger. Secondly, stage III and IV neuroblastoma tend to methylate, delete, or disrupt the
caspase-8 gene [93, 94], preventing the triggering of the apoptotic pathway, and this results in a
survival advantage in vitro and a metastasis advantage in vivo. Finally, neuroblastoma that are
seeded as individual cells in an ‘inappropriate’ three dimensional matrix will tend to either die
or, within only a couple days, find each other and form small cell clusters. These islands of cells
promote their own survival and can persist, although they are sometimes surrounded by
apoptotic bodies as errant progeny try to migrate away from the original cell mass.
Opposing the induction of death by unligated or antagonized integrins, it is worth noting that
a cell that has a robust interaction with the ECM is more resistant to certain insults than others,
and integrin ligation has been linked to chemo and radiation resistance. Mechanistically, this
is likely to result from remodeling of the ECM, combined with transcriptional alterations of
survival promoting genes such as Bcl-2 family members, IAPs and others. However, direct
effects, such as maturation-inhibiting phosphorylation of procaspase-8, cannot be excluded
from contributing to this effect [95, 96].

5. Specific integrins in neuroblastoma progression
5.1. Integrin αvβ3
Integrin αvβ3 is the most ‘promiscuous’ member of the integrin family, in that it binds a variety
of different RGD conformations, and thus binds to ligands that include vitronectin, fibronectin,
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fibrinogen, von Willebrand factor and others. Gladson et al. found that αv was present in all
tumors they examined regardless of stage. While αvβ1 and αvβ5 heterodimers were found in
normal adrenal tissues and ganglioneuroblastomas which exhibit lower levels of dissemina‐
tion, the αvβ3 integrin was found to be expressed in highly metastatic, undifferentiated
neuroblastomas [62]. By contrast, we observe only very low levels of integrin αvβ3 on our
neuroblastoma specimens relative to melanoma or cultured endothelial cells, which express
robust levels of αvβ3. However, it remains possible that the techniques originally used by
Gladson were simply very sensitive and detected this modest but important level of integrin
expression. Indeed, αvβ3 is, in some systems, a stem cell marker, and this may reflect the
advanced stage and poor prognosis of her positive cohort.
In addition, on a variety of tumor cells, αvβ3 expression has been demonstrated to promote
tumor progression by its ability to bind to a wide array of different ligands, facilitating
anchorage and invasion. Integrin αvβ3 also stimulates MMP activity, promotes the activation
of receptor and non-receptor tyrosine kinases including src, and the release of growth factors
such as TGF that promote tumor response. This vascularization provides the growing tumor
with the nutrients it needs and brings tumor cells proximal to vessels, which may facilitate
invasion and metastasis. As previously mentioned, αvβ3 is also expressed on angiogenic
endothelial cells where it promotes cell survival and migration. One study showed that there
is higher β3 expression on invasive and metastatic melanomas than on noninvasive melanomas
[97], although the levels demonstrated in these cases appear to be logarithmically higher than
those seen on neuroblastoma cell lines [98].
5.2. Integrin α4β1 and tumor spread
Integrin α4β1 is primarily known as a trafficking integrin, as it is present on most leukocytes.
Binding to its ligand VCAM-1, present on activated endothelial cells, enhances the transen‐
dothelial migration of white blood cells into surrounding tissues. Cancer cells that express
α4β1 acquire this same enhanced trafficking potential and show increased tumor cell arrest in
circulation and increased extravasation and colony formation. α4β1 may also enhance invasion
and metastasis through promotion of angiogenesis and lymphangiogenesis [99, 100]. In [97],
α4β1 expression was found on 40% of invasive and metastatic melanomas, although not on
non-malignant melanocytes.
It is important to note that, though the expression of α4β1 can indeed promote extravasation,
the overall role of integrin α4β1 in tumor progression and metastasis is highly controversial
and is dependent on the level of expression and the phase of tumor progression. For example,
high α4β1 expression in some primary tumors can enhance homotypic cell-cell adhesion [101],
preventing cells from breaking away from the tumor and invading into surrounding tissues
[102]. In addition, α4β1 expression can lead to a reduction in MMPs and impair the ability of
the cells to degrade the matrix and create a pathway for invasion [103]. If cells do successfully
metastasize to distant sites, α4β1 expression may promote or inhibit metastatic growth
depending on the microenvironment.
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6. Drugs that target integrins
The involvement of integrins in multiple stages of tumor progression makes them attractive
therapeutic targets. Inhibition of integrin signaling can be achieved using several approaches
including blocking ligand binding, preventing the formation of functional focal adhesion
complexes and disrupting integrin association with the cytoskeleton. Because the structure of
integrins has been extensively studied and because having an extracellular target eliminates
the challenges of intracellular delivery, the most common approach has been to target the
integrin ligand-binding site. This has been accomplished using blocking antibodies, cyclic and
ligand-mimicking peptides, small molecule antagonists and disintegrins [104] (Table 2).
Target

Antagonist

Type

Clinical Development

αvβ3

Vitaxin

humanized antibody

Phase II trials

CNTO 95

humanized antibody

Phase II trials

c7E3

Chimeric mouse- human

FDA approved (1994) for use in

(Abciximab)

antibody

percutaneous coronary

Cilengitide

cyclic peptide

intervention (PCI)
Phase III trials for glioblastoma
multiforme; Phase II trials for
melanoma, glioma, and SCCHN;
Phase I trials for NSCLC

α4β1

L000845704

Small molecule

Phase I trials

SB273005

Small molecule

Pre-clinical animal studies

Natalizumab

humanized antibody

FDA approved (1994) for
treatment of multiple sclerosis
and Crohn’s disease

αIIbβ3

MLN-00002

human antibody

Phase II trials

Firategrast

small molecule

Phase II trials

c7E3 (Abciximab)

Chimeric mouse- human

FDA approved (1994) for use in

antibody

percutaneous coronary
intervention (PCI)

Eptifibatide

cyclic peptide

FDA approved (1998) for use in
patients with acute coronary
syndrome or undergoing PCI

α5β1

α2β1

Tirofiban

small molecule

FDA approved in 1999

Volociximab

chimeric human-mouse

Phase II trials in melanoma,

antibody

pancreatic cancer, and NSCLC

JSM6427

small molecule

Phase I trials

Rhodocetin

disintegrin

Pre-clinical

Table 2. Drugs that Target Integrins
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6.1. Integrin αv
The primary rationale for targeting integrin αvβ3 in cancer is to reduce primary tumor growth
and metastasis via nutrient deprivation due to inhibition of tumor angiogenesis. Several αvβ3
antagonists have gone to clinical trials with the most notable being cilengitide. Cilengitide is
a cyclic peptide containing the RGD integrin-binding motif. It inhibits both αvβ3 and αvβ5.
Cilengitide produces both anti-angiogenic and anti-tumor effects through inhibition of VEGF
stimulation and FAK-Src and Erk signaling, respectively [105]. In vitro, cilengitide reduces cell
growth and survival and inhibits endothelial and tumor cell migration. In clinical trials,
cilengitide has been evaluated as a single agent and in combination with radiation, DNAalkylating agents and gemcitibine. Importantly, cilengitide in combination with radiotherapy
and temozolomide (a DNA-alkylating agent) has reached phase III trials in glioblastoma
multiforme patients. Other small molecule antagonists are in development for noncancer
indications.
6.2. Integrin α4
The integrin α4 subunit is predominantly expressed in lymphocytes and leukocytes and
supports endothelial transmigration of these cells via binding to VCAM-1. Consequently, α4
is important for immune function and has been targeted in diseases such as multiple sclerosis
(MS), Crohn’s disease and asthma that are characterized by excessive inflammation or an
improper immune response. Natalizumab, the only FDA approved α4 antagonist, is a
humanized mouse monoclonal antibody that binds both α4 heterodimers. The use of natali‐
zumab was successful in clinical trials in MS [106, 107] and Crohn’s disease [108] with the
exception of rare cases of progressive multi-focal leukoencephalopathy (PML) caused by
reactivation of latent JC virus associated with immunosuppression [109]. Unfortunately, this
side effect was detrimental enough to lead to limitation of the use of natalizumab to patients
who are unresponsive to other treatments. Other α4 antagonists under clinical evaluation
include MLN-00002 (human α4β7 antibody), firategrast and IVL745 (small molecules: [104]).
Though the rationale for the use of most α4 antagonists is to reduce excessive infiltration of
immune cells, these therapies have the potential for use against cancer cells that exploit α4 for
tumor cell extravasation. The success of targeting α4 in cancer will depend on the ability to
minimize immunosuppression or to indirectly impair α4 function via downstream targets.
6.3. Integrin αIIbβ3
Integrin αIIbβ3 is also a frequently targeted integrin. This heterodimer is expressed selectively
on platelets and megakaryocytes and is mostly known for its role in blood coagulation.
Antagonists of this receptor are primarily employed in diseases such as stroke, sickle cell
anemia and acute coronary syndromes [104].

7. Summary and considerations
Integrins are a unique group of receptors that provide anchorage, mediate cell migration
and invasion, and signal via cell survival and proliferation pathways. Aptly named,
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integrins integrate extracellular cues with intracellular signaling and serve to regulate many
cellular processes that are mediated by other receptors, such as receptor tyrosine kinases.
The importance of integrins in cancer development of the nervous system is well establish‐
ed; it seems inevitable therefore that they play a major role in neuroblastoma progres‐
sion. In fact, integrin expression has been linked to malignancy in neuroblastoma, possibly
due to alterations in invasiveness and the ability to evade cell death in foreign tissue
environments. Aggressive disease may modulate integrin expression (i.e. N-Myc).
Targeting integrins has shown great clinical promise. By inhibiting ligand binding, many
antagonists successfully disrupt cellular connections to the extracellular environment and prosurvival pathways that are necessary for tumor progression. As we continue to learn more
about the downstream signaling activity of integrin receptors, we can also explore more
therapeutic avenues against these targets, attacking the problem from both sides. However,
the logical use of integrin antagonists in complex, multi-agent regimens is lacking. Given the
synergy of integrins with signaling through receptor tyrosine kinases and in the induction of
susceptibility to apoptosis, this is where one would suspect that these relatively non-toxic
agents would have their greatest impact.
Though clinical studies of integrin-targeted drugs in neuroblastoma have not been performed,
in vitro antagonism has been shown to decrease cell survival, migration and invasion. Despite
these characteristics, integrin-targeted drugs are well tolerated. Given that current treatment
for neuroblastoma still has a significant failure rate, the addition of new, low toxicity adjuncts
to current treatment regimens seems a logical step forward. In the future, an increased
understanding of the roles of specific integrins in neuroblastoma has the potential to provide
better prognostic information regarding disease course, while targeting integrins, perhaps in
combination with other targeted therapies as a cocktail addition to standard chemotherapy
approaches, may lead to increased effectiveness in managing this disease.
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1. Introduction
Neuroblastoma (NB) is the most common pediatric extracranial solid tumor of childhood, and
45% of patients have high-risk tumors, nearly all of which are metastatic (stage 4) when
diagnosed [1]. Patients with neuroblastoma are risk stratified based on presenting factors
including age, stage and location of disease, and specific biologic molecular markers of the
tumor, including NMYC status and ploidy [1-3]. Treatment given is tailored to whether a
patient has low, intermediate or high-risk disease. The overall prognosis for those with high
risk or relapsed disease remains poor despite the standard therapies of surgery, radiation, and
high dose chemotherapy followed by stem cell rescue. Additionally, many patients who
survive suffer from complications related to their treatment. In this chapter, we review the
literature that provides a rationale for the use of novel targeted agents to improve the treatment
and survival while lessening toxicity of patients with neuroblastoma who have failed standard
therapies.
In particular, we focus our discussion on a few specific signaling pathways. The central role
of the phosphatidylinositol 3-kinase-Akt-phosphatase and tensin homolog (PI3K-Akt-PTEN)
axis and RAF-MEK-ERK as potential molecular targets to control downstream effectors of
coordinated cell division, tumor growth, angiogenesis, apoptosis, invasion and cellular
metabolism in the tumor and surrounding stromal compartments. The PI3K and RAF-MEKERK pathways have also been implicated in modulating p53, the hypoxia-inducible factor 1
(HIF1α), mycN and others.
NMYC is known to play a role in the tumorigenesis of certain high-risk neuroblastoma tumors
and its control has many implications in targeting therapy. Additional pathways and targets
explored in this chapter are the RAS/Raf/MEK/ERK pathway, specific angiogenesis inhibitors
including VEGF, ALK 1 mutations and inhibitors, and control of apoptosis through caspase 8.
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We also discuss the idea of synthetic lethality and the concepts of sequential versus simulta‐
neous inhibition. We will discuss the emerging importance of genomic and metabolomic
profiling in tumor interrogation with therapeutic considerations.
We will review the literature supporting a role for cancer stem cells (CSCs) in the pathogenesis
of neuroblastoma and the signaling pathways that define the CSC phenotype. We discuss the
role targeted therapies in CSC related therapeutics and the adaptive responses that such cells
have when exposed to targeted therapeutic agents.
Lastly, the emerging role of immunotherapeutics into both standard and targeted therapies
for neuroblastoma is explored. This includes areas of T cell and macrophage infiltration of
tumors, interleukin and cytokine involvement, and anti-GD2 human and mouse monoclonal
antibodies.

2. PTEN and PI-3 kinase and mycN signaling as targets for NB therapeutics
— The intercept node hypothesis
The idea that some signaling pathways are more central to tumorigenesis than others was
suggested by our laboratory and others [4]. From connectivity map analysis, some signaling
proteins appear connected to a large number of upstream and downstream effector pathways.
These are considered central “intercept nodes” [4, 5] which provide coordinate control over
the output of a large number of cell surface receptor input. The specificity of signaling
downstream of such intercept nodes is generally fine tuned by more specialized signaling
effector proteins e.g. Rac2, HIF1α, NFκB or mycN which encode more specific signaling
content. Two such central pathways, PTEN-PI-3-AKT and Raf-MEK-ERK are critical for NB
survival, proliferation, invasion and angiogenesis in vivo [6-9]. A large number of small and
large pharmaceutical companies have developed small molecule inhibitors which block these
two pathways. Considering the importance of mycN amplification in the pathogenesis of NB,
and the role of PI-3K and MAP kinase in the GSK3β dependent regulation of mycN a number
of investigators have determined the efficacy of PI-3 kinase inhibitors in NB models [9]. Despite
evidence of efficacy no PI-3 kinase inhibitors have entered pediatric oncology clinical trials to
date. One pan PI-3 kinase inhibitor, SF1126 is slated to enter pediatric oncology Phase I clinical
trials in early 2013 [10]. Importantly, the tumor and stromal compartment share many of the
same signaling pathways to regulate the process of tumorigenesis in vivo.

3. Role of angiogenesis in tumorigenicity of neuroblastoma / PI3 kinase
and VEGF inhibitors in treatment of neuroblastoma
Work from a number of laboratories indicates that the angiogenic response is coordinately and
highly regulated physiologic response to hypoxia and inflammation. Hence it is not surprising
to learn that central node in mammalian cells control output from many cell surface receptors
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Figure 1. The PI3K–Akt–PTEN intercept node. As shown, a large number of growth factor receptors (GFR) of which
TrkB is an oncogene in NB would feed into the central node to activate PI-3 kinase, AKT and/or Raf-MEK-ERK path‐
ways. Downstream subnodes encode specificity e.g. GSK3b, MDM2, mycN, Rac2, etc. Major tumor suppressors like
PTEN and p53 control output from these two central nodes. MDM2 regulates p53 in an AKT dependent manner; RAFMEK-ERK and AKT regulate GSK3b to control mycN stabilitity and transcriptional activity.

to regulate this response [11]. We and others have shown that PTEN a major tumor suppressor
protein regulates angiogenesis and loss of PTEN results in deregulation of PTEN and multiple
downstream signaling pathways shown in Fig. 1 and 2 which have all been implicated in the
literature to exert coordinate control of angiogenesis in vivo [4, 5, 12, 13].
In general, angiogenesis plays an important role in the progression and metastasis of malignant
tumors [14]. In neuroblastoma, tumor vascularity is correlated with an aggressive phenotype
[15, 16]. Pro-angiogenic factors are differentially expressed in high-risk neuroblastoma [17,
18]. Vascular endothelial growth factor (VEGF) is a specific endothelial cell mitogen that
stimulates angiogenesis and plays a crucial role in tumor growth [19]. Over expression of VEGF
has been demonstrated in neuroblastoma, nephroblastoma, as well as in various other cancers
[20-22]. Recent studies have validated inhibition of VEGF as an effective antiangiogenic
therapy in some of these cancers [23-25]. Although several preliminary studies have demon‐
strated that expression of angiogenic growth factors, including VEGF, correlate with a highrisk phenotype in neuroblastoma, clinical data are still insufficient to draw conclusions [17, 21,
26, 27]. Therefore, further clinical studies, are needed to evaluate the possible significance of
these factors for use in a routine clinical practice. Preclinical studies also suggest that antian‐
giogenic strategies may be effective in the treatment of neuroblastoma [28]. In addition, phase
I clinical trials (COG study) using the human anti-VEGF antibody, bevacizumab, in pediatric
patients with refractory solid tumors reported promising results [29]. Recently, Jakovljevic et
al. has determined VEGF expression by immunohistochemistry using antiVEGF antibody in
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paraffin embedded primary tumor tissue from 56 neuroblastoma patients and reported that
VEGF expression correlated with disease stage and survival in neuroblastoma patients [30].
Whether inhibition of angiogenesis is a realistic approach for preventing dissemination of
neuroblastoma remains to be determined, but we can suggest that inhibitors of VEGF can be
used in the treatment of neuroblastoma. Finally, we suggest that the more global inhibition of
PI3 kinase or combined PI3K/MEK inhibition would provide a more potent antiangiogenic
modality to block tumor induced angiogenesis in this disease.

4. Cancer stem cells in neuroblastoma tumorigenicity
The Cancer Stem Cell Theory postulates that tumors contain a subset of cells that are capable
of increased self-renewal and differentiation, can propagate tumor growth and are resistant
to apoptosis [31, 32]. These stem-like cancer cells are analogous to normal stem cells [33] but
differentiate into diverse cancer cells that form the major portion of the tumor. Recent evidence
suggests the presence of stem cells in various cancers including those of the blood [34], breast
[35], prostrate [36] and brain [37].
Evidence for the presence of cancer stem cells in brain tumors first came from the observation
that human medulloblastoma, astrocytomas, and ependymomas contain cells that express the
neural stem cell marker CD133 [38] [39]. Singh et al. [37] have shown that human brain tumors
contain CD133+ stem-like cells that are capable of growing tumors in immune-deficient mice.
Cournoyer et al.[40] have shown that CD133 high neuroblastoma (NB) cells have high tumor
initiating cell properties, and Coulon et al.[41] suggest that CD133, ABC transporter, Wnt and
NOTCH genes are sphere markers in NB cells. Overall, 19–29 % of cells in glioblastomas and
6–21 % of cells of medulloblastomas are reported to be CD133+ and tumorigenic [33]. Recently,
several groups have suggested that CD15 (stage specific embryonic antigen 1 or SSEA-1),
which is expressed on neural progenitor and stem cells, may be a better marker than CD133
of tumor-initiating cells in MB, glioma, and ependymoma [42-44]. Hansford et al has recently
identified tumor initiating cells from NB bone marrow metastases that have several properties
of cancer stem cells including the expression of stem cell markers, the ability to self renew and
the capability to form metastatic NB in immunodeficient animals with as few as 10 cells [45].
Kaplan’s laboratory has further defined the NB tumor initiating cell (TIC) with stem cell like
properties to express, CD133 and CD44. These cells isolated from NB bone marrow have tumor
initiating activity and upon profiling display sensitivity to a number of targeted therapeutic
agents.
A key aspect of the tumor stem cell (TSC) niche is the balance of signals received, and over
recent years considerable attention has been directed towards understanding the role of
signaling pathways, which are critical mediators of normal stem cell biology, in cancers. The
embryonic signaling pathways most commonly implicated in tumorigenesis include Hedge‐
hog, Notch, and Wnt pathways. Sonic Hedgehog (SHH) signaling is important in embryonic
cell development and proliferation and aberrant pathway activation can lead to tumor
formation, tumor cell self-renewal and the development of metastatic disease [48].Similarly,
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Figure 2. Signaling and cellular pathways controlling tumorigenicity of Neuroblastoma. In tumor compartment
PI3K–Akt–PTEN intercept node is a central regulator of survival, proliferation, invasion and angiogenesis in Neuroblas‐
toma. PI3K controls PIP3 levels, thereby regulating lipid-associated second messenger output from upstream effectors.
PI3K and Akt can be activated by many cell surface receptors. Akt becomes locked in an active conformation and
phosphorylates numerous proteins involved in growth and survival, cellular metabolism, stress response and angio‐
genesis. Akt modulates phosphorylation of GSK3β and relieves tonic inhibition of c-Myc and cyclin D to promote cell
survival [46]. Akt contributes to the Warburg effect by inducing HIF1α transcription and stimulating aerobic glycolysis.
Intratumoral hypoxia also drives angiogenesis through transcription of proangiogenic genes including VEGF and
PDGF. Tumor angiogenesis is promoted by Akt-mediated phosphorylation of MDM2. Activated MDM2 translocates
from the cytoplasm to the nucleus, where it binds p53, targeting it for ubiquitination and degradation. This process
prevents p53 from exerting its antiangiogenic effect. A more effective strategy might be to modulate tumor growth
and angiogenesis by targeting major signaling nodes such as the p53–MDM2 or PI3K–Akt–PTEN nodes with agents
such as Nutlin 3A or with PI3K inhibitors (e.g. PI-103, BEZ-235 or SF1126), respectively. Abbreviations: GSK3β, glycogen
synthase kinase 3 β; HIF1α, hypoxia inducible factor 1α; MDM2, mammalian double minute 2; PDGF, platelet-derived
growth factor; PI3K, phosphatidylinositol 3-kinase; In stromal compartment, the major cellular pathways of the im‐
mune response which may have anti- or pro-tumor effects are shown. NK cells and CD8+ CTLs may directly target tu‐
mor cells for lysis; however this may be countered by decreased tumor expression of NKG2D ligands or MHC class I.
Dendritic cells are important for priming an anti-tumor immune response, although immature DCs and IDO-express‐
ing DCs may instead lead to the induction of tolerance. Myeloid-derived suppressor cells and regulatory T cells (Treg)
may also suppress the anti-tumor CTL response. TH1 cells and M1 macrophages produce proinflammatory cytokines
which help to stimulate the anti-tumor immune response, whilst TH2 cells (and other cell types) produce IL-10 which
may have a predominantly inhibitory effect on the anti-tumor response. Tumor-associated M2 macrophages may pro‐
mote tumor growth and metastases via a number of different mechanisms. Figure adopted from Morgenstern et al
[47].

Notch plays a crucial role in biological functions of development and cell fate including cell
differentiation and proliferation [49]. Constitutive activation of Notch can lead to tumorigen‐
esis and cell survival, and Notch activity is involved in tumor angiogenesis [50]. The Wnt
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family proteins help direct a wide range of developmental processes including cell fate,
proliferation, motility, and polarity [51]. Dysregulation of the Wnt pathways has been
implicated in tumor formation, proliferation, and maintenance [52]. All of the current pediatric
studies demonstrating that progenitor and stem cells can respond to embryonic signaling have
been in MB or primitive neuroectodermal tumors (PNET). Aberrant SHH signaling has been
implicated in MB, and recently was used to define one of four distinct molecular variants of
MB [53].
In order to identify pathways required for proliferation and cell survival characteristics of TIC
in neuroblastoma, Grinshtein et al. has performed drug screen on bone marrow derived tumor
initiating cells (TICs) with a unique collection of pharmacological inhibitors. They identified
that PI3K (phosphoinositide 3 kinase)/AKT, PKC (protein kinase C), Aurora, ErbB2, Trk and
Polo-like kinase 1 (PLK1) are the potential kinase targets for survival of TIC [54]. Their studies
demonstrated that PLK1 inhibitors are an attractive candidate therapy for metastatic NB.
Another group suggested that both PI-3 kinase as well as Ras-RAF-MEK-Erk signaling
pathways promote the tumorigenicity of the glioblastoma cancer stem like cells, and combined
treatment with MEK and PI-3 kinase inhibitors can block the differentiation of glioblastoma
cancer stem like cell into non tumor initiating status [55].
The therapeutic resistance of cancer stem cell to current treatment modalities such as chemo‐
therapy and radiation make these cells clinically relevant irrespective of their origin. Resistance
to chemotherapeutic agents has been demonstrated in neuroblastoma stem cells and sarcoma
stem cells including Ewing’s sarcoma and osteosarcoma. Recent work by Hambardzumyan
suggests that the PI-3 kinase pathway activity promotes post-radiation survival in cancer stem
cells in medulloblastoma [67]. Although lots of literatures are available on the cancer stem cell
in neuroblastoma but yet the novel signaling pathways controlling the proliferation and
survival of cancer stem cell and the mechanism behind resistance developed due to chemo‐
therapy needs to be investigated.

5. Neuroblastoma and cancer metabolism
It has been known from a long time that cancer cells take up and metabolize glucose and
glutamine to a degree that far exceeds their needs for these molecules in anabolic macromo‐
lecular synthesis [56]. Commonly occurring oncogenic signal transduction pathways initiated
by receptor tyrosine kinases or Ras engage PI3K-Akt signaling to directly stimulate glycolytic
metabolism under aerobic conditions a condition termed the Warburg and Pasteur effects
[56-58]. Myc-activation/amplification is one of the most common oncogenic events observed
in cancer and is known to drive the progression of a certain subgroup of neuroblastoma [59].
The activation of mycN could occur through amplification of the mycN gene or through
upstream activation of signaling pathways that would stabilize mycN e.g. trkB, IGF-1 or the
activation of Raf and/or PI-3K-AKT stimulation. Oncogenic levels of Myc have recently been
linked to increased glutaminolysis through a coordinated transcriptional program program
[60-62]. Quantitative RTPCR and ChIP experiments support Myc’s binding and transcriptional
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activation of two high affinity glutamine transporters: SLC38A5 (also called SN2) and SLC1A5
(ASCT2), the transporter required for glutamine-dependent mTORC1 activation [60, 63]. In
addition to facilitating glutamine uptake, Myc promotes the metabolism of imported gluta‐
mine into glutamic acid and ultimately into lactic acid [60]. Whether the tendency of Myc to
complement Ras and PI3K-Akt [64, 65] is related to the interdependence of glutamine and
glucose metabolism in support of cell growth remains an open question. The work of C. Dang
and other points to a potential important metabolic requirement for glutamine in c-myc and
mycN driven tumors where glutamine can serve a role in promoting tumor growth [58, 66].
This might suggest a role of agents which deplete glutamine (glutaminases) as a therapeutic
target for mycN driven malignancies like neuroblastoma and the SHH subtype of medullo‐
blastoma.

6. Role of tumor infiltrating immune cells in tumorigenicity of
neuroblastoma
Solid tumors are composed of tumor stromal cells, blood vessels, infiltrating immune cells and
tumor cells themselves. Over the last decade, a growing body of literature has highlighted the
importance of the tumor microenvironment for the prognosis of different types of cancer [68].
The tumor microenvironment contains many resident cell types, such as adipocytes and
fibroblasts, but it is also populated by migratory hematopoietic cells, including lymphoid cells,
granulocytes, mast cells, dendritic cells, natural killer cells, neutrophils and macrophages.
These haematopoietic cells have pivotal roles in the progression and metastasis of tumors [69,
70]. The significance of tumor stroma for the overall prognosis may be in part due to the fact
that several components of the tumor-microenvironment have been shown to compromise
immune effect functions against tumor cells [71]. The concept of tumor-promoting inflamma‐
tion is a recognized enabling characteristic of cancers [72].
The first evidence suggesting immune responses to neuroblastoma was provided in 1968 when
blood leukocytes, which were 50–70% lymphocytes, were reported to inhibit colony formation
by neuroblastoma cells [73]. These lymphocytes inhibited colony formation by both autologous
and allogeneic neuroblastoma cells but did not affect growth of fibroblasts from the same
donors. Plasma from these patients also was reported to inhibit tumor cell colony formation
in the presence of complement. In this same time, primary tumors were reported to contain
leukocytes [74, 75], and some localized and metastatic neuroblastomas were reported to regress
spontaneously [76, 77]. Together, these studies suggest that the immune system could develop
an anti-neuroblastoma response. In this section, we will highlight the role of tumor infiltrating
immune cells in progression of this disease and how blocking the function of these infiltrating
cells may prove beneficial in its treatment of NB.
a.

Tumor infiltrating Lymphocytes

Tumor-associated lymphocyte population includes CD8+ cytotoxic T cells, CD4+ T helper cells,
regulatory T cells (Tregs), NKT or γδT cells. Tregs are immunosuppressive regulatory T cells.
Tregs are able to suppress the activity of CTLs by direct cell-cell contact and also secrete
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immunoregulatory cytokines such as transforming growth factor β (TGF-β) and interleukin-10
(IL-10). However, the role of Tregs is much less clear and to our knowledge there are no
published data on the presence (or otherwise) of Tregs in pediatric tumors.
CD8+ cytotoxic T lymphocytes (CTL) are a primary source of anti-tumor activity in the immune
system [1, 3]. In many adult cancers the presence of significant numbers of tumor-infiltrating
lymphocytes, potentially represents the host immune response against the tumor and is
associated with improved prognosis [78-80]. In neuroblastoma, Martin et al. [81] suggested a
correlation between lymphocyte infiltration and improved survival, although these data are
confounded by tumor grade since lymphocytic infiltrates were seen more frequently in low
grade, differentiating tumors. In a separate examination of 26 high-risk neuroblastoma tumor
samples, there was minimal or undetectable infiltration of CD8+ or CD4+ T cells, CD20+ B cells
or CD56+ NK cells within tumor nests [82], although in most patients CD8+ or CD4+ lympho‐
cytes were present within the peritumoral stroma. Interestingly, the majority of patients had
evidence of small numbers of circulating cytotoxic T cells against the tumor antigen survivin
(expressed by all of the tumors in this study) and these CTLs were highly functional in in
vitro assays [82]. The experiments conducted by another group in NXS2 murine neuroblastoma
model have shown that oral vaccination with a survivin DNA minigene was associated with
increased target cell lysis, increased presence of CD8(+) T-cells at the primary tumor site, and
enhanced production of pro-inflammatory cytokines [83]. Another pre-clinical study have
demonstrated that tyrosine hydroxylase and MYCN proteins, which are relatively specific for
neuroblastoma cells compared to normal cells, include peptides that can be targets for CTL.
Vaccination of mice with tyrosine hydroxylase DNA minigenes can induce CTLs, eradicate
established primary NXS2 neuroblastoma tumors, and inhibit spontaneous metastases
without induction of autoimmunity [84, 85].
However, despite these cellular responses to NB, the presence of tumor-infiltrating CTL is rare,
suggesting a block in T cell trafficking that may protect the tumor from CTL-mediated
cytotoxicity. Therefore, strategies aiming to generate CTLs must take into account mechanisms
by which neuroblastoma cells may avoid immune elimination. These include decreased
expression of peptide presenting HLA class I molecules by tumor cells, which can impair target
peptide recognition by CTLs [82, 86, 87]. Also, neuroblastoma cells express low levels of
antigen processing genes, including LMP-2, LMP-7, and TAP-1, which are necessary for
preparation of peptides from proteins for presentation by HLA class I molecules to CTLs [88,
89]. Neuroblastoma cells also induce monocytes to release HLA-G, which suppresses both CTL
and NK mediated cytotoxicity by interacting with inhibitory receptors or inducing apoptosis
via CD8 ligation or the Fas-FasL pathway [90]. Thus, effective CTL anti-tumor responses
require that these escape mechanisms be evaluated and, if present, be overcome.
b.

Natural Killer Cells

Natural Killer (NK) cells represent a particular subset of T lymphocytes, which express both
T cell markers, such as the αβ T-cell receptor (TCR) and associated CD3 complex, and NK cell
markers, such as NK1.1[91]. These cells recognize glycolipids presented by the MHC class Ilike molecule CD1d and are believed to play an important role at the interface between the
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innate and adaptive immune responses to infection and malignancy [92]. Two main subtypes
of NKT cell are recognised, with Type I NKT cells expressing an invariant α-TCR chain and
being implicated in antitumor immunity, whilst Type II NKT cells express a variety of TCR
molecules (in addition to CD1d) and appear to have a more immune inhibitory role [91]. The
presence of these immune effector cells within tumors has been examined in a number of
different malignancies, including, neuroblastoma. Type I NKT cells were found in 53% of 98
untreated primary stage 4 neuroblastoma samples [93] and their infiltration correlated with
favorable outcome, with expression of the chemokine CCL2 and with absence of MYCN
amplification (indicating less aggressive disease). Subsequent investigations have confirmed
that expression of CCL2 is repressed in MYCN amplified tumors, leading to a failure of NKT
cell infiltration and potentially contributing to tumor immune escape [94].
Recent studies have suggested anti-tumor role of NK cells in high risk neuroblastoma NK cells
are activated to be cytotoxic and secrete IFNγ by IL-2. IL-2 alone has been tested in phase I and
II trials for patients with neuroblastoma, and, although immune effects were documented, no
objective tumor responses were observed [95, 96]. Lenalidomide is an immune modulating
drug that activates T cells to secrete IL-2, which in turn activates NK cell cytotoxicity and ADCC
[97, 98]. Clinical trials in children and adults demonstrated increased numbers of NK cells and
cytotoxicity, decreased T regulatory cells, and increased secretion of IL-2, IL-15, and GM-CSF
after 21 days of lenalidomide treatment [99, 100]. Thus, lenalidomide may be useful for
activating NK cells to enhance mAb immunotherapy of neuroblastoma.
c.

Role of tumor associated macrophages

Macrophages represent a further important cellular component of the tumor stroma. Far from
being mere bystanders to tumor development, there is increasing evidence that tumorassociated macrophages (TAMs) promote and facilitate tumor growth [101, 102]. Of key
importance is the concept of distinct macrophage phenotypes, mirroring the dichotomy
between TH1 and TH2 T helper cells and type I and type II immune responses. Alternatively
activated M2-macrophages are involved in polarized Th2 inflammatory reactions and
characterized by expression of arginase-1 and mannose and scavenger receptors [103, 104]. On
the other extreme, classically activated M1 macrophages are IL-12 high, IL-23 high, IL-10 low;
produce high levels of inducible nitric oxide synthetase (iNOS); secrete inflammatory cyto‐
kines such as IL-1β, IL-6, and TNF; and are inducer and effector cells in Th1 type inflammatory
responses [105]. It has been suggested that tumor-associated macrophages (TAMs) display an
M2-like phenotype [106].
TAMs are recruited to tumors when stimulated by growth factors and chemokines, produced
by the tumor cells [107, 108]. The conventional wisdom about TAM function is that they are
recruited to reject the tumor, which has been recognized as foreign because tumors express
unique antigens. However, there is a growing body of evidence that the tumor microenviron‐
ment is immunosuppressive [109], perhaps as a result of selection for such an environment a
process recently termed ‘immunoediting. Recent data indicate that TGF-β1 has an important
role in suppressing these local responses and that inhibiting this molecule can result in tumor
rejection [110, 111]. It is noteworthy that TAMs can both produce TGF-β1 and process latent
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TGF-βs to produce their active forms[111]. In addition, the local cytokine milieu in the tumor
tends to block the immunological functions of these newly recruited mononuclear phagocytes
such as antigen presentation and cytotoxicity towards tumors, and diverts them towards
specialized TAMs that are immunosuppressed and trophic [112]. A principal component of
this cytokine mixture is CSF-1, which locally blocks the maturation of dendritic cells so that
they are unable to present antigens and promotes the development of immunosuppressed
trophic TAMs. TAMs promote tumor growth by affecting angiogenesis, immune suppression,
invasion and metastasis [101, 102]. Existing literature suggests that tumor associated macro‐
phages secrete several genes including matrix metalloproteinases-9 (MMP-9) [113], urokinasetype plasminogen activator (uPA) [114], vascular endothelial growth factor (VEGF) [115], and
cyclooxygenase-2 (Cox-2] [116] which promotes tumor growth by breaking down extracellular
matrix. The role of TAMs in tumor growth and progression is highlighted in Figure 3.

Figure 3. The role of TAMs in tumor growth, invasion and metastasis: Tumor-derived chemokines, cytokines and vascu‐
lar endothelial growth factor (VEGF), actively recruit circulating blood monocytes at the tumor site In the tumor micro-envi‐
ronment monocytes differentiate into tumor-associated macrophages (TAM), where they promote tumor growth and
metastasis and establish a symbiotic relationship with tumor cells. The above tumor-derived factors positively modulate
TAM survival. TAMs also secrete growth factors, which promote tumor cell proliferation and survival, regulate matrix depo‐
sition and remodeling and activate neo-angiogenesis. Figure modified and adapted from Sica et al. [106]

Clinical studies have, on balance, shown a correlation between an abundance of TAMs and
poor prognosis [108]. These data are particularly strong for breast, prostate, pancreatic, ovarian
and cervical cancers; the data for stomach and lung cancers are contradictory [108, 117, 118],
and in a small study in colorectal cancer, their presence was associated with good prognosis
[119]. However, taking all reports into account regardless of method and sample number more
than 80% show a significant correlation between TAM density and poor prognosis, whereas
less than 10% associate TAM density with a good prognosis [108]. So, increased TAM density
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is usually associated with advanced tumor progression and metastasis in most of the cancers.
However the prognostic significance of tumor associated inflammatory cells in metastatic
disease and in childhood cancers is mostly unknown.
Recent reports suggest that interaction between tumor and inflammatory cells contribute to the
clinical metastatic neuroblastoma phenotype [120]. It has been reported that metastatic neuro‐
blastomas had higher infiltration of TAMs than loco regional tumors, and metastatic tumors
diagnosed in patients at age ≥ 18 months had higher expression of inflammation related genes
than those in patients diagnosed at age < 18 months. They identified 14 genes, out of which nine
were tumor cell related and five were inflammation related that comprises a prognostic signature
for neuroblastoma. Expression of inflammation related genes representing TAMs (CD33/CD16/
IL6R/IL10/FCGR3) contributed to 25% of the accuracy of a novel 14-gene tumor classification
score [120]. Another study by Song et al., demonstrated that CD1d+ TAMs promote neuroblasto‐
ma growth via IL-6 production and that expression of monocyte/macrophage markers, CD14/
CD16, and IL-6 or IL-6R inversely correlates with long-term disease-free survival in patients with
stage 4 MYCN–non-amplified neuroblastoma [121]. They suggested that cotransfer of human
monocytes and NKTs to tumor-bearing NOD/SCID mice decreased monocyte number at the
tumor site and suppressed tumor growth compared with mice transferred with monocytes alone.
Thus killing of TAMs can be suggested as a novel mechanism of NKT antitumor activity that
relates to the disease outcome. Although less is known about the role of stromal compartment in
tumorigenecity in neuroblastoma and other childhood tumors but recent reports suggesting
infiltration of macrophages in metastatic neuroblastoma opened new opportunities to target
tumor associated immune system cells in childhood cancer. It is unclear whether these TAMs
represent M2 macrophages and the mechanisms that control macrophage differentiation along
the M1 vs the M2 lineage in tumor biology.

7. Multiple ‘Omics’ analysis an emerging concept in treatment of
neuroblastoma
The “Omics” is a neologism widely adopted by scientists to refer to large scale analysis of genes
(genomic), proteins (proteomics) and lately small metabolites (metabolomics). Modern molecu‐
lar achievements over the last decade have seen the increase and implementation of multiple
'omics technologies in oncology that promises to provide for a deeper comprehension of complex
tumor pathways. It is believed that an integration of multiple “omics” technologies is likely to
provide even further insight into the holistic view of the biology networks [122]. The studies of
global expression profiles of both mRNA and protein are necessary to reveal the important
pathways for an enigmatic disease such as neuroblastoma. During the past several years many
studies utilized microarray-based high throughput technologies to investigate gene expres‐
sion profiles and DNA copy number alterations in neuroblastoma [123, 124]. Guo et al. has
performed exon array profiling to investigate global alternative splicing pattern of 47 neuroblas‐
toma samples in stage 1 and stage 4 with normal or amplified MYCN copy number (stage 1-, 4and 4+) Their results demonstrated a significant role of alternative splicing in high stage
neuroblastoma and suggested a MYCN-associated splicing regulation pathway in stage 4+
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tumors [125]. Studies from other group has measured copy number alterations in a representa‐
tive set of 82 diagnostic tumors on a customized high-resolution BAC array based CGH platform
supplemented with additional clones across 1p36, 2p24, 3p21-22, 11q14-24, and 16p12-13, and
integrated these data with RNA expression data[126]. They used an unbiased statistical method
to define a set of minimal common regions (MCRs) of aberration and on the basis of unsuper‐
vised hierarchal clustering they identified four distinct genomic subclasses. These genomic
subsets were highly correlated with patient outcome, and individual MCRs remained prognos‐
tic in a multivariable model. These studies mentioned above identified prognostic markers and
genomic alterations specific to high-risk neuroblastoma, and showed the capability of identify‐
ing signatures which predict patient outcome. Since mRNA expression is not always indica‐
tive of corresponding protein expression because the abundance of specific proteins can be
controlled by post-transcriptional translation and post-translational modifications, therefore the
use of proteomics will help in detecting directly the actual biological effector molecules and
should provide more accurate functional information about biological systems. With this idea,
Chen et al. has performed parallel global protein and mRNA expression profiling on NB tumors
of stage4 MYCN-amplified (4+) and stage1 MYCN-not-amplified (1-) using isotope-coded
affinity tags (ICAT) and Affymetrix U133plus2 microarray respectively [127]. Pathway analy‐
sis of the differentially expressed proteins conducted by this group showed the enrichment of
glycolysis, DNA replication and cell cycle processes in the upregulated proteins and cell
adhesion, nervous system development and cell differentiation processes in the down-regulat‐
ed proteins in 4+ tumors; suggesting a less mature neural and a more invasive phenotype of 4+
tumor.
Metabolomics falls behind its predecessor genomics and proteomics, but represent a burgeon‐
ing field with potential to fill up the gap between genotype and phenotype [128] The high
throughput nature of metabolomics makes it an attractive tool for scientists involved in the
process of drug development. The reason for that lies in the principle that a patients response
to drugs and toxicities do not depend only on a person genetic make-up, but it is rather a
factorial outcome of interactions between intrinsic factors and environment [128]. Therefore,
metabolomics technology is a powerful tool that can accurately measure the entire spectrum
of biochemical changes and mapping these changes to metabolic pathways [128, 129]. In 1995,
Florian et al. [130] determined the metabolic characteristics of three types of human brain and
nervous system tumors by high-resolution in vitro MRS and chromatographic analysis. Signals
from leucine, isoleucine, glycine, valine, threonine, lactate, acetate, glutamate, and cholinecontaining compounds were similarly detected in meningiomas, glioblastomas, and NB. In
2007, Peet et al. [131] reported the results of in vitro 1H high-resolution magic angle spinning
NMR spectroscopy (HRMAS) investigations performed on cell suspension of 13 lines of NB
possessing multiple genetic alterations. In their study, a specific metabolite profile associated
with MYCN-amplified and non-amplified tumor subtypes was described. Phosphocholine and
taurine concentration ratios relative to total choline were found to be significantly more
elevated in the MYCN-amplified as compared to the MYCN-non-amplified cell lines, and
suggested that choline and taurine molecular pathways could be potential therapeutic targets
in NB[131]. Recently, Imperiale et al. has characterized the metabolic content of intact biopsy
samples obtained from 12 patients suffering from neuroblastoma by using (HRMAS) [132].
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Their studies suggested that NB patients younger than 12 months contained a higher level of
acetate and lysine. Conversely, higher amounts of glutathione, glutamate, myoinositol glycine,
serine and ascorbic acid were detected in NB samples belonging to younger children.
Overall, the emerging concept of analyzing NB-specific 'omics profiles to better understand
and define the behavior of advanced-stage tumors along with providing direct and targeted
therapy may ultimately translate into improved outcomes for high-risk NB.

8. Antibody dependent cellular toxicity (ADCC) / Role of ITAM and ITIM
signaling in neuroblastoma
The Fcγ receptors (FcγRs) expressed on hematopoietic cells play a key role in immune defenses
by linking humoral and cellular immunity [133]. FcγRs display coordinate and opposing roles
in immune responses depending on their cytoplasmic region and/or their associated chains.
Indeed, the activating receptors contain an immunoreceptor tyrosine-based activation motif
(ITAM) and initiate inflammatory, cytolytic, and phagocytic activities of immune effector cells.
In contrast, the inhibitory receptors that downmodulate the immune responses contain an
immunoreceptor tyrosine-based inhibitory motif (ITIM) [134, 135]. There are numerous Fc
receptors for IgG (FcγR) that are widely expressed on immune cells. The FcγR family consists
of four classes of receptors, FcγRI, FcγRII, FcγRIII, and FcγRIV, that have been identified in
both mice and humans. There are significant similarities in the functions of the FcγR receptors
between mice and humans, but there is limited homology in receptors themselves [136]. To
date, only one inhibitory FcγR, FcγRIIb, has been identified and is the only receptor to have
complete homology between mice and humans [136]. FcγRs can be found on virtually all
hematopoietic cells except T cells; in most cases, cells coexpress activating and inhibitory FcγR,
allowing for the balance between activating and inhibitory receptors to dictate their response
[136]. NK cells are an exception to this rule and express only the activating FcγRIIIa. NK cells
do not express the inhibitory FcγRIIb.
Antibodies directed against neoplastic cells provide new therapeutic approaches against various
malignancies, including lymphoma, leukemia, melanoma, and breast and colorectal carcino‐
ma [137, 138] There is increasing evidence that the Fc portion of the anti-tumor IgG is a major
component of their therapeutic activity, along with other mechanisms such as activation of
apoptosis, blockade of signaling pathways, or masking of tumor antigens. Thus, by binding to
activating FcγRs expressed by immune effector cells, such as macrophages, monocytes,
neutrophils, or NK cells, tumor-specific antibodies trigger the destruction of malignant cells via
antibody-dependent cellular cytotoxicity (ADCC) or phagocytosis [139, 140].
Because of their rapid and unopposed responses to mAb, NK cells play a major role in the antitumor response elicited by tumor-specific mAbs. Multiple clinically successful mAbs utilize
NK-mediated ADCC as a mechanism of action. Rituximab (anti-CD20), Herceptin (anti-Her-2/
neu), Cetuximab (anti-EGFR), and the anti-GD2-mAbs 3F8 and ch14.18 are examples of tumorspecific mAbs whose clinical activity can be attributed, at least in part, to NK cells. Natural
killer (NK) cells are powerful effector cells that can be directed to eliminate tumor cells through
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tumor-targeted monoclonal antibodies (mAbs). Some tumor-targeted mAbs have been
successfully applied in the clinic and are included in the standard of care for certain malig‐
nancies. Strategies to augment the antitumor response by NK cells have led to an increased
understanding of how to improve their effector responses. Next-generation reagents, such as
molecularly modified mAbs and mAb-cytokine fusion proteins (immunocytokines, ICs)
designed to augment NK-mediated killing, are showing promise in preclinical and some
clinical settings. Continued research into the antitumor effects induced by NK cells and tumortargeted mAbs suggests that additional intrinsic and extrinsic factors may influence the
antitumor response. Therefore more research is needed that focuses on evaluating which NK
cell and tumor criteria are best predictive of a clinical response and which combination
immunotherapy regimens to pursue for distinct clinical settings.

9. Tumor associated gangliosides / GD2 monoclonal antibodies
Gangliosides (GD) are membrane-associated glycosphingolipids which have important
regulatory roles during embryogenesis and have also been implicated in tumor development.
Particular gangliosides, which show restricted patterns of expression in normal tissue, may be
expressed at high levels by tumor cells (e.g. GD3 by melanoma) and are implicated both in
tumorigenesis and as mediators of metastatic spread [141]. There is also evidence that
gangliosides secreted by tumor cells can modulate the immune response and, in particular,
act to inhibit dendritic cell differentiation and function. Neuroblastoma (and other neuroen‐
docrine) tumor cells ubiquitously express the ganglioside GD2, whilst expression in normal
tissues is restricted to neurons. Thus, GD2 is an attractive antigen for neuroblastoma immu‐
notherapy strategies [142] including humanized anti-GD2 monoclonal antibodies such as
ch14.18 [143], or GD2-directed cytotoxic lymphocytes. A chimeric human–murine anti-GD2
monoclonal antibody [144] called ch14.18 has shown activity against neuroblastoma in
preclinical studies [145] and early-phase clinicaltrials[146, 147], this activity could be enhanced
when ch14.18 is used in combination with granulocyte–macrophage colony-stimulating factor
(GM-CSF) [148] or interleukin-2 [149, 150] to augment antibody-dependent cell-mediated
cytotoxicity. The feasibility of administering ch14.18 in combination with GM-CSF, interleu‐
kin-2, and isotretinoin during the early post-transplantation period has been shown in two
sequential pilot phase 1 studies [143, 151]. This progression of clinical trials culminated in the
recently completed phase III randomized study of isotretinoin together with ch14.18, IL-2, and
GMCSF vs. isotretinoin only for children with high-risk neuroblastoma who had a clinical
response to induction therapy and myeloablative consolidation therapy/AHSCT. Immuno‐
therapy after consolidation significantly improve event free survival (EFS) (66 ±5% vs. 46 ±5%
at 2 years, P = 0.01) and overall survival (86 ± 4% vs. 75 ± 5% at 2 years, P = 0.02). This was the
first demonstration that antibody based therapy improves EFS and overall survival. Although
EFS was improved by adding immunotherapy to isotretinoin, approximately 40% of patients
still relapsed during or after this therapy [152]. Additionally, the combination of ch14.18 with
IL-2 and GM-CSF has significant toxicities, including neuropathic pain, fever without neutro‐
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penia, infection, hypokalemia, hypotension, and capillary leak syndrome. Thus, a search for
new agents to combine with ch14.18 to improve efficacy and decrease toxicity is justified.
Immunocytokines commonly known as antibody-cytokine fusion proteins combine the
targeting ability of antibodies with the functional activity of cytokines, and are known to
improve antibody-based therapy by delivering cytokines to the microenvironment to both
activate effector cells and modulate the microenvironment. To date, immunocytokine research
has focused on ADCC mediated by NK cells and on induction of CTL. An anti-GD2/IL-2
immunocytokine eradicated hepatic metastases of neuroblastomas in SCID mice that had been
reconstituted with human lymphokine (IL-2) activated killer cells [153, 154]. In contrast, the
combination of monoclonal anti-GD2 antibody and IL-2 at doses equivalent to the immuno‐
cytokine only reduced tumor load. In a syngeneic murine model of GD2 expressing melanoma,
targeting with an anti-GD2 antibody/IL-2 immunocytokine resulted in generation of CD8+ T
lymphocytes that could eradicate tumor as well as prevent tumor growth [154]. Based upon
these data, phase I and II studies have tested a humanized anti-GD2/IL-2 immunocytokine
(hu14.18/IL-2) in patients with refractory or relapsed neuroblastoma. In the phase I study of
27 patients, treatment with hu14.18/IL2 caused elevated serum levels of soluble IL-2 receptor
alpha (sIL2R_) and lymphocytosis. There were no measurable complete or partial responses
to hu14.18/IL2; however, three patients showed evidence of antitumor activity [155]. In the
phase II study, 39 patients with recurrent or refractory neuroblastoma were enrolled (36
evaluable). No responses were seen for patients with disease measurable by standard radio‐
graphic criteria (stratum 1) (n = 13). Of 23 patients with disease evaluable only by 123Imetaiodobenzylguanidine (MIBG) scintigraphy and/or bone marrow histology (stratum 2),
five patients (21.7%) responded; all had a complete response of 9, 13, 20, 30, and 35+ months
duration. Grade 3 and 4 non-hematologic toxicities included capillary leak, hypoxia, pain, rash,
allergic reaction, elevated transaminases, and hyperbilirubinemia, which were reversible
within a few days of completing a treatment course. These results support further testing of
hu14.18/IL2 in children with non-bulky high-risk neuroblastoma [156].

10. Summary
Herein, we have reviewed a number of important areas of basic and translational research
related to emerging novel therapies for the pediatric solid tumor, neuroblastoma. These
include: 1) Signaling pathways within the tumor cell itself e.g. oncogenes and tumor suppres‐
sor proteins 2) Signaling pathways that regulate the tumor stromal compartment to control
angiogenesis and the immune system and 3) Elements of cancer metabolism related to the
oncogene addiction hypothesis.
Future studies will tap into these areas of basic science investigation to illuminate new avenues
for therapeutics. We hereby advocate the need to genotype and perform molecular profiling
by multi “omic” analysis on the tumor and stromal cells within the tumor and metastatic sites.
Moreover, we suggest that we should examine the adaptive responses to targeted therapeutic
agents in mouse models and patients treated with these agents in search of most potent
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combinations and mechanisms for resistance. This will be required to affect a cure of this
difficult to treat disease.
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1. Introduction
The discovery of microRNAs (miRNAs, miRs) led to a profound change on our vision about the
regulation of gene expression in eukaryotes. MicroRNAs are an emerging class of small noncoding endogenous RNAs that participate on the fine tuning of gene expression at the posttranscriptional level. First discovered at the early 90s in the nematode C. elegans [1], microRNAs
have been involved in multiple important biological processes both in animal as in plant cells.
These regulatory RNAs are transcribed as primary longer transcripts, which are then processed
into 19-23-nt mature miRNAs. One strand of the mature miRNA is then incorporated into the
RNA-induced silencing complex (RISC) to regulate gene expression by targeting the 3’-untrans‐
lated region (3’UTR) of mRNAs with consequent translational repression and/or target mRNA
degradation. This mode of action demonstrates the great regulatory potential of miRNAs, since
a unique mRNA can be targeted by diverse miRNAs and conversely each miRNA may have
hundreds of different target mRNAs. In recent years miRNAs have been established as impor‐
tant regulators of tumor development, progression and metastasis, and have demonstrated to be
useful for tumor diagnosis and classification. Moreover, miRNA regulation might represent a
new avenue for cancer treatment in a near future.
Neuroblastoma is the most common extracranial solid tumor in childhood and the most
common tumor in infants, which originates from aberrant development of primordial neural
crest cells. Several lines of evidence support the idea that microRNA deregulation could
contribute to neuroblastoma pathogenesis and progression [2, 3], and the usefulness of miRNA
profiles for neuroblastoma diagnostics, classification and prognosis has been recently reported
[4]. Neuroblastoma cell lines can be induced to differentiate in vitro by several agents, including
Retinoic Acid (RA) [5, 6], the biologically active form of vitamin A. RA treatments lead to
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proliferative arrest and neuronal differentiation [5, 7] and to a reduction of the biological
aggressiveness of neuroblastoma cells, by reducing their migratory and invasive abilities
[8-10]. As a consequence of this, RA and its derivatives have been introduced into therapeutic
protocols for neuroblastoma patients [11-13].
In this article we want to review the evidences supporting the contribution of miRNA
regulation to RA-induced differentiation of neuroblastoma cells. We will show that miRNA
contribute to the gene-expression changes associated with neuroblastoma cell differentiation
and that specific RA-induced miRNAs target the expression of relevant genes in the context
of neural differentiation. In addition RA-regulated miRNAs contribute to the reduction in the
biological aggressiveness elicited by RA in vitro. We put forward the idea that miRNA
regulation is part of the RA signaling pathway, and that miRNAs are essential mediators of
the actions of RA in neuroblastoma cells.

2. The molecular bases of miRNA action
2.1. Biogenesis of miRNAs
miRNAs use complementary base pairing and the RNA induced silencing complex (RISC) to
bind and either block translation and/or promote degradation of their target mRNAs. miRNAs
are 19-22 nt-long RNA molecules transcribed mainly from non-coding regions of the genome,
although some are embedded within genes, primarily as part of intronic sequences [14]. In
addition, clusters of miRNAs were also found in the genome [15]. miRNAs are transcribed as
large hairpin-containing molecules, called pri-miRNA, that are cleaved in the nucleus by the
microprocessor complex, involving Drosha and Pasha/DGCR8 proteins [16, 17]. The result of
this cleavage is a shorter precursor hairpin (approx. 70 nt), called pre-miRNA. Pre-miRNAs
are exported through RAN GTPase and exportin-5 to the cytoplasm [18] where undergo further
cleavage by Dicer to yield a transient intermediate imperfect duplex of approx 19-22 bp miRNA
[19]. Subsequently, the duplex unwinds and miRNA strand is loaded into RISC complex
together with proteins of the Argonaute (Ago) family [20]. The miRNA strand in RISC acts as
a guide strand to find the complementary site in mRNA, and thereby suppressing the
translational activity of the target mRNA. The complementary strand (known as miRNA* or
as passenger strand) is degraded when the duplex is unwound, although recent evidences
show that in some cases miRNA* accumulated at physiological levels and support the idea of
a role for miRNA* on gene regulation [21]. (see Figure 1)
2.2. miRNA target binding
miRNAs interact primarily with the 3’-untranslated (3’UTR) region of their target mRNAs,
although recent evidences show that miRNAs can also associate with sites located within the
coding region of target genes [22]. In fact, complex arrays of multiple binding sites for either
the same or different miRNAs located both in the 3’UTR as well as in the coding region of the
target genes have been reported [23]. The base pairing of miRNA and mRNA in vertebrates
requires only partial homology, with a preference for contiguous pairing occurring only at the
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seed region, located at nucleotides 2-7 of the guide strand. The lack of stringency results in a
many-to-many relationship between miRNAs and mRNA targets, with the consequence that
a high percentage of the genome may be regulated post-transcriptionally by a comparatively
small set of miRNAs. A consequence of that is also that bioinformatic prediction of miRNA
target mRNAs becomes relatively inaccurate. The guide strand binds to its complementary
region in the 3′UTR of its target mRNA through Watson–Crick base pairing of the seed
residues. Several alternative seed binding arrangements have been observed that involved
different number of residues and therefore could have different binding affinity [24].

Figure 1. miRNA Biogenesis. The scheme depicts the different steps in the biogenesis of miRNAs, the enzymes in‐
volved and the intermediate miRNA forms.

2.3. Suppression of mRNA translation and/or mRNA degradation mediated by miRNAs
The binding of miRNA-RISC complex to its cognate mRNA target leads to mRNA silencing
through suppression of mRNA translation and/or mRNA decay. [25, for review] Several
mechanisms involving different protein complexes have been proposed. mRNA translation
could be blocked at initiation step as well as post-initiation stages. The miRNA-RISC complex
inhibits translation initiation by interfering with eIF4F-cap recognition and 40S small riboso‐
mal subunit recruitment or by antagonizing 60S subunit joining and preventing 80S ribosomal
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complex formation. The interaction of the GW182 protein with the poly(A)-binding protein
(PABP) might interfere with the closed-loop formation mediated by the eIF4G-PABP interac‐
tion and thus contribute to the repression of translation initiation. The miRNA-RISC might
inhibit also translation at post-initiation steps by inhibiting ribosome elongation, inducing
ribosome drop-off, or promoting proteolysis of nascent polypeptides. To promote mRNA
degradation, the miRNA-RISC complex interacts with the CCR4-NOT1 deadenylase complex
to facilitate deadenylation of the mRNA poly(A) tail. Deadenylation requires the direct
interaction of the GW182 protein with PABP. Following deadenylation, the 5′-terminal cap
(m7G) is removed by the DCP1-DCP2 decapping complex. Although miRNA-mediated
deadenylation followed by mRNA degradation appear to be widespread events, not all
miRNA-targeted mRNAs are destabilized. miRNA-targeted translationally repressed mRNAs
can accumulate in discrete cytoplasmic foci, such as P or GW bodies, or stress granules. A
fraction of GW bodies co-localizes with multivesicular bodies (MVBs), membrane structures
that play a role in miRNA-mediated repression. Compelling evidences support a role for
miRNAs at the nucleus, acting on transcriptional regulation via chromatin remodeling and
epigenetic mechanisms [26].

3. Profiling miRNA expression during retinoic-acid-induced
neuroblastoma cell differentiation
3.1. Profiling miRNA expression during retinoic-acid induced neuroblastoma cell
differentiation
Several studies have addressed the changes in the expression of miRNAs upon RA-dependent
induction of differentiation of neuroblastoma cells, with somewhat different results depending
on the cell line, treatment duration, analysis platform used, etc. [2, 27-30]. To analyze the
contribution of microRNA regulation to RA-induced differentiation of neuroblastoma cells,
we have studied the changes in the pattern of expression of 667 different human miRNAs upon
RA treatment of SH-SY5Y neuroblastoma cells. We used miRNA profiling with TaqMan RTPCR Low Density Arrays, and we found that 452 miRNAs were expressed above detection
level. From them, 42 specific miRNAs change significatively their expression levels (26
upregulated and 16 downregulated) during RA-induced differentiation (Figure 2). This
suggests miRNAs as an additional post-transcriptional regulatory layer under RA control [30].
3.2. A role for miRNAs-10a and -10b in RA-dependent regulation of neuroblastoma
differentiation
We have focused our study on the closely related miR-10a and -10b, that showed the most
prominent expression changes in SH-SY5Y cell line. Similar results have been reported for
other neuroblastoma cell lines, like LA-N-1, LAN5 and SK-N-BE [29, 30].
Loss of function experiments with anti-sense anti-miRs antagonists could show that miR-10a
and -10b contribute to the regulation of RA-induced differentiation. RA-induced neurite
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outgrowth was impaired in cells with experimentally reduced levels of miR-10a or -10b, and
the expression of several neural differentiation markers like Tyrosine Kinase receptors NTRK2

Figure 2. miRNA expression profiling in differentiating SH-SY5Y cells. Relative expression values detected in Taq‐
Man microRNA Low Density Arrays for microRNAs with FDR<0.05 at least in two of the three treated versus non-treat‐
ed comparisons, for upregulated (A) and downregulated miRNAs (B). The values for 24 (empty bars), 48 (grey bars)
and 96 (black bars) h of RA treatment are represented.
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(trkB) and RET, GAP43, Neuron-specific Enolase (ENO2), medium-size neurofilament protein
NEFM and the enzyme Tyrosine Hydroxylase (TH) was abrogated or severely impaired after
suppression of miR-10a or -10b (Figure 3).

Figure 3. Knock-down of miR-10a and -10b impaired RA-induced differentiation. Blocking the action of miR-10a
and -10b by transfection of their cognate anti-miRs diminished neurite outgrowth (A) and reduced the expression of
neuronal differentiation markers NTRK2 (B), RET (C), GAP43 (D) and ENO2 (E), as shown by quantitative RT-PCR. (Statis‐
tical signification in the Figures: *: p<0.05; **: p<0.01; ***: p<0,001; ns: non significative)

Conversely, the downregulation of the members of the ID gene family, ID1, ID2 and ID3 was
abolished in RA-treated cells transfected with anti-miR-10a and anti-miR-10b. However,
miR-10a and -10b did not appear to play a relevant role in RA-induced proliferation arrest,
because the strong reduction of the incorporation of 3H-Thymidine (to approximately 30% of
the control values) and the decrease in the percentage of cells in S- phase (to 50% of the control)
induced by RA treatment, was equivalent in neuroblastoma cells transfected with anti-miR-10a
and anti-miR-10b [30]. However, a reduction in the cell growth in SK-N-BE neuroblastoma
cells when transfected with pre-miR-10a and -10b has been reported [29]. Overexpression of
miR-10 and -10b by transfecting synthetic precursor pre-miRs could not trigger full differen‐
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tiation itself and although the mRNA levels of RET, NTRK2, GAP43 and ENO2 or the protein
levels of NEFM and TH were slightly enhanced by transfection of pre-miR-10a and -10b, the
attained expression levels for all the markers analyzed were far below those obtained by RA
treatment. Similarly, ectopic expression of miR-10a and -10b led to certain increase in neurite
outgrowth, but lower to that obtained for RA treatment [30]. Therefore, miR-10a and-10b
appeared to be necessary but not sufficient for full neural differentiation, and consequently
additional actions of RA must contribute to differentiation.
3.3. miRNAs-10a and -10b contribute to the reduction on the biological aggressiveness of
neuroblastoma cells induced by RA
It has been reported that RA treatment of neuroblastoma cells results in a reduction in their
biological aggressiveness, by decreasing their migratory and invasive abilities [8-10]. We
wanted to analyze whether RA-induced expression of miR-10a and -10b could be related to
the reduction in migratory and invasive potential of neuroblastoma cells. To test the migratory
potential of SH-SY-5Y cells we used a modified, light-opaque Boyden chamber assay (Falcon
HTS FluoroBlok, 8 μm pore size). Cells were transfected with anti-miR-10a or -10b or the
corresponding Negative Control anti-miR, treated with 1 μM RA or vehicle in culture medium
during 96 h, and labeled in the plate with Calcein AM. Labeled cells were counted and added
to the upper chamber of the Boyden chamber, and allow to migrate towards de lower chamber,
filled with medium containing 10% FBS as chemoattractant. The results show that indeed RAtreatment reduced the migration of neuroblastoma cells. However suppressing miR-10a or
-10b expression not only abolished that reduction but increased migration over basal levels,
supporting a contribution of RA-induced miR-10a and 10b to the reduction of migratory
activity produced by RA [30]. (Figure 4A)

Figure 4. Involvement of miR-10a and -10b on the effects of RA in migratory and invasive potential of neuro‐
blastoma cells. Mock-transfected cells and cells transfected with Negative Control (NC) anti-miR, anti-miR-10a or antimiR-10b were treated with 1 μM RA or vehicle for 96 h and used in migration (A) or matrigel invasion (B) transwell
assays. The graph shows a representative experiment performed in triplicate (mean ± SD). Statistical significance was
analyzed by comparing samples transfected with anti-miR-10a and -10b with those transfected with NC-anti-miR.

For invasion assays we used a similar assay, with the difference that the porous membrane
separating the upper and lower chambers of the Boyden chamber was covered with BD Matrigel
matrix (5 μg/cm2 in serum-free medium). The lower chamber contained 10% FBS as chemoattrac‐
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tant to promote cell invasion. In this case RA treatment results in increased invasive potential,
whereas in cells transfected with anti-miR-10a or 10b the same treatment the increase in inva‐
sion induced by RA treatment is even larger, supporting the idea that the expression of miR-10a
and -10b contributes to a reduction in the invasive potential [30]. (Figure 4B)
To analyze the effects of RA treatment on the metastatic potential of neuroblastoma cells we
used the chicken embryo chorioallantoic membrane assays (also known as CAM assay; [31]).
This assay is useful to study intravasation and metastasis in vivo, since it recapitulates all the
steps of the metastatic process. In the CAM assay the cells to be tested are inoculated on the
chorioallantoic membrane of 10-day-old chicken embryos. After a week, the egg is opened, the
embryo is obtained and secondary organs like the lungs were dissected. The presence of human
cells in the chicken organ is evaluated and quantified after obtaining their genomic DNA, by
detecting the presence of human-specific Alu-sequences by Real-Time PCR (Figure 3). As this
is a complex technique that requires a higher number of replicate experiments we have
simplified the study to analyze only the effects of miR-10a suppression. Neuroblastoma cells
could be detected in the chicken lungs after 7 days incubation. Suppression of miR-10a
expression with its cognate anti-miR resulted in an increase of the metastatic cells. As expected,
RA treatment led to a reduction of the number of neuroblastoma cells reaching the lungs.
However this inhibitory effect of RA was abolished in cells having a reduced amount of
miR-10a by transfecting the corresponding anti-miR-10a [30].
In good agreement with our results, it has been reported that miR-10a and -10b reduces the
ability of neuroblastoma cells to form colonies in soft agar [29], a phenotype that is character‐
istic of malignant cells. All these results support the idea that miR-10a and -10b expression
contribute to reduction of migratory, invasive and metastatic activities induced by RA. In a
recent report it has been shown that a protein involved in cell migration, Tiam1, is targeted by
miR-10b in mammary tumor cells. Overexpression of miR-10b suppresses the ability of breast
carcinoma cells to migrate and invade [32]. Consistent to that, it has been reported an associ‐
ation between lower miR-10a expression and lower overall survival for a subclass of neuro‐
blastoma tumors (11q- tumor cohort) [29]. However other reports seem to involve the members
of the miR-10 family as promoters of migration and metastasis in different tumors [33-40]. This
apparent controversy may suggest that the role of the microRNAs from the miR-10 family in
tumorigenesis and metastasis would depend on their molecular targets and therefore would
depend on the cellular context.

4. Molecular targets of miR-10a and -10b in the differentiation of
neuroblastoma cells
4.1. The search for the molecular targets for miRNAs
The identification of molecular targets for miRNAs is a crucial step towards the understanding
of miRNA function. Because an ever growing number of experimentally validated targets for
miRNAs are being reported, a simple way to identify miRNA targets is to search for validated
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targets in the literature or in databases as TarBase [41]. A validated target for miR-10b in breast
cancer cells is the homeobox gene HOXD10 [34, 42]. However, we could not find regulation of
HOXD10 in SH-SY5Y neuroblastoma cells, when treated with RA or when the levels of miR-10a
and -10b were experimentally altered [30].
A lot of effort has been made to generate computational miRNA target prediction tools
[reviewed in 43], mainly based on the search for complementary sequences in the genome.

Figure 5. Chorioallantoic Membrane Metastasis Assay. (A) Schematic representation of the experiment. Cells from
the different treatment groups were transferred to the upper chorioallantoic membrane of 10-day-old chicken em‐
bryos and the number of metastatized cells into the lungs evaluated 7 days later. (B) Cells transfected with Negative
Control (NC) anti-miR or anti-miR-10a were treated with 1 μM RA or vehicle for 96 h as indicated in the figure. The
graph represents the values obtained from six parallel assays (mean ± SD). Statistical significance was analyzed by
comparing samples transfected with anti-miR-10a with those transfected with NC-anti-miR. In addition samples trans‐
fected with NC-anti-miR treated with vehicle were compared to those treated with RA.
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However, that is not an easy task, because short sequences are problematic for the algorithms
usually developed for complementarity analysis. As indicated in 2.2, the base pairing of
miRNA and mRNA in vertebrates requires only partial homology, with a preference for
contiguous pairing occurring only at the “seed” region, located at nucleotides 2-7 of the guide
strand, and this makes even more difficult to find the right target sequence in the genome.
Several authors have approached this problem from different startpoints, using mainly
complementarity analysis of the complete miRNA sequence, complementarity analysis of the
seed sequence, or adding thermodynamic stability analysis of duplex sequences or 3’UTR
sequence conservation to the complementarity analysis. Nowadays a set of miRNA target
prediction resources are available, mainly as web-based tools. However it becomes striking to
the new users of these tools how different results can be obtained when using the same
sequence with different prediction tools. In addition, prediction tools generate lists of hun‐
dreds of genes for each of the miRNAs, and the fact of having sequence diversity at the 3’UTR
by alternative polyadenylation sites could also complicate the analysis [for discussion, see 44].
To find relevant targets for miR-10a and-10b in neuroblastoma cells we choose to combine
bioinformatic prediction tools together with experimental analysis. We created a list of
potential miR-10a and -10b targets by including the common predicted genes using three
different prediction resources: miRbase targets [45], TargetScan [46] and PicTar [47]. Only
mRNAs that contained evolutionarily conserved miRNA binding sequences on their 3’UTR
were considered. This list was crossed with the dataset of an Affymetrix microarray experiment
containing the genes downregulated after 48 h RA treatment. In the resulting list, two members
of the Arginine/serine-rich splicing factors, SFRS1 (SF2/ASF) and SFRS10 (TRA2B), as well as
the nuclear receptor co-repressor NCOR2 (SMRT) were on top [30].

Figure 6. miR-10a/-10b knockdown leads to increased SFRS1 protein and mRNA levels in SH-SY5Y cells. (Left
panel) Western blot of SFRS1 protein expression after anti-miR-10a, -10b and negative control NC-anti-miR transfec‐
tion of SH-SY5Y cells followed by 1μM RA treatment. The blot was reprobed with actin beta antibodies as loading
control. (Right panel). RT-qPCR analysis of SFRS1 mRNA levels in same conditions. The graph shows expression levels
relative to that of RA untreated, NC-anti-miR transfected cells (mean ± SD of a triplicate experiment). Statistical analy‐
sis for right panel was made by comparing the values from cells transfected with anti-miR-10a or -10b to those from
cells transfected with NC-anti-miR; ns= non significative.
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4.2. Regulation of SFRS1 (SF2/ASF) by miR-10a and -10b
The regulation of SFRS1 (SF2/ASF) by miR-10a and-10b was experimentally validated at
mRNA and protein levels in HeLa and SH-SY5Y cells (Figure 6). In addition regulation by
miR-10a and -10b was shown in transfection experiments with reporter plasmids containing
SFRS1 3’UTR sequences linked to the Luciferase gene. miR-10a and -10b are new players in
the complex regulation of SFRS1 protein through a mechanism involving enhanced mRNA
cleavage. In addition, we showed how changes in miR-10a and -10b expression levels may
influence some molecular activities in which the product of SFRS1 is involved, such as
translation enhancement of certain mRNAs and alternative splicing, that could have impor‐
tance in the neural differentiation process [30] (Figure 7). We have reported that the activation
of signaling pathways by RA treatment results in rapid changes in the phosphorylation pattern
of SR proteins, including SFRS1 and subsequently, changes in alternative splicing selection
and an increase of the translation of mRNAs containing SFRS1 binding sites take place [48]. In
this context, the reduction in SFRS1 levels through miR-10a and -10b regulation could be
interpreted as the closing of the feedback regulatory loop of RA on the activities of SFRS1.

Figure 7. Experimental alteration of miR-10a and -10b levels resulted in an impairment of SFRS1 functions in the regu‐
lation of alternative splicing. Alternative splicing of tau protein exon 10 is altered by transfection of anti-miR-10a and
-10b. RT-PCR was performed on RNA extracted from anti-miR-10a, -10b or negative control (NC) anti-miR transfected
SH-SY5Y cells. tau Exon 10 flanking primers were used in RT-PCR reaction according to [49]. Quantification of the per‐
centage of exon 10 inclusion. The graph shows the average from 3 independent experiments. Statistical analysis was
made by comparing the values from cells transfected with pre-miR-10a or -10b to those from cells transfected with
NC-pre-miR.
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4.3. Regulation of NCOR2 (SMRT) by miR-10a and -10b
The regulation of NCOR2 by miR-10a and-10b was experimentally validated at mRNA and
protein levels in SK-N-BE neuroblastoma cells. Moreover, a luciferase reporter construct
containing the NCOR2 3’UTR showed a significant decrease in luciferase activity when cotransfected with mature miR-10a, -10b or 10a/10b mimics in SK-N-BE cells. This decrease in
luciferase activity was completely abolished when the putative miR-10a and -10b target site
was mutated in its seed sequence. Knock-down of NCOR2 expression through transfection of
siRNAs to SK-N-BE cells recapitulates most of the changes induced by RA, like neurite
outgrowth, proliferative arrest, expression of neural markers, downregulation of MYCN and
expression of miR-10a [29]. NCOR2 acts as co-repressor in the regulation of many genes,
especially as co-regulator of nuclear receptor-regulated genes. Bound to the unliganded
receptor, NCOR2 maintains the promoters of nuclear receptor-regulated genes in a repressed
state, and its release from the complex with the receptor upon ligand binding allows tran‐
scriptional activation [50]. It has been reported that NCOR2 represses expression of the
jumonji-domain containing gene JMJD3, a direct retinoic-acid-receptor target that functions as
a histone H3 trimethyl K27 demethylase and which is capable of activating specific compo‐
nents of the neurogenic program [51]. Therefore, downregulation of NCOR2 by miR-10a and
-10b would potentiate the actions of RA through RARs and RXRs and could contribute to some
of the changes in gene expression associated with neural differentiation.

5. Conclusion
MicroRNAs are essential players in the process on neural differentiation of neuroblastoma
cells, and contribute to the transduction of Retinoic Acid signaling. In addition, miRNAs have
been reported to participate in the pathogenesis and progression of human neuroblastoma
tumors [2, 3], and miRNA profiles have been recently proven to be useful for classification and
prognosis [4]. Finally miRNAs open new avenues for the treatment of neuroblastoma cells,
and proof of concept experiments showing a therapeutic action of miRNA-based treatments
in animal models of neuroblastoma [52-54] and other tumors [33] have been reported.
Therefore, we have to expect in the next years an increased interest in the study of microRNAs
among the neuroblastoma researchers community.
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1. Introduction
1.1. Copper and carcinogenesis, a double-edged sword
Copper is a trace metal essential to the catalysis of a wide range of enzymatic activities,
including those involved in the process of energy production (cytochrome c oxidase), the cell
response to oxidant injuries (Cu,Zn-superoxide dismutase), the catecholamine (dopamine βmonooxygenase) and melanin (tyrosinase) production, the remodelling of extracellular matrix
(lysyl oxidase), blood clotting processes (Factors V and VIII) and iron metabolism (ceruloplas‐
min and hephaestin) [1]. The catalytic properties of copper are linked to its ability to easily
assume the oxidized (Cu2+) and reduced (Cu+) states, but just the metal reactive behaviour can
trigger severe cell alterations through the generation of hydroxyl radicals in Fenton-like
reactions [2,3]. When the cytosolic copper concentration is above the optimal level, the newly
formed reactive oxygen species (ROS) rapidly bind to DNA, thus inducing the breaking of the
nucleic acid strands and initiating a series of cascade events that can lead to significant damage
to cell structures and function [4].
Considerable intrinsic oxidative stress and enhanced serum and tissue copper levels depict a
disease condition that often accompanies the progression of several tumour forms, in turn
resulting from a perturbed energy metabolism, mitochondrial dysfunction, release of cyto‐
kines and inflammation [5]. Copper is intimately involved in all these cell functions, thus
targeting the elevated copper levels would be an ideal therapeutic strategy to effectively
counteract the tumour development [5].
This issue is anyway highly debated. In fact, the topical delivery of copper complexes to
tumour tissues has been demonstrated to kill the cancer cells through a “therapeutic” induction
of oxidative stress [6]. At the same time, especially in the case of solid tumours, as neuroblas‐
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toma, copper is directly involved in the spread of the primary tumour, mainly through the
stimulation of tumour angiogenesis [6]. It follows that targeting the tumour copper content to
limit the cancer aggressiveness requires a comprehensive knowledge of the cell metal man‐
agement under the disease state. Here, the multifaceted contribution of copper to the patho‐
physiology of neuroblastoma will be dissected, with special attention paid to the regulation
of membrane copper transporters and their role in sustaining the cancer spread. To make the
reader familiar with the main copper transport systems in mammalian cells, a short description
has been provided in Box 1.

2. Neuroblastoma and Copper: A complex relationship
Neuroblastoma is the most common pediatric extra-cranial neoplasm [7], whose malignant
form accounts for about a 50% of cancer mortality in chemoradiotherapy-treated subjects [8].
The aggressiveness of advanced-staged neuroblastomas is notoriously associated with the Nmyc oncogene amplification, which translates in a strong expression of a pleiotropic transcrip‐
tion factor, responsible for the rich tumour vasculature, the metastatic behaviour, and the
chemotherapy resistance [9-11]. Thus, N-myc overexpression is a well-known adverse prog‐
nostic factor [12]. Interestingly, the degree of N-myc oncogene amplification in neuroblastoma
cells has been put in relation to the trace metal cell content (iron, copper, zinc) in both cultured
neuroblasts and murine xenografts [13-15]. In particular, the number of N-myc oncogene copies
has been demonstrated to proportionally correlate with the neuroblastoma copper content.
This finding, together with evidences from the literature, lets us suppose that copper accu‐
mulation strictly determines the neuroblastoma invasiveness. Plausible mechanisms under‐
lining the copper dependence of neuroblastoma metastasis are both direct/specific, and
mediated by the metal-induced accumulation of ROS.
Referring to the latter category of mechanisms, an in vitro study in 31 subjects affected by
advanced neuroblastoma revealed an elevated activation of specific tissue matrix metallo
proteinases (MMP-2 isoform) and the reduced expression of their specific inhibitors (TIMP-2)
[16], that can be associated with copper-induced oxidative stress [17]. In this regard, we observe
that metallo proteinases are secreted by tumour cells and facilitate the cancer dissemination
by the degradation of the extracellular matrix.
The high copper levels detected in neuroblastoma can at least partly confer a growth advantage
to the tumour cells by metal specific pathways. Significantly, copper acts as a cofactor for the
cytochrome c oxidase enzyme that allows the conversion of cytosolic ferric ion into the ferrous
form, subsequently incorporated into ferritin, the most important iron storage protein. Ironcomplexed ferritin is then secreted by cancer cells, so enriching the serum protein pool. The
importance of this copper/iron antagonism is evident if we consider that neuroblastoma
patients with high ferritin levels undergo a bad prognosis [18].
Given the complexity of the copper-neuroblastoma relationship, in order to guide the reader
through the text, we observe that the lines of copper intervention in neuroblastoma progression
can be substantially subdivided as follows:

Copper as a Target for Treatment of Neuroblastoma: Molecular and Cellular Mechanisms
http://dx.doi.org/10.5772/55423

i.

cancer energy metabolism

ii.

tumour vascularization

Copper transport systems are gaining growing importance in the studies about the various
aspects of the metal role in neuroblastoma, so the peculiar expression pattern will be described
before discussing the pathological topics.

3. Copper transport systems in neuroblastoma cells: Regulation and
physiopathological implications
Copper critically regulates the degree of neuroblastoma growth and microvascularization,
which determines the tumour aggressive phenotype [19,20]. The importance of this metal is
emphasized by the strong presence of specific transport proteins in neuroblastoma cells, that
testifies to a lively management of tumour copper stores. Highly variegated mechanisms of
regulation of copper homeostasis have been specifically reported for neuroblastoma (some of
them reviewed here), that make it difficult to establish the nature of copper involvement: is
the ion metabolic disruption a cause or an effect?
Copper import. It is widely believed that copper import in neuroblastoma cells is mediated by
hCtr1 [21]. However, recent work from our laboratory in an in vitro neuroblastoma cell model
has enlightened a role for the cellular prion protein PrPC in mediating the high affinity copper
intake, upon normal metal availability [22]. In addition, we demonstrated that copper
shortness induces an up-regulation of PrPC expression in a neuroblastoma cell model, a cell
adaptive strategy aimed at restoring the standard copper status [23].
In support of its involvement in tumorigenesis, the PrPC expression is up-regulated in nervous
tissues affected by hypoxia, a condition typically occurring during the growth of a solid tumour
[24]. The reader is referred to paragraphs 4.2 and 6.2 for a detailed account of the PrPC functions
in the tumour spread.
Copper efflux. The ATP7A copper ATPase (full length 170 KDa protein) is strongly expressed
by neuroblastoma cell lines [21,23] and subjected to an articulated copper-dependent regula‐
tion.
In many cell types this efflux pump delivers copper to the secretory compartments and, when
copper should accumulate inside the cytosol, it traffics toward the cell periphery to export the
ion excess [25]. However, peculiar regulative mechanisms have been documented in neuro‐
blastoma models.
In fact, it has been demonstrated in the M17 neuroblastoma cell line that fluctuating copper
levels (excess/starvation) in the cell microenvironment can favour the interaction of ATP7A
proteins with clusterins (apolipoprotein J), the last ones targeting the pumps toward degra‐
dation through the lysosomal pathway [26]. This copper-regulated clusterin function may have
multiple implications, if we consider that a recent study on neuroblastoma cell lines, mouse
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models, and human specimens evidenced that this molecular chaperon behaves as a tumour
and metastasis suppressor, negatively regulated by N-myc in the most aggressive forms [27].
In our opinion, the copper-clusterin link deserves further exploration in the light of the
reported elevation in copper neuroblastoma content observed in N-myc amplified tumours.
If N-myc really down-regulates clusterin (still controversial aspect), one would expect an
increase in copper export function and so an overall reduction of the ion cancerogenic action.
This evidently contradicts the N-myc - tumour malignancy binomial association (where copper
should exert a prominent role) and minimizes the contribution of clusterin to the copperdependent tumour progression. In fact, considering that N-myc elevates the neuroblastoma
copper content, one can suppose that the cytosolic copper lowering due to a down-regulated
expression of clusterin is overridden by other cell mechanisms causing the increase of cancer
copper levels.
Copper uptake
Ctr1 (Copper transporter 1). High-affinity Cu+ importer, composed of three main domains: an
extracellular N-terminal tail containing multiple copper-binding methionine residues; a transmembrane segment consisting of three α-helical regions; an intracellular C-terminal domain. Three
subunits assemble to form a homo-trimeric channel (9 Å pore diameter) within the plasma
membrane (see [118] for a review).
Ctr2 (Copper transporter 2). Copper permease, whose structure resembles that of Ctr1.
Predominantly localized to endosomes and lysosomes, it seems to provide a mechanism of copper
recycling from degraded cuproenzymes [119].
PrPC (Cellular Prion protein). Endogenous copper-binding glycoprotein, mainly expressed in the
central nervous system. The protein structure includes an unstructured N-terminal domain and a Cterminal globular region composed of three α -helices and two short beta-strands. When Cu2+ ions
bind to the N-terminal octapeptide repeats (residues 51–90), the protein undergoes endocytosis, that
providing a route for cell copper entry [58,59].

Cytosolic transport
CCS. Metallo chaperone required for copper delivery to Cu,Zn Superoxide dismutases 1; upregulated in response to copper deficiency [120].
Cox17. Metallo chaperone delivering copper to Sco1 and Cox11 proteins in order to catalyse the
cytochrome c oxidase copper loading [121].
Atox1. Metallo chaperone that delivers copper to ATP7A and ATP7B Cu+ efflux pumps [122].
Metallothioneins. Small cysteine-rich proteins tightly binding copper ions and buffering the ion
excess [123].

Copper efflux
ATP7A. Cu+-transporting P-type ATPase expressed by all cell types, with the exception of liver.
Structural features include eight membrane-spanning domains and six N-terminal cysteine-rich
metal binding motifs (MXCXXC) [25].

Box 1. Main proteins involved in cell copper homeostasis

Copper import. It is widely believed that copper import in neuroblastoma cells is mediated by hCtr1
[21]. However, recent work from our laboratory in an in vitro neuroblastoma cell model has
enlightened a role for the cellular prion protein PrPC in mediating the high affinity copper intake,
upon normal metal availability [22]. In addition, we demonstrated that copper shortness induces an
up-regulation of PrPC expression in a neuroblastoma cell model, a cell adaptive strategy aimed at
restoring the standard copper status [23].
In support of its involvement in tumorigenesis, the PrPC expression is up-regulated in nervous
tissues affected by hypoxia, a condition typically occurring during the growth of a solid tumour [24].
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Coming back to main focus of this paragraph, multiple ATP7A spliced variants can be retrieved
in human cells, not necessarily related to disease states, with a cell type-specific expression
pattern. The expression of a 11.2 KDa splicing product (103 amino acids) has been reported in
SY5Y neuroblastoma cells, harbouring a sequence able to bind copper ions [28]. It has been
proposed that such spliced product can work as a copper chaperon to direct the cytosolic
copper toward the nuclear compartment.
Intracellular copper distribution. Among copper chaperons, the contribution of COMMD1
(Copper Metabolism MURR1 Domain containing 1) to the copper status in neuroblastoma cells
is an unexplored issue so far. However, some inputs from the recent scientific literature let us
hypothesize an involvement.
Endogenous COMMD1 expression has been reported in the SH-SY5Y neuroblastoma cell line,
together with the isoform 3. A punctate cytoplasmic distribution, denser in the perinuclear
region, has been shown for COMMD1, while COMMD3 appears more diffused [29]. The role
of COMMD1 in neuroblastoma progression is potentially articulated on multiple levels of
action, even if direct demonstrations are missing and the following dissertation aims at
enlightening some aspects of copper-dependent regulation of the protein fate.
A role in preventing tumour growth and metastasis has been proposed for COMMD1, based
on its ability to repress the NF-KB pathway and the HIF1α/β dimerization and so inhibit the
expression of genes involved in tumour angiogenesis [30]. However, as documented in N2a
neuroblastoma cell line, upon copper excess, COMMD1 can form a hetero-complex with CCS
and SOD1, leading to decreased levels of SOD1 dimers and subsequently reduced anti-oxidant
activity [31]. In other words, in the presence of high copper, the COMMD1 cell fate can
potentially assume a negative connotation.
COMMD1 is also an interacting partner of ATP7A proteins and, analogously to clusterin, can
drive their degradation through a proteasomal pathway [32], this indicating a further contri‐
bution of this chaperon to the neuroblastoma copper content. However, knowledge about
these aspects is still limited.
The COMMD1 involvement in determining the neuroblastoma copper condition is strictly
linked to the protein XIAP (X-linked inhibitor of apoptosis). XIAP protective action is due to
the prevention of the activation of a subset of cell death proteases (caspases 3, 7 and 9) [33,34],
and inhibiton of Fas- [35] and Bax-induced apoptosis [33].
During the last decade, a role for XIAP in controlling the cell copper homeostasis has been
described [36]. In fact, the overexpression of XIAP protein (not transcript) selectively reported
in chemotherapy-resistant neuroblastomas, but no other tissues [37], may indicate the
occurrence of a particular copper status. XIAP is a copper-binding protein that, in the olo-form,
favours the ubiquitination and degradation of COMMD1, that in turn interacts with ATP7A
to support copper excretion [36]. Where overexpressed, it is reasonable to presume a subse‐
quent consistent reduction of COMMD1 cytosolic protein levels, and so an increase of the
cellular copper content.
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However, the binding of copper to XIAP negatively impacts the protein stability, so a negative
feedback exists [38]. In the case of chemotherapy-resistant neuroblastomas, the protein overex‐
pression probably overcomes the effects deriving from copper-driven XIAP inactivation.
Preclinical evidences of the importance of XIAP as a target to treat neuroblastoma have been
recently collected, all based on the lowering of the threshold for the induction of apoptosis
through the depression of XIAP expression. The use of Thymoquinone, a bioactive compound
from nigella sativa, has been shown to selectively down-regulate XIAP in neuroblastoma cells,
but not in normal neuronal cells, with an expected higher copper efflux [39]. Smac (Second
mitochondria-derived activator of caspase) mimetics (e.g. LBW242) have been reported to
sensitize chemotherapy resistant and XIAP-overexpressing neuroblastomas, by favouring the
degradation of XIAP and TNF-α expression [37].

4. Copper-dependence of neuroblastoma metabolic changes
The oxygen partial pressure within a solid tumour ranges from 5-10 mmHg in highly vascu‐
larized regions to absence (anoxia) around the necrotic areas [40,41]. Most cancer cells tend to
adapt to the intra-tumour hypoxic microenvironment by activating a pro-survival signalling,
a pro-angiogenic pattern of gene expression and through the metabolic switching from the
oxidative phosphorylation to the glycolytic pathways (Warburg effect) [42].
Currently, there is not a homogeneous view on the causative events, but two major factors are
usually indicated as responsible, the Hypoxia-Inducible Factors 1 and 2 (HIF1,2), and p53
transcription factor.
HIF1 and 2 are heterodimeric basic helix-loop-helix-PAS domain transcription factors,
composed of a constitutively expressed β subunit and a α regulatory subunit (HIF1α/2α),
whose expression is induced by hypoxia, cancer-associated mutations, or inflammatory
cytokines [43,44].
HIF-1α and HIF-2α are major actors in the cell adaptive response to hypoxic conditions and
control the expression of distinct, but functionally converging genes [45]. Each cell type
exhibits a peculiar profile of HIF-1α and 2α expression and their functions may also differ. In
the case of neuroblastoma, at a careful analysis of the expression pattern, tumour stage, and
copper status, it can be observed that copper heavily influences the response to hypoxia and
that the tumour progression and the evolution of copper metabolism go hand in hand.
4.1. HIF-1α
HIF-1α, but not HIF-2α, is preferentially expressed and up-regulated by moderate hypoxia in
N-myc amplified neuroblastoma cell lines and primary tumours, correlating with a poor
prognosis [41,46]. In the light of the linear increase of copper neuroblastoma levels with the
degree of N-myc gene amplification and the proven role of Cu2+ ions in stabilizing the structure
of the HIF-1α subunit [47], it can be deduced that copper plays in key role in inducing the
neuroblastoma metabolic changes.
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Cu2+ ions determine the structural stabilization of the HIF-1α subunit (oxygen-sensitive)
through the inhibition of prolyl-4-hydroxilases, which allow the subsequent ubiquitination
and degradation of such factor [47].
Interestingly, by this way Cu2+ indirectly promotes the synthesis of ceruloplasmin, a plasma
and liquor copper chaperon with a ferroxidase activity, whose expression is typically under
HIF-1 control [48]. Being ceruloplasmin a major copper vehicle, such mechanism can be
interpreted as cancer “self-nourishing”. It must be added that HIF-1 target genes also include
VEGF (Vascular Endothelial Growth Factor), a recognized chemotactic and mitogen factor [49],
and VEGFR-1 (VEGF Receptor-1) [50], both involved in the positive regulation of the sprouting
of blood vessels within the primary tumour.
Further, White et al. (2009) demonstrated that the up-regulation of the hypoxia inducible factor
HIF-1α causes the selective distribution of copper ions to the secretory pathway. They
observed in tumour-associated macrophages that the hypoxic stress can influence the intra‐
cellular distribution of copper ions, determining an increased ion entry through the high
affinity channel Ctr1 and then an elevated efflux through the ATP7A pump [51].
All these experimental evidences underline the prominent role of copper in sustaining the
HIF-1α-dependent adaptation to hypoxia in N-myc amplified neuroblastomas, as well as the
hypoxia-stimulated activation of copper transport activities.
4.2. HIF-2α
HIF-2α, but not HIF-1α, has been shown to be highly expressed in neuroblastoma vascularized
areas, and this pattern seems to be associated with an unfavourable patient outcome, due to
the occurrence of distal metastasis [41]. In addition, a small subset of neuroblastoma cells
strongly HIF-2α-positive has been described, which could represent the cancer stem cells [52].
To our knowledge, no precise data are available about the copper-dependent activity/
activation of HIF-2α, however some molecular evidences collected in other cell models
strongly point at a potential existence of such a link.
As an example, Menkes copper ATPase (Atp7a) gene expression has been demonstrated to be
strongly induced by HIF-2α in mammalian intestine [53]. HIF-2α has been also demonstrated to
induce the expression of DMT1 and Ctr1 (by about 25%) copper importers in human intestinal
cells, so determining a parallel increase (fivefold) in the processes of cellular copper uptake [54].
These findings confirm that, independently on the involvement of HIF-1α or HIF-2α, tumour
hypoxia activates a series of processes functional to distribute copper toward the secretory
pathway (enzyme-complexed) or make it available in the extracellular medium. Here, copper
may function as a signalling molecule and sustain the angiogenic processes, essential to the
neuroblastoma growth.
The scientific literature also suggests that the HIF-2α prolonged response to hypoxia can be
alternatively mediated by a high affinity copper-binding protein, namely the cellular prion
protein PrPC [55] (Box 1). Accordingly, the PrPC expression degree is elevated in hypoxic
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nervous tissues [56], and its overexpression has been shown to confer a highly invasive
phenotype to tumour cells [55,57].
By virtue of a direct involvement of PrPC in the cell copper import [22,58,59], an elevated
protein expression under hypoxia could represent a cancer cell strategy to assure the neuro‐
blastoma growth through the enhanced copper intake [23]. In fact, copper stimulates neuro‐
blastoma cell proliferation [60].
Interestingly, although it has been demonstrated that the up-regulation of PrPC in human
colorectal carcinoma cells induces the glucose transporter-1 (Glut-1) expression and a subse‐
quent increase in the glycolytic rate via Fyn-HIF-2α pathway [55], the transfection of a plasmid
expressing wild-type HIF-2α in N-myc amplified neuroblastoma cells has been demonstrated
to be marginally involved in the regulation of glycolytic genes [46]. Surprisingly, notwith‐
standing a rise in Glut-1 expression, the glucose influx was not increased [46].
Conclusively, to reinforce the concept of an autonomous cancerogenic role of copper, it can be
observed that elevated HIF levels have been observed even under normoxic conditions,
meaning that other factors than hypoxia, e.g. copper, can sustain the aerobic glycolysis and
induce the expression of HIF-targeted genes.
4.3. p53
p53 transcription factor is a key tumour suppressor protein, whose functions contribute to
prevent cancer progression. Mutated p53 gene products or defects in the integration of proteins
with which p53 is connected, are associated with the malignant progression of the majority of
human tumours [61]. Neuroblastoma rarely shows mutated p53 at diagnosis, thus therapies
result effective at first. However, gene mutations, p53 cytosolic sequestration, or deregulated
p53/MDM2 (ubiquitin protein ligase -E3- for p53) pathways have been reported during
neuroblastoma relapses or therapies, thus conferring high-level multidrug resistance [62-65].
Loss of p53 function seems to impair the efficiency of mitochondrial respiration by hampering
the insertion of copper ions as cofactors into the cytochrome c oxidase enzymatic complex [66].
That would cause the switching from cell respiration to aerobic glycolysis (Warburg effect),
typical metabolic change observed in cancer cells.
In detail, p53 directly regulates the expression of the SCO2 (Synthesis of Cytochrome c
Oxidase) gene, coding for a protein that facilitates the copper delivery to the subunit II of
cytochrome c oxidase, determining the assembly of the enzymatic complex [66].
As suggested in [67], given the essential role of copper in determining the Warburg effect in
cancer cells, it cannot be excluded that deregulated p53 pathways may affect the expression
or function of other proteins involved in cell copper acquisition and utilization.
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5. Copper promotes the neuroblastoma survival and growth by sustaining
the anti-oxidant enzyme activities
Cutting copper supply can represent a valuable therapeutic strategy for neuroblastoma, as the
induced mitochondrial impairment and oxidative stress can make neuroblastoma cells
vulnerable. Accordingly, even under unstressed environment, mitochondria in this cell type
exhibit a high rate of protein oxidation, this indicating a consistent susceptibility to the
oxidative injury [68,69]. The positive connotation of a drop in the neuroblastoma cell copper
content has been demonstrated and emphasized by a rich literature showing that copper
chelation (triethylene tetramine tetrahydrochloride) can effectively promote the apoptosis of
neuroblastoma cells [70,71].
Here follow some argumentations from the literature around the negative impact of copper
starvation on neuroblastoma cell survival, extrapolated from in vitro preclinical studies.
SH-SY5Y neuroblastoma cells have been widely used as a model to dissect the molecular basis
of the tumour sensitivity to copper.
In particular, the continuous exposure (up to three passages) of SH-SY5Y neuroblastoma cells
to the copper-chelating agent Trien has been demonstrated to induce the expression of
antioxidants and a 40% apoptotic cell loss at the end of the third passage [70]. Copper has been
shown to be important in keeping a critical level of ATP. In fact, the relevant Cu,Zn SOD and
cytochrome c oxidase activities were reduced by, respectively, 80 and 68% [70]. Another report
has confirmed these findings, indicating that copper starvation by Trien impairs the antioxi‐
dant defences of neuroblastoma cells, with obvious implications with respect to the therapeutic
inhibition of the tumour growth [71].
Arciello et al. (2011) further characterized the effects of Trien treatment in SH-SY5Y neuroblasto‐
ma cells [72]. SOD1 (cuproenzyme) expression decline was associated with a reduction of the
enzyme activity, mainly due to copper shortness rather than to a decreased protein expression. In
fact, copper replenishment was able to reactivate the apo-form of the enzyme, in agreement with
previous observations [73]. Copper depletion also favoured the entrance of the SOD1 apo-form
(not metallated) into the mitochondria [72], where it was retained due to a partial unfolded and
obviously inactive configuration. The authors also observed an increased expression of CCS (Box
1), finalized to optimize the copper intracellular distribution [72].
It the light of these findings, it can be observed that the neuroblastoma commitment to the
apoptotic death was not due to an irreversible mitochondrial damage, even considering that
the loss of the mitochondria-associated SOD1 was much less evident than observed for the
cytosolic one [72]. However, it is plausible that the absence of copper prevented SOD1 from
counteracting the oxidative-mediated damage to mitochondrial proteins [74]. Accordingly, it
has been shown that brain tissues exhibit a SOD1 localization inside the mitochondrial matrix
with an antioxidant function [75].
In our laboratory we analysed the anti-oxidant response to copper starvation in a rat neuro‐
blastoma model (B104), investigating in parallel the expression of copper membrane trans‐
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porters [23]. A significant increase of caspase-3 activity was detected in copper-starved cells,
indicating the activation of a cell death program through the induction of oxidative stress. In
agreement, the total Cu,Zn SOD activity resulted half-reduced with respect to normal condi‐
tions, as expected in consideration of the role of copper as a cofactor [23]. Interestingly, the
cellular prion protein expression in copper-starved neuroblastoma cells was heavily induced.
This finding was reconsidered in the light of a rich literature showing that the 64Cu loading
and the enzymatic activity of Cu,Zn SOD from the brain of P-rnp 0/0 mice result 10-50% reduced
with respect to the wild-type genotype [76-78].
A special attention has been dedicated to the adaptive response actuated by PrPC, that is
physiologically and consistently localized on the outer surface of neurons at synapses and
gliocytes [79,80]. Under normal conditions, PrPC binds copper ions with high specificity and
affinity (femto- to nanomolar range), by the repeated sequences present on its N-terminal
region. By virtue of this property and the ability to undergo endocytosis upon copper binding,
PrPC is believed to drive the cellular copper intake [22,58,59].
The up-regulation of PrPC upon copper limitation has been interpreted as a compensatory
mechanism to re-establish the standard cell copper status through a direct transport activity.
It has been also demonstrated to be responsible for the ability of copper-starved cells to almost
completely recover the SOD enzyme function upon re-exposure to standard growth condi‐
tions. The authors conclusively demonstrated that the PrPC neuroprotective action in neuro‐
blastoma cells is due to its ability to translocate copper ions into the cytosol. Here, they can act
as cofactors in Cu,Zn SOD activation [23].

6. Critical role of copper transporters in neuroblastoma vascularization and
spread
Most pro-angiogenic factors implicated in neuroblastoma progression need copper to properly
work or exert their own functions by activating copper-dependent pathways and enzymes.
The best known pro-angiogenic mediator, namely the Vascular Endothelial Growth Factor
(VEGF), has been demonstrated to be overexpressed in high-risk neuroblastomas at the time
of diagnosis and to be a bad prognostic marker [81]. The elevated copper levels detected in
malignant neuroblastoma are expected to heavily sustain the VEGF tumour angiogenesis,
since this metal is a potent inducer of VEGF expression and reinforces the stimulating effect
exerted by hydrogen peroxide [82].
The growth of neuroblastoma is anyway sustained by multiple pro-angiogenic factors other
than VEGF [10], including Platelet Derived Growth Factor-A (PDGF-A), Fibroblast Growth
Factor-2 (FGF-2), and Angiopoietin-2 (Ang-2), as documented in 22 neuroblastoma cell lines
and 37 tumour samples [10]. Many among these factors share an intimate relationship with
copper, known to variously enhance their angiogenic action through direct (physical interac‐
tion) or indirect (expression/release) ways.

Copper as a Target for Treatment of Neuroblastoma: Molecular and Cellular Mechanisms
http://dx.doi.org/10.5772/55423

As an example, the specific binding of copper to angiogenin, a major angiogenic factor, is able
to largely increase its efficiency of interaction with endothelial cells [83,84]. This metal is also
fundamental for the release of another pro-angiogenic factor involved in angiogenesis,
Fibroblast Growth Factor (FGF) 1, as a part of a multiprotein aggregate (FGF1-p40 Syt1S100A13) [85].
If on one hand high copper levels can facilitate the tumour development, on the other the
stimulation of copper uptake and egress has been associated with the sprouting of new blood
vessels within solid tumours, this depicting a high complex picture. A prominent role of copper
transport systems emerges.
6.1. Potential role of ATP7A and Ctr1 copper transporters
Several experimental evidences point to a crucial role of copper in tumour angiogenesis [86].
Its ability to stimulate the endothelial cell proliferation, migration and sprouting mainly
grounds on its role as a powerful inducer/enhancer of the expression of several angiogenic
mediators, including VEGF165 and interleukins [82,87], and a stabilizer of the angiogenin
interaction with its receptor [83]. Surprisingly, well-characterized pro-angiogenic factors as
VEGF165 and bFGF, if administered to microvascular endothelial cell cultures, have been shown
to rapidly promote the relocalization of the intracellular copper stores (about 80-90%) toward
the cell periphery, where the ion efflux occurs, presumably by the ATP7A transport activity
[88]. Such process may result contradictory in the light of the discussed role of copper as a
powerful pro-angiogenic mediator. Nevertheless, this mechanism may be considered “cancer
self-sustaining”, making copper available in the tumour microenvironment (paracrine loop).
In addition, it must be observed that the vascular remodelling and the stimulation of cell
migration depend on the activity of copper-dependent secreted enzymes (Lysil Oxidase, LOX),
so the released metal is probably mostly carried by proteins.
In support of such hypothesis, a report from Ashino et al. (2010) illustrated how the proangiogenic Platelet Derived Growth Factor (PDGF) determines in vascular smooth muscle cells
the translocation of the ATP7A copper transporter from the Trans Golgi Network toward
special membrane domains (lipid rafts), where the pump is essential for the correct release of
copper bound pro-LOX [89]. The authors also demonstrated that the membrane recruitment
of Rac-1, a GTPase involved in the extension of lamellipodia, is dependent on copper and on
the expression of the high affinity importer Ctr1 (Copper Transporter 1), this further confirm‐
ing the existence of a solid link between the tumour metastasis and copper homeostasis.
6.2. Potential role of the cellular prion protein PrPC
To our knowledge, a few data are reported in the literature around the prion protein role in
defining the neuroblastoma aggressiveness. Nevertheless, the substantial expression level
observed within the nervous system, which is further elevated by pathological conditions,
testifies to a possible involvement of prion protein in the nervous response to cell injuries. In
detail, this particular protein may have major implications in modulating the biological
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cascade leading to metastasis in patients with cancer, mainly by virtue of its presumed ability
to sustain cell survival and exert a pro-angiogenic action.
A modest literature discusses a likely role of prion proteins in influencing the angiogenic
processes, given a large disagreement about its actual expression in endothelial cells. In fact,
although prion protein has been detected in the capillaries of the intestinal mucosa and kidney
[90], normal endothelial cells derived from the umbilical cord and other vessels in the adults
do not show detectable prion protein amounts in vivo [91]. However, prion protein seems to
be up regulated in some pathological circumstances, such as in advanced carotid plaques, in
association with the endothelial marker CD105, increasingly expressed in activated endothelia
[92], and in brain tissues affected by ischemia [93,94]. By virtue of the latter studies, prion
protein could reasonably play a key role in brain tumour progression, being the related gene
responsive to the ischemic/hypoxic injury [94]. Accordingly, a neuroprotective action has been
described for prion proteins in this context, based on the following evidences: i. prion protein
is bound to caveolin-1 and, by recruiting Fyn tyrosine kinase, it can activate the signalling
promoting cell survival and angiogenesis events [95]; ii. prion protein co-localizes with the
VEGF receptor 2 (KDR), that indicating that prion protein may have a role in VEGF-driven
angiogenesis [96].

7. Anti-angiogenic therapies target the neuroblastoma copper status: two
examples
7.1. TNP-470
The administration of angiogenic inhibitors has been introduced as a complement to tradi‐
tional therapies, in order to hinder the tumour spread.
Several anti-angiogenic therapeutics have been incorporated into clinical trials. Among them, in
the ‘90s, TNP-470, an angiogenesis inhibitor, has emerged as a promising adjuvant in dormancy
therapies for high-risk neuroblastoma. In particular, its effectiveness in arresting hepatic
metastasis of neuroblastoma has been documented in [97] and [98]. In the light of [99], the antiangiogenic activity of TNP-470 is reasonably linked to its interference with the hepatic copper
metabolism. In fact, the continuous administration of TNP-470 in both normal and tumourbearing rats has been shown to increase the serum copper levels, as a consequence of a limited
hepatic retention [99]. This feature has been associated with a reduced density of hepatic tumour
capillaries [99]. Accordingly, when the administration of TNP-470 was interrupted, angiogene‐
sis was activated and at the same time the serum copper levels fell down [99].
7.2. Retinoids target the ATP7A gene expression
Among the most promising possibilities, retinoids (Vitamin A derivatives) may be of help in
arresting the cancer growth and delaying the occurrence of recurrences, because of their
proven ability to induce cell differentiation and inhibit the VEGF and FGF-2-induced endo‐
thelial activation [100]. Interestingly, a recent report from Bohlken et al. (2009) demonstrated
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that retinoids are able to starve neuroblastoma cells of copper through a significant increase
in the ion efflux processes [60]. In fact, the retinoic acid receptor β (RARβ) up-regulates the
expression of ATP7A copper efflux pump in BE(2)-C and SH-SY5Y human neuroblastoma cell
models, but not in other cell types.

8. Cell copper transporters modulate the neuroblastoma sensitivity to
chemotherapy
Cisplatin-based chemotherapy is commonly employed for neuroblastoma treatment at an
advanced stage [101], but the development of resistance to the drug can affect the therapeutic
efficacy. Highly diversified mechanisms have been proposed to explain this behaviour,
although a definitive understanding has not been achieved. It has been demonstrated that
Cisplatin-resistant neuroblastoma cells undergo an increase in the DNA methyltransferase
activities that would depress the transcription of specific and widely undefined genes [102].
In fact, it is known that an acute Cisplatin administration can alter the genome methylation
status in neuroblastoma cells [103].
Increasing evidences point out a central role of (broad substrate spectrum/specific) drug
transporters to explain the onset of Cisplatin resistance. In detail, Haber et al. (1999) observed
that malignant neuroblastoma forms, carrying the N-myc oncogene amplification, show an up
regulation of the Multidrug Resistance-associated Protein (MRP) gene, associated with a poor
sensitivity to low affinity substrates, including Cisplatin [104].
Interestingly, it has been widely demonstrated that Cisplatin shares with copper the pathways
of cellular efflux and entry [105,106]. In particular, the cellular uptake of cisplatin (water
soluble) is mediated by a member of the SLC (Solute Carrier) group, namely the copper
transporter 1 (SLC31A1) [105-107], by mechanisms that partially overlap with those copperspecific [105,108]. Candidate Cisplatin-binding sequences have been identified in the extrac‐
ellular region of hCtr1, this providing further evidence of the Cisplatin transport activity by
this channel [109].
Further, the copper efflux transporters, ATP7A and ATP7B, are known to regulate the efflux
of cisplatin, and so their expression may be also predictive of drug sensitivity [110].
Neuroblastoma cells are known to express both hCtr1 import and ATP7A export proteins, this
suggesting that copper transport systems may participate in determining the development of
cisplatin resistance. In support of such hypothesis, a recent study on microRNAs expression
pattern in variously N-myc amplified and cisplatin resistant neuroblastoma cells, led to the
identification of eight microRNAs, each one targeting at least one of the two cited copper
transporters [111]. Furthermore, it has been demonstrated that ATP7A expression may be a
target to sensitize cancer cells to Cisplatin [112].
In the light of these findings, it has been argued that an increased cisplatin sensitivity may
arise from the upregulation of Ctr1 transporter or by downregulation of the copper/cisplatin
efflux transporter ATP7A. In this sense, a therapeutic regimen combining a preconditioning
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by a copper chelating agent (i.e. Tetrathiomolybdate) and platinum-containing drugs has been
proven to enhance the Cisplatin efficacy in a mouse model of cervical cancer, without affecting
the integrity of healthy tissues [113].
Another copper-dependent mechanism of resistance to cisplatin involves metallothioneins, a
family of low molecular weight copper-binding proteins, whose expression is metal-induced
in neuroblastoma cell models [114] and elevated in cisplatin-resistant cell lines [115]. When
cisplatin enters a cancer cell, it is vulnerable to metallothionein-inactivation [116]. This
mechanism assumes a prioritary connotation if we consider that N-myc amplified neuroblas‐
tomas show an increased copper content, that translates in a remarkable induction of metal‐
lothioneins and reduced efficacy of Cisplatin-based therapies.

9. Conclusion
Multifaceted pathophysiological features determine the progression of neuroblastoma
malignancies. Mainly on the basis of in vitro and pre-clinical studies, copper, playing a key role
within the human nervous system, is candidate to be the actual target of novel therapies.
Accordingly, high copper levels seem to underline the development of tumour malignancies,
even if we honestly observe that the scientific literature does not offer so many clear cues about
the nature of in vivo copper involvement in neuroblastoma. The conclusive impression is that
copper interacts with the neuroblastoma microenvironment at various levels, and the effects
may be profoundly different, depending on the interested cell type (e.g. endothelial, neuro‐
blast). The overall effects arise from the sum of specific and sometimes discordant copperdriven processes.
If few clinical data are currently available in this regard, the challenge toward the development
of a copper-targeting therapy has anyway been launched. On the other hand, recent studies
have recognized for neuroblastoma patients the benefits of preconditioning therapies based
on the use of copper chelating agents (i.e. tetrathiomolibdate). Such intriguing approach would
modulate the expression and/or subcellular localization of copper transport systems, and so
both the cancer metal levels and chemoresistance. However, caution is needed in this sense,
since the comprehension of copper metabolism in neuroblastoma cancer cells is still prelimi‐
nary and the routes of copper transport are currently partially known. Significantly, it is only
recently that an anion exchanger has been proposed as an additional copper importer in
mammalian cells [117].
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1. Introduction
Neuroblastoma (NB) is a childhood neoplasm and the cause of ~15% of cancer deaths in
children. The clinical behavior of NB is highly variable. While some tumors are easily treatable,
nearly 50% of the tumors exhibit very aggressive behavior. The latter tumors are classified as
high-risk NB and are characterized by widespread tumor dissemination and poor long-term
survival. Determining the prognosis of NBs at the time of diagnosis is important because of
the clinical heterogeneity of the disease. Current prognostic factors used by the COG (Child‐
ren's Oncology Group) Neuroblastoma Study for patient stratification and protocol assign‐
ment include: Age (<18 months vs >18 months), Stage (1, 2, 4S vs 3, 4), MYCN status
(amplification vs non-amplification), Ploidy (diploid vs hyperdiploid), International Neuro‐
blastoma Pathology Classification (Shimada system: Favorable vs Unfavorable Histology),
1pLOH (present vs absent), and 11qLOH (present vs absent) [1-3]. About half of high-risk NBs
exhibit MYCN amplification, which is associated with older age, rapid tumor progression, and
the worst prognosis [4]. According to the International Neuroblastoma Pathology Classifica‐
tion, NBs exhibiting MYCN amplification have unique histologic features, namely, an undif‐
ferentiated/poorly differentiated appearance and a high mitosis-karyorrhexis index.
Nonetheless, certain NB with these histologic characteristics do not show MYCN amplification
[5]. A previous report suggests that in non-MYCN-amplified unfavorable NB tumors, MYC
rather than MYCN expression is responsible for the aggressive phenotype [6].
Current treatment for high-risk NB includes high dosage cytotoxic chemotherapy or myeloa‐
blative cytotoxic therapy with autologous hematopoietic stem cell transplantation [7]. Late
relapse is often seen in patients with high-risk NB despite achieving a complete clinical
remission. A subset of high-risk NBs, which is refractory to current front-line therapy designed
for high-risk NB, is termed ultra high-risk NB [8, 9]. These tumors are totally unresponsive to
current therapies, and thus reliable diagnostic tools to identify ultra high-risk NB prior to
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treatment and innovative and effective therapeutic agents against these NBs are in need of
development.
In this article, we will discuss our recent study on neuroblastoma stem cells, histopathological
characteristics of these cells, and why the knowledge gained would help improve diagnosis
and treatment of children with the most malignant NBs. We have recently reported the
establishment of phenotypically stabilized stem cell-like NB cells (refer to as iCSC, see below)
by short-term treatments of conventional monolayer NB cell lines with epigenetic modifiers
[10]. The study addresses a fundamental problem that has affected a complete success in
treating patients with cancers. Cancer stem cells (CSCs) are plastic in nature, a characteristic
that hampers cancer therapeutics. To date, two models have been proposed to explain the
existence of cancer stem cells in a tumor mass: the stochastic model and the hierarchical model.
According to the stochastic model, transformed single cells develop unlimited proliferative
capability to cause a tumor. Initially, a single or few transformed cells result in uncontrolled
growth. Accumulations of different mutations then occur driving additional tumor growth
and resulting in heterogeneous subpopulations within the tumor. These cancer cells are
believed to participate in tumor growth, develop resistance, and cause recurrence. Hence, all
cells are considered tumorigenic and are targets for treatment. In contrast, the hierarchical or
current CSC model states that in a given tumor, there exists a population of cancer cells that
have characteristics similar to stem cells. Cancer stem cells have the capacity to renew
indefinitely, to initiate tumor formation, and to give rise to multiple non-tumorigenic proge‐
nies via asymmetric cell division. As a result of this phenotypic drift, an established tumor
would always consist of a mixture of CSC and non-CSC. Current anti-cancer therapies are
believed to target the more differentiated tumor cells, but not the CSC component, which is
ultimately responsible for tumor recurrence. Based on the most current thinking, the two
models are not mutually exclusive.
To create phenotypically stabilized stem cell-like NB cells, our approach includes a short-term
treatment (i.e., five days) of NB monolayer cell lines (SKNAS, SKNBE(2)C, CHP134, SY5Y)
with either an inhibitor of DNA methylation and/or an HDAC inhibitor followed by cell
culturing in the sphere-forming medium without the epigenetic modifiers. This strategy not
only significantly augments the expression of the Yamanaka reprogramming factors and stem
cell markers in the NB spheres generated, but it also captures these spheres in the “totally
undifferentiated status” over a long period of time in vitro and in vivo. To date, known
stemness/reprogramming factors include MYC/MYCN, SOX2, OCT4, NANOG, LIN28, and
KLF4. These factors were shown to initiate reverse differentiation or reprogramming of
somatic cells [11-13]. In addition, several stem cells markers (CD133, CXCR4, ABCG2) [14-16]
and neural crest stem cell markers (p75NTR, SOX9, SOX10, SLUG, Musashi-1, CD24, and HES1)
have been reported [17-22].
The stem cell-like NB cells that are created in our recent study are characterized by their high
expression of stemness factors, stem cell markers, and their open chromatin structure. We
referred to these cells as induced CSC (iCSC) [10]. Our in vivo studies show that the NB iCSCs
possess a high tumor-initiating ability and a high metastatic potential. SKNAS iCSC and
SKNBE(2)C iCSC clones (as few as 100 cells) injected subcutaneously into SCID/Beige mice
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Figure 1. Histopathological examinations of SKNAS monolayer cell and iCSC xenografts. The monolayer cell xeno‐
grafts were composed of two distinct components having different cellular morphologies. Tumor cells in the first com‐
ponent were larger cells. Tumor cells in the other component were smaller in both cellular and nuclear size and had
smaller nucleoli. These small tumor cells often produced neurites or neuropils (indicated by the arrows). The monolay‐
er cell xenografts were thus classified as poorly differentiated NB. In contrast, iCSC xenografts were composed of uni‐
formly large cells with vesicular nuclei and one or more prominent nucleoli, and thus were classified as totally
undifferentiated “large-cell” NB. Adapted from Fig. 4 of Ikegaki et al., [10].

formed tumors, and in one case, SKNBE(2)C iCSC metastasized to the adrenal gland, suggest‐
ing their increased metastatic potential [10]. Important histopathological observations were
also made on the NB iCSC xenografts, and highlights of these findings are described in below.
The NB iCSC xenografts resemble human totally undifferentiated “Large-Cell” NB, the most aggressive
and deadly form of NB. Histologically, NBs are classically divided into undifferentiated (UD),
poorly differentiated (PD) and differentiating (D) subtypes. However, a unique histological
subset of NBs within the UD and PD subtypes has been identified in the past years [5, 23].
These tumors are uniformly composed of large cells with sharply outlined nuclear membranes
and one to four prominent nucleoli, and are referred to as “Large-Cell Neuroblastomas” or
LCNs. Most importantly, the LCNs are the most aggressive and deadly tumors among the
unfavorable NBs. Patients with the UD neuroblastoma and with the LCN appearance had a
very poor prognosis regardless of age at diagnosis, clinical stage, and DNA index. Surprisingly,
non-MYCN amplified UDs behaved significantly worse than MYCN amplified UDs [24]. As
described below, our recent study demonstrates that NB iCSC xenografts do in fact resemble
human LCN. In addition, there are histological differences between NB monolayer cell
xenografts and iCSC xenografts.
As shown in Fig. 1, the SKNAS monolayer cell xenografts presented a mosaic pattern and were
composed of at least two distinct components having different cellular morphologies. Tumor
cells in the first component were larger cells. Tumor cells in the other component were smaller
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Figure 2. Immunohistochemical examination of SKNAS monolayer cell xenografts for MYC expression. As shown in
Fig. 1, the SKNAS monolayer cell xenografts were composed of two distinct components having different cellular mor‐
phologies. The smaller tumor cells had reduced activities of mitosis and karyorrhexis (see also text). Accordingly, im‐
munohistochemical examination of SKNAS monolayer cell xenografts with the anti-MYC antibody showed that the
smaller tumor cells lacked MYC expression.

Figure 3. Histopathological examinations of SKNAS iCSC xenografts and the human large-cell” NBs. H&E stained sec‐
tions showed that the SKNAS iCSC xenografts resembled human undifferentiated “large-cell” NBs histologically.
Adapted from Fig. 5 of Ikegaki et al., [10].

in both cellular and nuclear size, and had smaller nucleoli (Fig. 1, upper left panel). Further‐
more, these small tumor cells in the second component had reduced activities of mitosis and
karyorrhexis (either intermediate MKI of 100~200/5,000 cells or low MKI of <100/5,000 cells)
and often produced neurites or neuropils (Fig. 1, lower left panel). In addition, these smaller
cells do not express MYC (Fig. 2). The monolayer cell xenografts were thus classified as poorly
differentiated NB. In contrast, the SKNAS iCSC xenografts were composed of a diffuse and
solid growth of medium-sized, rather uniform cells with a large vesicular nucleus and one or
few prominent nucleoli (Fig. 1 right panel). Mitotic and karyorrhectic activities were frequently
encountered (either intermediate MKI of 100~200/5,000 cells or high MKI of >200/5,000 cells).
The iCSC xenografts were thus classified as totally undifferentiated “large-cell” NB, according
to the International Neuroblastoma Pathology Classification [2, 3, 23, 25]. In fact, as reported
in our study, all of the other iCSC xenografts from SKNBE(2)C, CHP134, and SY5Y have the

Clinical Implications of Neuroblastoma Stem Cells
http://dx.doi.org/10.5772/56254

Figure 4. MYCN expression in SKNBE(2)C monolayer cell and iCSC xenografts. SKNBE(2)C are MYCN-amplified cells
and uniformly expressed high-levels of MYCN in both monolayer cell and iCSC xenografts. MYC expression was exam‐
ined for comparison. Microscopic magnification of 400X was used for all pictures. Adapted from Fig. 7of Ikegaki et al.,
[10].

LCN phenotype [10]. Fig. 3 shows a remarkable resemblance of SKNAS iCSC xenografts and
human LCN histologically.
MYC/MYCN expression and CXCR4 expression in NB monolayer cell xenografts and iCSC xeno‐
grafts. Monolayer NB cell lines in culture express high levels of MYC (non-MYCN amplified
cells) or MYCN (MYCN amplified cells). In consistent with this, our immunohistochemical
analysis demonstrate that all NB monolayer cell xenografts and iCSC xenografts express high
levels of MYC (SKNAS, SY5Y) or MYCN (SKNBE(2)C, CHP134)[10]. Fig. 4 shows a represen‐
tative data of SKNBE(2)C.
In contrast to the consistently high MYC/MYCN expression, among the NB xenografts
examined, there is a differential expression of CXCR4 in the SKNAS iCSC xenografts over
monolayer cell counterparts (Fig. 5). It should be mentioned that both the larger and smaller
cells of the SKNAS monolayer cell xenografts described in Fig. 1 were negative for CXCR4
staining, except some rare cases where a few cells were focally positive for CXCR4 staining
(Fig. 5). These observations suggest that the large cells in SKNAS iCSC xenografts had different
molecular and biological characteristics from the larger cells in the monolayer cell xenografts.
However, the pattern of CXCR4 expression observed among the SKNAS xenografts was not
always seen among the other iCSCs. Xenografts from both iCSC and monolayer cells of
SKNBE(2)C, CHP134, SY5Y were all positive for CXCR4, but the staining in these cases was
not intense and uniform [10].
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Figure 5. Differential expression of CXCR4 in SKNAS iCSC and monolayer cell xenografts. Immunohistochemical analy‐
sis showed that SKNAS iCSC xenografts were uniformly positive for CXCR4. In contrast, SKNAS monolayer cell xeno‐
grafts were negative for CXCR4 with the exception of some rare cases where a few cells were focally positive for
CXCR4 staining. Adapted from Fig. 3 of Ikegaki et al., [10].

Figure 6. Immunohistochemical examination of SKNAS iCSC and monolayer cell xenografts for nestin expression. Nes‐
tin expression was examined with the anti-nestin antibody to determine whether or not nestin could serve as a mark‐
er of NB CSCs. Nestin was expressed In both SKNAS iCSC and monolayer cell xenografts. Notably, the smaller tumor
cells of the monolayer cell xenograft expressed higher levels of nestin than the larger cells. These smaller cells were in
fact negative for MYC expression (see Fig. 2). These observations indicate that nestin expression may not be a specific
marker of NB stem cells.

Nestin expression in NB monolayer cell xenografts and iCSC xenografts. Nestin is a type VI inter‐
mediate filament protein, and nestin expression has been suggested to be a NB stem cell marker
[26, 27]. Nonetheless, our data showed that nestin is expressed in SKNAS iCSC xenografts,
and in both the smaller cells and larger cells of SKNAS monolayer cell-xenografts (Fig. 6). This
pattern of nestin expression together with the fact that the smaller cells of SKNAS monolayer
cell-xenografts are MYC negative (Fig. 2), nestin expression may therefore not serve for a
specific marker of NB stem cells.
p75NTR expression in NB monolayer cell xenografts and iCSC xenografts. p75NTR is the low-affinity
nerve growth factor receptor and a neural crest stem cell marker [18]. Our in vitro study show
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Figure 7. (A) The expression of p75NTR in xenografts derived from iCSC clones and monolayer cells of SKNBE(2)C. Im‐
munohistochemical examination was performed to assess p75NTR expression in SKNBE(2)C iCSC clones and monolayer
cell xenografts. The SKNBE(2)C monolayer cell xenografts rarely and faintly expressed p75NTR. In contrast, subcutane‐
ous xenografts of both Clone 1 and Clone 2 expressed high levels of p75NTR, though Clone 2 xenografts contained cells
with positive for p75NTR and those devoid of p75NTR staining. Subcutaneous xenografts of Clone 1 are consistently posi‐
tive for p75NTR. The expression of p75NTR in xenografts derived from iCSCs and monolayer cells of (B) SY5Y, (C) SKNAS
and (D) CHP134. Immunohistochemical examination was performed to assess p75NTR expression in xenografts of SY5Y,
SKNAS, and CHP134 iCSCs and monolayer cells. SY5Y monolayer cell xenografts expressed low level of p75NTR, where‐
as SY5Y iCSC xenografts contained the majority of cells highly positive for p75NTR and the minority of cells with low
p75NTR expression. The xenografts of SKNAS iCSC contained larger clusters of cells strongly positive for p75NTR with the
surrounding cells of weak p75NTR staining, whereas the xenografts of SKNAS monolayer cells had medium size clusters
of p75NTR positive cells that were surrounded by p75NTR negative cells. Only rare and faintly positive cells for p75NTR
were detected in CHP134 monolayer cell xenografts, while CHP134 iCSC xenografts contained small islands of positive
cells for p75NTR. Microscopic magnification of 400X was used for all pictures. Adapted from Fig. S8 of Ikegaki et al.,
[10].

that SKNAS iCSC, SKNBE(2)C iCSC, and SY5Y iCSC express high levels of p75NTR [10], and
these observations are confirmed by the xenograft data shown in Fig. 7. As described in our
study, the expression of p75NTR in CHP 134 iCSC xenograft was minimal [10]. Interestingly,
the pattern of p75NTR expression in the SKNAS monolayer cell xenografts suggests that
p75NTR expression is not related to neuronal differentiation in NB (Fig. 8).
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Figure 8. The expression of p75NTR is not related to neuronal differentiation in NB. Varying numbers of cells were posi‐
tive for p75NTR in SKNAS monolayer cell xenografts. However, in the SKNAS monolayer cell xenografts, the cells with
active neuropil formations were negative for p75NTR staining as indicated by arrows. Microscopic magnification of
400X was used for four pictures in the first and second rows, and 100X was used for two pictures in the bottom row.
Adapted from Fig. 8 of Ikegaki et al., [10].
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2. Conclusion
In conclusion, the xenografts established from the NB iCSCs shared two consistent and
common features: the LCN phenotype and high-level MYC/MYCN expression. In addition,
our observations suggest that NB cells with large and vesicular nuclei, representing their open
chromatin structure, are indicative of stem cell-like tumor cells, and that epigenetic changes
may have contributed to the development of these most malignant NB cells. These observa‐
tions have significant clinical implications. Specifically, one may identify the most malignant
and aggressive type of NBs that require immediate innovative therapeutic intervention by
examining histological/cytological appearance of the tumor, namely totally undifferentiated
large-cell NB with prominent nuclei and high-level expression of MYC and/or MYCN by
immunohistochemical analysis. Finally, the availability of the NB iCSCs will serve as useful
tools to develop effective anti-CSC agents for NB in vivo and will help improve treatment and
cure for children with neuroblastoma.
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Edited by Hiroyuki Shimada

Tumors of neuroblastoma group are heterogenous and their molecular/genomic properties
are closely related to the prognosis of patients: some children enjoy an excellent clinical
course after biopsy/surgery alone, and others suffer from a fatal outcome even after an
intensive treatment. Recent progress has also started disclosing critical significance of
cross-talking between neuroblastoma cells and their microenvironment in predicting
clinical behaviors of individual cases. In this book, the world distinguished investigators
report clinical and biological characteristics of this disease.
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