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Although touched by technology, surgical pathology always has
been, and remains, an art. Surgical pathologists, like all artists,
depict in their artwork (surgical pathology reports) their inter-
actions with nature: emotions, observations, and knowledge are
all integrated. The resulting artwork is a poor record of complex
phenomena.

Richard J. Reed MD





One Point of View

All small tumors do not keep growing, especially small breast tumors,
testicular tumors, and prostate tumors. Some small tumors may even dis-
appear without a treatment. Indeed, because prostate tumor grows slowly,
it is not unusual that a patient may die, at an advanced age, of some other
causes, but prostate tumor is discovered in an autopsy study. In some cases
of prostate tumors, the patient should be offered the option of active surveil-
lance followed by PSA test or biopsies. Similarly, every small kidney tumor
may not change or may even regress. Another example of cancer or precan-
cer reversal is cervical cancer. Precancerous cervical cells found with Pap
test, may revert to normal cells. Tumor shrinkage, regression, reversal, or
stabilization is not impossible. The pertinent question is: Is it always nec-
essary to practice tumor surgery, chemotherapy, or radiotherapy? Although
the conventional belief is that cancer represents an “arrow that advances uni-
directionally,” it is becoming clear that for cancer to progress, they require
cooperative microenvironment (nitch), including immune system and hor-
mone levels. However, it is emphasized that advanced (malignant) cancers
do not show regression, and require therapy. In the light of the inadequacy
of standard treatments of malignancy, clinical applications of the stem cell
technology need to be expedited.

Eric Hayat
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Preface

Volume 1 discussing diagnosis, therapy, and prognosis of children with neu-
roblastoma is part of the series, “Pediatric Cancer”. It is recognized that
scientific journals and books not only provide current information but also
facilitate exchange of information, resulting in rapid progress in the medical
field. In this endeavor, the main role of scientific books is to present current
information in more detail after careful additional evaluation of the investiga-
tional results, especially those of new or relatively new therapeutic methods
and their potential toxic side-effects.

Although subjects of diagnosis, cancer recurrence including neuroblas-
toma, resistance to chemotherapy, assessment of treatment effectiveness,
including cell therapy and side-effects of a treatment are scattered in a vast
number of journals and books, there is need of combining these subjects
in single volumes. An attempt will be made to accomplish this goal in the
projected multi-volume series of Handbooks.

In the era of cost-effectiveness, my opinion may be minority perspective,
but it needs to be recognized that the potential for false-positive or false-
negative interpretation on the basis of a single laboratory test in clinical
pathology does exist. Interobservor or intraobservor variability in the inter-
pretation of results in pathology is not uncommon. Interpretative differences
often are related to the relative importance of the criteria being used.

Generally, no test always performs perfectly. Although there is no perfect
remedy to this problem, standardized classifications with written definitions
and guidelines will help. Standardization of methods to achieve objectivity is
imperative in this effort. The validity of a test should be based on the care-
ful, objective interpretation of the tomographic images, photo-micrographs,
and other tests. The interpretation of the results should be explicit rather
than implicit. To achieve accurate diagnosis and correct prognosis, the use of
molecular criteria and targeted medicine is important. Equally important are
the translation of molecular genetics into clinical practice and evidence-based
therapy. Translation of medicine from the laboratory to clinical application
needs to be carefully expedited. Indeed, molecular medicine has arrived.

Introduction of new technologies and their applications to neuroblas-
toma diagnosis, treatment, and therapy assessment are explained in this
volume. Role of molecular genetics in diagnosis and therapy is presented.
Molecular detection of minimal residual neuroblastoma is described. Early
diagnosis of this disease is included. Magnetic resonance imaging and spec-
troscopy are detailed for diagnosing this solid, extracranial cancer. Targets for
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x Preface

therapeutic intervention in neuroblastoma are identified, including targeting
multidrug resistance in this cancer. Ornithine decarboxylase and polyamines
are novel targets for therapeutic intervention. The effectiveness of chemother-
apy with oral irinotecan and temozolomide is explained. Antibody-based
immunotherapy for this tumor is presented. Perspectives for the use of IL-21
in immunotherapy are discussed. Role of transcription factors (GATA) in neu-
roblastoma progression is explained. Also, is explained the role of hypoxia
and hypoxia-inducible factors in tumor progression. MicroRNAs are small
non-coding RNA molecules that reduce the translation of target mRNAs.
microRNAs play an important role in cell proliferation, apoptosis, differenti-
ation, and cancer development. Role of N-myc on microRNA expression in
MYCN-amplified neuroblastoma is described.

By bringing together a large number of experts (oncologists, neurosur-
geons, physicians, research scientists, and pathologists) in various aspects
of this medical field, it is my hope that substantial progress will be made
against this terrible disease. It would be difficult for a single author to discuss
effectively the complexity of diagnosis, therapy, and prognosis of any type of
tumor in one volume. Another advantage of involving more than one author
is to present different points of view on a specific controversial aspect of the
pediatric cancer. I hope these goals will be fulfilled in this and other volumes
of this series. This volume was written by 53 contributors representing 12
countries. I am grateful to them to for their promptness in accepting my sug-
gestions. Their practical experience highlights their writings, which should
build and further the endeavors of the reader in this important area of disease.
I respect and appreciate the hard work and exceptional insight into the nature
of neuroblastoma provided by these contributors. The contents of the vol-
ume are divided into 4 subheadings: Introduction, Diagnosis and Biomarkers,
Therapy and Prognosis for the convenience of the readers.

It is my hope that the current volume will join the future volumes of the
series for assisting in the more complete understanding of globally relevant
neuroblastoma syndrome. There exists a tremendous, urgent demand by the
public and the scientific community to address to cancer, diagnosis, treat-
ment, cure, and hopefully prevention. In the light of existing cancer calamity,
government funding must give priority to eradicating this deadly children’s
malignancy over military superiority.

I am thankful to Dr. Dawood Farahi and Dr. Kristie Reilly for recognizing
the importance of medical research and publishing at an institution of higher
education.

Union, New Jersey M.A. Hayat
May, 2011
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Introduction



1Introduction

M.A. Hayat

Neuroblastoma is a malignant tumor of the sym-
pathetic nervous system, and occurs most often in
children before age 5; rarely occurs in adults. It
occurs in 1 in 100,000 children, and is diagnosed
in ∼650 children each year in the United States.
It accounts for 7–8% of childhood cancers. It
is an extracranial pediatric tumor, and occurs
when immature nerve cells (neuroblasts) become
abnormal and multiply uncontrollably to form a
tumor. The tumor originates in the nerve tissue of
the adrenal gland located above each kidney, and
forms in the nerve tissue in the abdomen, chest, or
pelvis. Specifically, neuroblastoma derives from
progenitor cells of the sympathetic nervous tis-
sue, and can spread to other parts of the body
including bones, skin, and liver.

Factors leading to tumor recurrence (pro-
gression or relapse) include inadequate therapy,
inability to detect minimal residual disease, and
the incurability of some tumors using current
therapeutic modalities. Recurrence occurs more
often in association with age, disseminated dis-
ease, abdominal primary site, elevated lactate
dehydrogenase, and MYCN gene amplification
(Garaventa et al., 2009). In the case of recurrence,
treatment is commonly decided on the basis of the
type of recurrence (localized or disseminated),

M.A. Hayat (�)
Department of Biological Sciences, Kean University,
Union, NJ 07083, USA
e-mail: ehayat@kean.edu

previously administered therapies, and unfortu-
nately cost/benefit ratio.

Approximately, 60% of children with neu-
roblastoma have high-risk tumors, and stan-
dard therapies rarely result in long-term sur-
vival. Although some high-risk patients may
achieve long-term survival after marrow-ablative
chemoradiation therapy and autologous bone
marrow transplantation, 50–60% of these patients
will have recurrence after this treatment. Similar
poor prognosis is found in children with
advanced stage disease or those with refrac-
tory disease, despite currently available therapies,
indicating that improved, novel therapies, such as
stem cell therapy or immunotherapy are needed
to eradicate even minimal residual disease. Under
the circumstances, use of experimental therapies
should be encouraged.

Symptoms

General symptoms shown by neuroblastoma
patients include fatigue, fever, pain, loss of
weight, loss of appetite, diarrhea, irritability or
loss of memory. Specific symptoms depend on
the location of the tumor and the site of its metas-
tasis. For example, a tumor in the abdomen can
cause pain in or swelling of the stomach. A tumor
in the chest can result in difficulty in breathing.
A tumor in the neck can lead to drooping eye-
lids, small pupils, perspiring, or red skin. Tumor
metastasis to the bone can cause bone pain.

3
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4 M.A. Hayat

Molecular Genetic

Somatic mutations in at least two genes are
required to cause sporadic neuroblastoma. When
the mutations are inherited, the condition is
called familial neuroblastoma, which is less com-
mon. Mutations in the ALK and PHOX2B genes
increase the risk of developing neuroblastoma.
Mutations in the ALK gene result in the abnormal
activation of anaplastic lymphoma kinase pro-
tein which can lead to neuroblastoma. Mutations
in the PHOX2B gene interfere with the role of
PHOX2B protein to promote cell differentiation
leading to neuroblastoma. MYC gene amplifica-
tion is another example of a well-known poor
prognostic indicator. In fact, the primary adverse
prognostic factor for neuroblastoma is amplifi-
cation of the MYC oncogene. Approximately,
22% of neuroblastoma and 40% of advanced
stage cases exhibit amplification of the MYC
protooncogene, a condition that is strongly cor-
related with cell survival, increased proliferation,
advanced disease, drug resistance, and poor out-
come. Retinoic acid combined with vincristine
has been reported to be effective in reducing Myc
expression (Aktas et al., 2010). Knockdown of
MYCN with small inhibitory RNAs results in cell
death and apoptosis in neuroblastoma cell lines.

Focal adhesion kinase (FAK) is also
overexpressed in neuroblastoma. It is an
intracellular kinase that regulates both cellular
adhesion and apoptosis. MYCN regulates the
expression of FAK in neuroblastoma. 1, 2, 4,
5 – benzenetetramine tetrahydrocholoride (Y15),
a small molecule, inhibits FAK expression.
Treatment with Y15 results in increased detach-
ment, decreased cell viability, and increased
apoptosis in the neuroblastoma cell lines (Beierle
et al., 2010). There are other genes involved in
the formation of neuroblastoma.

There is an apparent link between neuroblas-
toma aggressiveness and specific genetic aber-
rations. One of the most recurrent genetic
alterations is the deletion of the short arm of
chromosome 1 found in ∼35% of neuroblas-
tomas. 1p36 is the most common deletion in
chromosome 1p, and the chromodomain helicase

DNA-binding protein 5 (CHD5) is the tumor
suppressor gene located on this choromosome.
It has been shown that CHD5 protein represents
a marker of outcome of chemotherapy in
neuroblastoma cells using immunohistochem-
istry (Garcia et al., 2010). In high risk neur-
oblastoma patients, reestablishment of CHD5
expression following chemotherapy should be
clinically tested as a surrogate marker of
treatment response.

Staging System for the Treatment
of Neuroblastoma (International
Neuroblastoma Staging System)

Stage 1. Localized tumor, lymph node negative,
and complete gross excision.

Stage 2A. Localized tumor, lymph node negative
(microscopically) for tumor, and incomplete
gross excision.

Stage 2B. Localized tumor, lymph nodes positive
for tumor, with or without complete gross exci-
sion, and enlarged contralateral lymph nodes
negative microscopically.

Stage 3. Tumor infiltrating across the midline
(vertebrate column), with or without regional
lymph node involvement, and unresectable.

Stage 4. Primary tumor with dissemination to dis-
tant lymph nodes, bone, bone marrow, liver,
skin, and/or other organs.

Stage 4S. Localized primary tumor, with dissem-
ination limited to skin, liver, and/or bone mar-
row, confined to infants younger than 1 year,
and metaiodobenzylguanidine scan negative in
the bone marrow; bone marrow involvement is
<10% of total nucleated cells.

Angiogenesis

As stated earlier, neuroblastoma is a highly
angiogenic tumor with poor prognosis linked
to vascular index, suggesting that this tumor
type may respond to antiangiogenic treatment.
Antiangiogenic tumor treatments can target var-
ious aspects of endothelial cell physiology. In
this context, vascular endothelial growth factor
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(VEGF) is a critical mitogen regulating the
growth, proliferation, and migration of endothe-
lial cells and is a key regulator of angiogen-
esis. Its expression is linked to prognosis for
a number of human tumors. VEGF acts pri-
marily by binding to one of its cognate recep-
tors (VEGFR1, VEGFR2, and VEGFR3) on
endothelial cells, leading to autophosphorylation
of tyrosine residues and subsequent activation
of intracellular signaling, such as the mitogen-
activated protein kinase and phosphatidylinos-
itol 3-kinase/AKT pathways. Targeting of the
VEGF signaling pathway in tumor endothelium
is a promising approach to suppression of neu-
roblastoma tumor growth. Other growth factor
signaling pathways (e.g., epidermal growth fac-
tor receptor, EGFR) are also implicated in tumor
progression. The receptor tyrosine kinase RET
is also expressed in neuroblastoma, and acti-
vates key signal transduction pathways involved
in tumor cell survival and progression. A low
molecular weight tyrosine kinase inhibitor of
VEGF2, ZD6474, was used by Beaudry et al.
(2008) for inhibiting tumor growth. This treat-
ment resulted in increased endothelial cell apop-
tosis.

Role of MicroRNAs in Neuroblastoma
Differentiation and Proliferation

MicroRNAs play an important role in cell pro-
liferation, apoptosis, differentiation, and can-
cer. MicroRNAs are small non-coding RNA
molecules that effectively reduce the translation
of target mRNAs. In other words, microRNAs
are a class of regulators of gene expression, act-
ing as post-translational inhibitors that recognize
their target mRNAs through base pairing with
short regions along the 3’ UTRs. They tend to
be tissue specific, suggesting a specialized role
in tissue differentiation or maintenance, and most
are involved in tumorigenesis. Evangelisti et al.
(2009) have studied microRNA-128 in retinotic
acid-differentiated neuroblastoma cells and found
that this microRNA is upregulated in treated cells
and down-modulates the expression of Reelin and
DCX proteins. These proteins are involved in the

migratory potential of neural cells. DCX is the
protein product of the gene doublecortin, located
on chromosome X, and is detectable not only
in neuroblastoma but also in glioblastoma multi-
forme. Reelin is a secreted glycoprotein that plays
a role as a guide for migratory neurons. This gly-
coprotein is found not only in adult peripheral
tissues and tumors but also in the CNS.

Role of N-myc on microRNA expression in
MYCN-amplified neuroblastoma has been stud-
ied by Buechner et al. (2010). They found that a
subset of microRNAs were altered during the N-
myc deprived differentiation of MYCN-amplified
neuroblastoma cells. In this context, N-myc acts
as both an activator and suppressor of microRNA
expression. MicroRNA-21 is up-regulated dur-
ing cell differentiation, but its inhibition does not
prevent cell differentiation.

Treatment

There are limited effective treatment options for
children with advanced neuroblastoma, and mor-
tality remains high for these patients. Standard
therapy for advanced disease includes chemother-
apy, surgery, and radiation. High doses of
chemotherapy are used to destroy as many can-
cer cells as possible. Such an approach using
combination chemotherapy with irinotecan and
temozolomide is also explained in another chap-
ter in this volume. However, the application of
standard treatments is restricted by dose-limiting
toxicities and little tumor specificity.

A relatively new approach to cancer treat-
ment is immunotherapy, which uses antibodies.
For example, the method for the development
of a metastatic neuroblastoma model for study-
ing interleukin-21 with coadministration of anti-
CD25 monoclonal antibody-based immunother-
apy is detailed in another chapter in this volume.
The latter augments the effect of the former.
Biological or immune-based therapies have the
advantages of high specificity and less toxicity.

As stated earlier, neuroblastoma disease has a
heterogeneous course, ranging from spontaneous
regression to inexorable progression and death
irrespective of the applied treatment. Therefore,
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it is important to identify risk groups as the
basis of clinical and molecular prognostic vari-
ables. Such information will facilitate tailoring of
therapy (e.g., dose and duration of chemother-
apy) to improve outcomes and reduce the risk
of adverse consequences of therapy. Using risk
stratification based on clinical and genetic data,
Baker et al. (2010) substantially reduced both
the doses and duration of chemotherapy (carbo-
platin, etoposide, cyclophosphamide, and dox-
orubicin administered at 3-week intervals) for
intermediate-risk neuroblastoma (without MYCN
amplification) and maintained very high survival
rates. Such an approach allows individualization
of therapy and minimization of treatment-related
deleterious late effects including death. These
results support further reduction in chemotherapy
with more refined risk stratification.

Human Interleukin-2

Human interleukin-2 (IL-2) is used alone or in
combination with other therapies in the treat-
ment of malignancies with evidence of occa-
sional antitumor effects. There are at least two
mechanisms that mediate antitumor effects. IL-2
treatment augments activation of preexisting
antigen-specific T cells to enhance their recog-
nition and destruction of neoplastic tissue. IL-2
also activates natural killer cells. Interleukin-2
in combination with hu14.18 – IL2 monoclonal
antibody exhibits a protective T-cell-dependent
antitumor activity against murine NXS2 neurob-
lastoma tumors (Neal et al., 2004).

Myeloablative Therapy

Myeloablative cytotoxic therapy with autologous
bone marrow transplantation (ABMT) is being
used for children with high-risk neuroblastoma.
Myeloablative therapy and autologous hematopi-
etic cell rescue results in significantly better
5-year event-free and overall survival than that
with nonmyeloablative chemotherapy (Matthay
et al., 2009). Subsequent application of 13-cis

retinoic acid after consolidation independently
results in significantly improved overall survival.
However, another study indicates that 50–60%
of the patients who undergo ABMT show recur-
rence (Ozkaynak et al., 2000).
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Abstract
Neuroblastoma (NB) is a neoplasm arising from embryonic neural crest cells.
Primary and metastatic central nervous system (CNS) neuroblastomas are
extremely rare and may involve the cerebral parenchyma, leptomeninges,
or dura. Magnetic resonance imaging (MRI) plays an important role in the
initial diagnosis and staging of neuroblastoma as it provides for accurate
tumor localization, size, extent and metastases. The technique aids image-
guided surgery, follow-up assessment of residual tumor, response to chemo-
radiotherapy, diagnosing recurrence and metastases. This chapter describes
routine and advanced MR imaging techniques for diagnosis of both primary
and secondary CNS neuroblastoma. In addition MR appearances have been
correlated with histologically observable cellular transformations. Advanced
MR techniques like diffusion-weighted imaging, gradient and susceptibil-
ity weighted imaging, serve to assess cellularity, haemorrhage and necrosis,
features which predict tumor behaviour. 1H and 31P MR spectroscopy can
identify tissue biochemical changes within the tumor. These methods are
helpful in predicting heterogeneity, aggressiveness and metastatic pattern of
neuroblastoma and thus prognosis.

Keywords
Neuroblastoma • Central nervous system • MRI • Spectroscopy •
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Introduction

Neuroblastoma is an embryonic neoplasm of the
sympathetic nervous system arising from primi-
tive neural crest cells present in adrenal medulla

R. Balaji (�)
Regional Cancer Centre, Medical College PO,
Trivandrum, Kerala 695011, India
e-mail: ravikanthbalaji@gmail.com

or sympathetic ganglia along the sympathetic
chain that extends from the neck to pelvis. It is the
most common extra-cranial solid tumor of early
childhood comprising approximately 8–10% of
childhood tumors. The tumor carries a dismal
prognosis, accounting for approximately 15%
of cancer-related death in children. Advanced
disease (stage IV) presents with a wide range
of clinical complications, varying from rapid
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metastatic spread to fatal progression despite
multimodal therapy. Clinical heterogeneity may
even be observed in infants with lower stage
neuroblastoma. This diverse clinical behavior
has been correlated with genetic abnormalities
and biological differences of the tumor cells.
Some critical genetic aberrations associated with
neuroblastoma have been identified, the most
important molecular markers being MYCN onco-
gene amplification, deletion of 11q and gain of
17q (Bordeur and Maris, 2006). A new interna-
tional neuroblastoma risk group (INRG) classi-
fication system was developed on the basis of
tumor imaging and clinical data which incorpo-
rates age, level of tumor differentiation, Shimada
histopathology, MYCN oncogene amplification
status, deletion of 11q chromosome and DNA
ploidy (Cohn et al., 2009).

Neuroblastoma is histologically characterized
by presence of small round cells derived from
the neural crest arranged in a rosette form with
central matrix. The classification used in assess-
ing neuroblastoma was based on degree of neu-
roblastic cell differentiation, Schwannian stroma
content, mitosis-karyorrhexis index, and age at
the time of diagnosis. Histologically, the degree
of differentiation ranges from undifferentiated
primitive tumor (neuroblastoma), an intermedi-
ate mixture of mature and undifferentiated tumor
(ganglioneuroblastoma), to a highly differenti-
ated tumor (ganglioneuroma) with mature gan-
glion and Schwann cells (Shimada et al., 1999).
Pathologically, primary cerebral neuroblastoma
was described as cellular tumor of neuronal ori-
gin without glial differentiation, characterized by
the presence of fine fibrillary matrix of axonal
cells, occasional differentiation to mature gan-
glion cells, and frequent exhibition of Horner-
Wright rosettes (Horten and Rubinstein, 1976).
Secondary cerebral neuroblastomas are highly
cellular, poorly differentiated tumors with higher
mitotic figures and scant cytoplasm, resembling
the primary form.

Most primary neuroblastomas arise from the
adrenal gland and metastasize to bone, bone
marrow, liver, and lymph nodes. Metastases to
lung, pleura or CNS are very rare. Metastases
at diagnosis reported in a large series included

the bone marrow (70.5%), bone (55.7%), lymph
nodes (30.9%), liver (29.6%), head and neck
and orbital sites (18.2%), lung (3.3%), and CNS
(0.6%) thus demonstrating metastatic potential
of neuroblastoma (DuBois et al., 1999). The
reported incidence of CNS metastases from
advanced (stage IV) neuroblastoma at diagno-
sis and recurrence varies from 0.6 to 16.2%
(Blatt et al., 1997; DuBois et al., 1999). The
frequency of CNS metastases (leptomeningeal
or parenchymal) of neuroblastoma is higher
in children with prolonged survival due to
improved chemotherapy, as these drugs fail to
penetrate the blood-brain barrier and eradicate
micro-metastases completely, leaving the CNS a
sanctuary site. The metastases become clinically
evident when the micro-metastases develop and
grow over months or years, while systemic dis-
ease continues to be in remission. This parallels
the complications arising from improved therapy
in childhood leukaemia resulting in CNS involve-
ment (Blatt et al., 1997; Kramer et al., 2001).

Magnetic Resonance Imaging
of Neuroblastoma

MRI of Primary Cerebral Neuroblastoma

Primary CNS neuroblastomas mainly involve the
cerebral parenchyma with parietal and tempo-
ral lobes being preferred sites. On CT imaging
primary cerebral neuroblastomas appear as large
supratentorial parenchymal masses and demon-
strate cyst formation, dense or amorphous cal-
cifications, hemorrhage and necrosis (Chambers
et al., 1981). On MR imaging, they have hetero-
geneous signal intensities on both T1- and T2-
weighted sequences and show inhomogeneous
enhancement on post-gadolinium T1-weighted
images (Davis et al., 1990). Intraventricular neu-
roblastomas on the other hand appear iso- to
hypointense on T1-WI, iso- to hyperintense on
T2WI with foci of high intensity representing
necrosis and cystic degeneration. (Just et al.,
1989).

Calcifications and hemorrhage are better
demonstrated on gradient and susceptibility
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weighted imaging. Diffusion weighted imaging
has the potential to identify cellularity and thus
predict prognosis. Mobile water protons have
restricted diffusion in solid highly cellular com-
ponents due to molecular and macromolecular
barriers that exist in dense tumor tissue (Uhl
et al., 2002). The degree of restriction to water
diffusion is inversely correlated to tissue cellular-
ity and integrity of cell membrane. Thus highly
cellular tissue appears bright while tissues with
lower cellularity and cystic or necrotic regions
exhibit low signal intensity on DWI. A combina-
tion of hyperintense and hypointense signals may
be seen on DWI in hemorrhagic brain tumors
(Okamoto et al., 2000). Differential diagnosis of
primary CNS neuroblastoma includes primitive
neuro-ectodermal tumors, ependymoma, poorly
differentiated oligodendroglioma and primary
cerebral sarcoma.

In a series of twelve patients with primary
cerebral neuroblastomas comprising of both chil-
dren and adults, five patients had parenchymal
lesions with peri-ventricular and intraventricular
extension and in four of remaining seven patients
the parenchymal mass abutted ventricular mar-
gins (Davis et al., 1990). In another series of
eleven children with CNS neuroblastoma, three
children had primary cerebral neuroblastoma (2
parenchymal, 1 intraventricular) and eight had
secondary cerebral neuroblastoma (Zimmerman
and Bilaniuk, 1980).

MRI of Metastatic CNS Neuroblastoma

Metastases to CNS can involve either the
parenchyma or leptomeninges or both and can
be cystic and solid. Neuroparenchymal metas-
tases appear as cystic lesions having dense
mural nodules and show uniform well-defined
peripheral enhancement or as solid and het-
erogeneous masses with hemorrhagic compo-
nents. Occasionally, mural nodules may cal-
cify. The calcifications are better demonstrated
on CT imaging. Solid lesions demonstrate het-
erogeneous signal intensities on T1 and T2
weighted imaging much like primary tumors.
Heterogeneity is due to hemorrhage and necrosis

as solid lesions seldom show calcifications. The
lesions enhance on post gadolinium imaging.
Gradient and susceptibility weighted imaging aid
in detecting hemorrhage within the lesions while
diffusion imaging assesses the cellularity. Dural
and leptomeningeal metastases are best iden-
tified on post gadolinium T1-weighted images
and appear as diffuse and focal nodular lep-
tomeningeal enhancement extending deep along
the sulci and to the Virchow-Robin spaces as
well as ependymal and subependymal enhance-
ment. Increased signal intensity is observed on
T2 and FLAIR imaging within the sulci and
subarachnoid spaces. Dural deposits are usually
demonstrated along the tentorium cerebelli and
the falx cerebri on post contrast T1-weighted
MRI and are seen as thickening and irregular
nodular enhancement.

In a study of eight patients with cranio-
cerebral metastases, four patients had cerebral
metastases at initial presentation, while in the
other four metastases developed much later
(Zimmerman and Bilaniuk, 1980). Multiple
enhancing lesions were seen on post contrast
T1-weighted imaging in a patient with lep-
tomeningeal metastases (Kellie et al., 1991).
Diffuse nodular meningeal enhancement was
reported in patients with metastases that solely
involved the meninges (Blatt et al., 1997;
Matthay et al., 2003). In our study reported
earlier, gradient echo, susceptibility weighted
sequences (SWI), T2-weighted, pre- and post-
contrast T1-weighted sequences were used in
the evaluation of parenchymal metastases and
leptomeningeal extension (Balaji et al., 2009).

MRI of Primary Adrenal Neuroblastoma

Since most CNS metastases are from pri-
mary adrenal tumors, MR imaging findings of
adrenal neuroblastoma are presented for com-
parison. Adrenal tumors show a great degree
of heterogeneity as seen from hemorrhage,
cyst formation, necrosis and calcifications.
Hemorrhagic foci appear bright on T1-WI with
loss of signal on gradient imaging. Tumor
necrosis and cystic areas appear hyperintense on
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T2-WI and hypointense on T1-WI (Siegel and
Jaju, 2008). Calcifications appear hypointense on
T1, T2 and gradient sequences. Viable tumor
tissue enhances intensely after contrast adminis-
tration. Involved retroperitoneal nodes also show
similar imaging patterns. Necrosis, hemorrhage
and calcifications seen on neuroimaging reflect
heterogeneity of the primary tumor and can be
used as a predictor of disease course (Paterson,
2002).

Discussion

Metastatic spread to CNS can occur either
through hematogenous or cerebrospinal fluid
(CSF) route. Tumor cells reach the brain by arte-
rial seeding through the dense vascular network
in the periventricular pia matter, venous access,
ependymal invasion and spread along Virchow-
Robin spaces. Breach of the pia mater or ependy-
mal invasion by parenchymal or choroid plexus
metastases enables tumor cells to reach the sub-
arachnoid space, giving rise to leptomeningeal
metastases (Omuro and Abrey, 2004). The sec-
ond route for metastatic spread of tumor cells to
leptomeninges is through CSF. Leptomeningeal
spread occurs when cancer cells gain entry into
CSF pathways, travel to multiple sites within cen-
tral nervous system, settle, and grow. Once these
tumor cells enter the subarachnoid space, they are
transported by the cerebrospinal fluid, resulting
in disseminated leptomeningeal seeding of the
neuraxis. Leptomeningeal metastases exhibit var-
ied growth patterns that may be (a) sheet-like,
along the pial surface occasionally associated
with inflammatory reaction or (b) multiple nod-
ules of different sizes covering the surface of the
brain, the ventricular system, and cranial nerves
(Aparicio and Chamberlain, 2002).

Primary cerebral neuroblastoma with periven-
tricular or intraventricular masses have sec-
ondary hydrocephalus. Leptomeningeal invasion
and subarachnoid seeding have been described
in patients with primary cerebral parenchymal
neuroblastoma (Horten and Rubinstein, 1976;
Davis et al., 1990). A rare case of intraventricular
metastasis from primary adrenal tumor with rapid

leptomeningeal spread on induction was reported
in a series. Primary cerebral neuroblastomas may
have intraventricular and leptomeningeal exten-
sion. Both primary and secondary intraventricu-
lar lesions enhance on post-contrast T1-weighted
imaging. Leptomeningeal invasion can occur
either from primary cerebral neuroblastoma or
from parenchymal metastases (Davis et al., 1990;
Matthay et al., 2003). In a series, two of three
children with primary cerebral neuroblastoma
had worse clinical symptoms due to parenchy-
mal masses and CT showed hemorrhage in both
patients (Zimmerman and Bilaniuk, 1980). In
another series, eight children with hemorrhagic
parenchymal metastases had shorter survival (less
than 2 months in 5 patients) which is similar to
that observed in primary cerebral neuroblastoma
(Matthay et al., 2003). CNS metastases can be
solely parenchymal (8 of 23, 6 of 11) or solely
leptomeningeal (7 of 23, 2 of 11) or combination
of both (7 of 23, 3 of 11) (Matthay et al., 2003;
Kramer et al., 2001). The probable mechanism
for the metastatic spread of neuroblastoma to lep-
tomeninges is the hematogenous route. Positive
autopsy findings and cytology in leptomeningeal
neuroblastoma may suggest CSF route as tumor
cells can penetrate spinal meninges and dissem-
inate along the neuraxis through CSF (Banerjee
et al., 1995).

Parenchymal metastases can be cystic or
solid. Cystic lesions have a peripherally enhanc-
ing wall with central cystic areas. The wall
often has mural nodules which may show cal-
cifications that are better appreciated on CT
(Fig. 2.1). Solid lesions appear heterogeneous on
T1- and T2-weighted sequences. No significant
edema is usually present. On post gadolinium
T1-weighted images the lesions show moderate
enhancement (Fig. 2.2). Leptomeningeal metas-
tases have to be suspected when the child devel-
ops pain, fever, obtundation or cranial nerve
deficits. Contrast-enhanced MRI is complimen-
tary to spinal fluid cytology in diagnosis of lep-
tomeningeal metastases (Maroldi et al., 2005).
Post-gadolinium T1-weighted images show dif-
fuse or focal nodular leptomeningeal enhance-
ment extending deep along the course of the
sulci and to the Virchow-Robin spaces as well
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Fig. 2.1 Plain axial CT of the
brain shows a cystic lesion
with dense mural nodule
containing calcific foci in the
left frontal lobe. Reproduced
with permission from Balaji
et al. (2009)

Fig. 2.2 Post gadolinium
axial T1 weighted MR image
shows heterogeneous
enhancement of the
parenchymal lesion in the
right temporal lobe with linear
and nodular leptomeningeal
and dural enhancement.
Reproduced with permission
from Balaji et al. (2009)

as ependymal and subependymal enhancement
(Fig. 2.2). Pathological studies also showed
involvement of leptomeninges and spread of
tumor cells along Virchow-Robin space in dis-
seminated neuroblastoma (Kellie et al., 1991).

Hydrocephalus may result from leptomeningeal
and subependymal spread. T2-weighted and
fluid-attenuated inversion recovery sequences
demonstrate increased signal intensity within the
sulci and subarachnoid spaces.
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Susceptibility weighted imaging (SWI) is a
highly sensitive technique to detect even minimal
hemorrhage within tumor. SWI is a high-spatial
3D-gradient echo MR imaging technique which
exploits loss of signal intensities caused by sus-
ceptibility differences of blood products deoxy-
hemoglobin and methemoglobin. Signals arising
from these substances with varying magnetic
susceptibilities become out of phase from the
adjacent tissue which has longer echo time (sus-
ceptibility difference causing a phase difference
between the regions of deoxyhemoglobin present
in hemorrhagic lesion and surrounding tis-
sues), thus resulting in loss of signal intensity.
Hemorrhagic foci can be identified within the
lesion on SWI. Loss of signal intensity on SWI
reveals presence of intratumoral hemorrhage in
neuroblastoma (Fig. 2.3).

Metastatic cerebral neuroblastomas show
dural involvement on CT imaging (Zimmerman
and Bilaniuk, 1980). Dural deposits are usually
seen as thickening and irregular nodular enhance-
ment along the tentorium cerebelli and the falx
cerebri on post contrast T1-weighted MRI. Dural

deposits over the cortical surfaces may be more
difficult to detect (Balaji et al., 2009). Typical
MR abnormalities of leptomeningeal metastases
include leptomeningeal, dural, subependymal
and cranial nerve enhancement (Freilich et al.,
1995). Metastatic dural deposits are more often
observed in pediatric patients with primary neu-
roblastoma or sarcoma (Maroldi et al., 2005). The
dura may also be infiltrated by soft tissue asso-
ciated with calvarial metastases which is a com-
moner occurrence than metastatic dural involve-
ment. Patients with leptomeningeal metastases at
diagnosis had worse prognosis with survival less
than 6 months (DuBois et al., 1999; Matthay
et al., 2003).

Metastases to CNS portend grave prognosis
and median survival from the time of diagnosis is
extremely short. Intracranial and bone metastases
correlate well with MYCN amplification status
and unfavourable Shimada pathology in infants
and with MYCN amplification alone in older
children (DuBois et al., 1999). Correlation of
MYCN amplification with CNS metastases with
bone or bone marrow was better in a series (10 of

Fig. 2.3 On susceptibility
weighted imaging the
parenchymal lesion shows
profound loss of signal
indicating presence of
haemorrhage. Reproduced
with permission from Balaji
et al. (2009)
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16 screened MYCN) while no good correlation
(4 of 11 screened MYCN) was found in another
series (Kramer et al., 2001). Genetic analysis
of cryo-preserved samples of primary neuroblas-
toma showed MYCN amplification, gain of 17q,
loss of 1p and 11q (Matthay et al., 2003) which
are indicators of poor prognosis in CNS disease.

Magnetic Resonance Sectroscopy
of Neuroblastoma

1H Magnetic Resonance Spectroscopy
of Neuroblastoma

Magnetic resonance spectroscopy can provide
information on biochemical changes which corre-
late with histologically observable cellular trans-
formations occurring within the tumor. In vivo
1HMRS has been used to evaluate human neu-
roblastoma xenografts on animals. The spectrum
shows choline resonance at 3.2 ppm and mobile
lipids at 0.9 (CH3 proton) and 1.3 ppm (CH2 pro-
ton) (Lindskog et al., 2003). In vivo 1HMRS of
neuroblastoma cells implanted on rat brain also
reveal presence of choline (Gyngell et al., 1994).
Choline peak represents increased cell membrane
turnover with a corresponding increase in cel-
lularity (Ruiz-Cabello and Cohen, 1992). It is
believed that all membrane lipids are in bilayer
form and hence move too slowly to generate
high resolution 1HMRS. Lipids can arise from
plasma membrane of malignant cells as these
membranes contain triacyl glycerol (triglyceride)
and cholesteryl ester (Mackinnon et al., 1992).
Significant changes in fatty acyl composition
of diphosphatidyl glycerol, triacyl glycerol and
cholesteryl ester are observed in plasma mem-
brane of neuroblastoma cell lines (Chakravarthy
et al., 1985). These changes in lipid composition
account for MR-visible lipid resonances seen in
neuroblastoma.

Alterations in mobile lipid resonances in
1HMRS have been linked to cell growth, pro-
liferation, malignancy, necrosis and apoptosis
(Hakumäki and Kauppinen, 2000). Lipid reso-
nances may also reflect apoptosis of polymorphs,
as shown in a study of human neutrophils. On

the basis of this study, it was postulated that
triacyl glycerol (trigyceride) originating from
endogenous and exogenous fatty acid is 1H
NMR-visible and may have a role in apoptosis
(Wright et al., 2000). Elevation of lipid reso-
nance (fatty acyl methylene protons at 1.3 ppm)
and depletion of choline level were observed in
1HMRS experiments of drug-sensitive neurob-
lastoma xenografts (SH-5YSY, IMR-32) treated
with cytotoxic drugs etoposide, irinotecan and
cis-platin while no spectral changes were noticed
with drug-resistant xenografts (SK-N-AS, SK-
N-F1) treated with the same drugs (Lindskog
et al., 2003). Increase in lipid peak intensity (fatty
acyl methylene proton) was noticed when apop-
tosis was induced by serum deprivation in apop-
totic lymphoma and leukemia xenografts treated
with glucocorticoid and doxorubicin but not in
necrotic cell death. No spectral changes were
seen with cells resistant to drugs (Blankenberg
et al., 1996).

Mobile lipid peaks seen in 1HMRS of ani-
mal and human tumors (cultured cells, biopsies,
and in vivo) have been associated with high
grade malignancy, metastatic ability, resistance to
chemotherapy and necrosis (Rémy et al., 1997).
Lipid signals are seen in association with any
pathologic process that results in cell necro-
sis, including development of purulent exudates
(May et al., 1991). Histologically, diffuse and
focal types of cell death with necrosis, apoptosis,
hemorrhage, and inflammatory cells have been
observed in neuroblastoma xenografts during
spontaneous growth in nonviable areas (Lindskog
et al., 2003). Histological studies of biopsy spec-
imens also have showed the presence of hemor-
rhage and focal necrosis (Shimada et al., 1999).
In vivo 1HMRS studies on rat brain glioma
demonstrated mobile lipids peaks are due to
lipid droplets associated with necrotic processes.
Transmission electron microscopy showed the
presence of MR visible lipid droplets in the
sub-cellular fractions and in the necrotic and
perinecrotic regions of the tumor (Rémy et al.,
1997).

Correlation between 1HMRS of lipid reso-
nances corresponding to lipid droplets and necro-
sis was studied on rat brain glioma. Chemical



18 R. Balaji

shift imaging at end of tumor growth showed
maximum lipid signal intensity at centre of the
tumor corresponding to necrosis seen in his-
tological sections, suggesting the presence of
large mobile lipid molecules in the necrotic
regions (Zoula et al., 2003). Mobile lipid reso-
nances observed in higher stage neuroblastomas
are due to lipid droplets in the necrotic area
and may be linked to necrosis-related apoptosis.
Tumor necrosis factor (TNF) may have a role
in the development of new therapeutic strategies
for treatment of neuroblastoma. Tumor necrosis
factor-related apoptosis inducing ligand (TRAIL)
mediates apoptosis in all malignant cancer cell
lines while normal cells are not sensitive to
TRAIL-induced apoptosis. Neuroblastoma tumor
cells are resistant to TRAIL-mediated apopto-
sis which correlates with lack of expression of
Caspase-8 gene due to silencing of the gene
by methylation in neuroblastoma cell lines. This
mechanism suggests resistance of tumor cells to
multiple cytotoxic drugs in neuroblastoma (Yang
and Thiele, 2003). The presence of mobile lipids
and choline reflects aggressive nature, necrosis,
chemo-resistance, and metastatic potential which
are indicators of poor prognosis.

31P Magnetic Resonance Spectroscopy
of Neuroblastoma

Studies by 31Phosphorus magnetic resonance
spectroscopy (31P-MRS) are limited by its
longer acquisition time as the 31P-nucleus
has lower sensitivity compared to 1H nucleus
(6.6% of 1H). Metabolites containing 31P-
nucleus are adenosinetriphosphates (three 31P
resonances corresponding to α, β, and γ phos-
phate groups of ATP), phosphocreatine (PCr)
and inorganic phosphates (Pi) which represent
cellular energy metabolism. Phosphomonoester
(PME) and phospho-diester (PDE) compounds
are derived from membrane phospholipids.
Changes in metabolite levels (tumor metabolism)
of human neuroblastoma-bearing hamster cells
on animals were monitored using 31P-MRS.

The 31PMR spectra exhibit reduction of ATP
levels and elevation of inorganic phosphate
(Pi) as tumor growth progresses. No spectral
changes were observed in neuroblastoma-bearing
hamsters treated with low-dose chemotherapy
(cyclophosphamide or vincristine) while high-
dose treatment resulted in marked decrease in
ATP after 3 h, complete loss of ATP after 10 h and
increase in Pi (low ATP/Pi) within 6–12 h. These
spectral changes lasted for 6 days in surviving
cases and histological examination showed exten-
sive necrosis after 6 days. High-dose chemother-
apy had similar effects even in rat glioma
(Naruse et al., 1985). In vivo 31PMRS study of
some experimental tumors (RIF-1, KHT) demon-
strated significant decrease in tumor bioener-
getics (PCr+β-ATP)/Pi with increasing tumor
size or decreasing blood hemoglobin saturation
(Rofstad et al., 1988). Tumor bioenergetics and
metabolism are likely to be affected by tumor
oxygenation. Highly apoptotic murine lymphoma
xenografts measured by in vivo 31PMRS before
and after graded doses of radiation treatment
from 2 to 30 Gy have shown increase in β-ATP/Pi.
This increase in β-ATP/Pi has been linked to
the histological recovery from radiation-induced
apoptosis (Sakurai et al., 1998).

To conclude, MR imaging in primary and
metastatic CNS neuroblastomas demonstrates
the varied neuroimaging patterns and associ-
ated pathophysiological changes that can pre-
dict tumor behavior and metastatic potential.
Intracranial metastases are one of the rarest
“faces” of neuroblastomas but are being diag-
nosed with increasing frequency because of
improved survival rates of patients with the intro-
duction of newer systemic anti-neoplastic ther-
apy. True to its nature of being a tumor with mul-
tiple faces, the central nervous system metastases
too portray varied imaging patterns as have been
described. MR imaging, especially the newer
techniques play an important role in diagnos-
ing and predicting prognosis of both primary
and metastatic CNS neuroblastomas thus guiding
therapy.
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3Pediatric Neuroblastoma-Associated
Opsoclonus-Myoclonus-Ataxia
Syndrome: Early Diagnosis

Elisa De Grandis

Abstract
Neuroblastoma-associated opsoclonus-myoclonus-ataxia syndrome is a
severe childhood paraneoplastic subacute encephalopathy that associates the
presence of multiples neurological and developmental signs and symptoms to
the presence of an occult neuroblastoma. Given the rarity of disease, diagnosis
could be challenging. Despite immunosuppressive treatment, neurodevelop-
mental long-term prognosis is poor and persisting disability is present in most
children. However, recent evidences support the role of an early diagnosis of
opsoclonus-myoclonus-ataxia syndrome in reducing sequelae and encourage
the use of new and escalating immunosuppressive treatment, according with
disease severity and symptom persistence.

Keywords
Opsoclonus • Neuroblastoma • Ataxia • Myoclonus • Autoantibodies •
Atrophy

Introduction

Opsoclonus-myoclonus-ataxia (OMA) synd-
rome, called also “dancing eye, dancing feet” or
Kinsbourne syndrome (Kinsbourne, 1962), is a
rare but well defined neurological condition of
uncertain aetiology. The disorder, of acute onset,
can frequently evolve into a chronic disabling
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illness and leave multiple neurological and
cognitive sequelae. An association is recognised
between OMA syndrome and malignancy,
however, the tumour is never identified in most
patients with OMA (Bataller et al., 2001; Pohl
et al., 1996). There is no direct evidence that dif-
ferent treatments affect the long-term prognosis
of the disease, and, on the other hand, a good
outcome is observed in non-treated patients.
Moreover, no correlation has been observed
between the nature of the disorder (paraneoplas-
tic or not) and other clinical or biological factors
and outcome. Given the rarity and severity of
this disease, clinical trials and controlled and
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randomized studies are lacking and studies on
this very rare and unrecognised disorder have
concerned little number of patients. This review
will focus on how to promptly recognise and treat
this rare and severe disorder, in order to favour
early diagnosis and promote collaborative studies
and trials, necessary to clarify which treatment
may improve neurological and neuropsycholog-
ical outcome and to determine favourable and
unfavourable prognostic factors.

Definition and Incidence

Opsoclonus-myoclonus-ataxia syndrome is
characterized by 3 main symptoms: opsoclonus
(rapid, multidirectional and asynchronous eye
movements), myoclonus (“jerky” involuntary
movements) and cerebellar ataxia, variably asso-
ciated to behavioural abnormalities such as irri-
tability and insomnia. These signs and symptoms
may vary considerably in their clinical expression
and may not be present all together (Kinsbourne,
1962). OMA can be idiopathic, associated with
multiple aetiologies such as post-viral, toxic
or metabolic, or a paraneoplastic syndrome. In
children paraneoplastic OMA occurs almost
exclusively associated with neuroblastoma (NB),
in 2–3% of these children (Mitchell et al., 2002),
while in adults small cell lung cancer and breast
cancer are the most frequent associated tumours
(Bataller et al., 2001).

Childhood OMA is a very rare syndrome:
Pang et al. (2010) reported an incidence for the
UK of 0.18 new cases per million total population
per year over a period of 2 years. The disorder
typically occurs between 1 and 3 years of age,
and concerns more frequently females (Rudnick
et al., 2001).

At least one of the following findings is
required to diagnose OMA-NB: (i) opsoclonus or
ocular flutter, (ii) ataxia, (iii) myoclonus which
had to be observed in a patient with NB diag-
nosed either before, concurrently or after the
OMA diagnosis (De Grandis et al., 2009).

Pathophysiology

The aetiology of OMA syndrome is still unclear,
however, some evidences such as the response
to immunosuppressive treatment and the pres-
ence of autoantibodies, described in both adult
and paediatric patients, point to an autoimmune
origin. In NB-related OMA, serum autoantibod-
ies against neurons and cerebellar Purkinje cells
have been detected, but their specificity was lim-
ited and the target molecules have not been
identified yet (Connolly et al., 1997). Blaes et al.
(2005) have characterized serum IgG autoanti-
bodies in NB children with OMA, which specif-
ically bind to antigens of NB cell lines and to
the surface of isolated rat cerebellar granular neu-
rons. In addition, a pronounced B-cell activation
has been demonstrated in the cerebrospinal fluid
(CSF) of OMA children (Pranzatelli et al., 2010).
Taken together, these studies led to hypothesize
the occurrence of a cross-reactive autoimmu-
nity between NB and the central nervous system
(CNS) in OMA. The immune response gener-
ated by tumour associated antigens and directed
against the same molecules expressed by the
healthy tissue may be the cause of long-term
neurological damage and at the same time may
account for the favourable tumour prognosis
(Raffaghello et al., 2009).

Immunohistological investigations of NB tis-
sue of patients with OMA showed interstitial
or perivascular lymphoid infiltrates with B- and
T-lymphocytes. The current understanding is that
T-cell dependent response to tumour-associated
antigens leads to subsequent B-cell activation and
antibody production (Matthay et al., 2005).

Although the primary site of disease in
the CNS has not yet been mapped precisely,
acute findings and long-term deficits could be
explained by a cerebellar damage. The docu-
mented presence of late cerebellar atrophy in a
minority of patients is consistent with pathology
reports of cerebellar demyelination and Purkinje
cell loss in the few paediatric patients with
OMA who underwent autopsy or brain biopsy
(Tuchman et al., 1989).
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Symptoms at Presentation

On presentation, the 3 main neurological symp-
toms (opsoclonus, myoclonus and ataxia) may
not be present concurrently. Patients usually
present with acute or sub-acute onset of static
ataxia, loosing ability to walk or seat, and may
be initially been diagnosed with cerebellar ataxia
(Pang et al., 2010). Indeed, the first neurolog-
ical diagnosis proposed for most children is
almost invariably post-infectious acute cerebellar
ataxia of childhood, a far more common dis-
ease. Opsoclonus, a sign rarely observed in other
childhood disorders, may be delayed and is char-
acterized by fast, irregular and multidirectional
conjugates eye movements that usually occur
in bursts and are provoked by change in gaze
fixation (usually from far to near). Myoclonus
(sudden, brief jerks caused by active muscle con-
tractions) as other movement disorders is often
exacerbated by emotions and can vary in sever-
ity; it may involve all body parts, ranging from
polymyoclonia to coarse multifocal jerks. Action
myoclonus may importantly impair fine motor
movements. The myoclonic and ataxic compo-
nents, often difficult to distinguish, finally can
give raise to mild infrequent tremor or jerkiness
without functional impairment, or important dif-
ficulties in all age-appropriate manipulative tasks
(e.g. pincer grip).

Motor symptoms are accompanied by severe
irritability, psychomotor regression, behavioural
changes and sleep disturbances. Children can
completely loose language. Severe irritability
represents a useful distinguishing feature from
other form of acute ataxias. Children are incon-
solable, demanding to be held constantly, and
may present rage attacks (Turkel et al., 2006).
Clinical variants (i.e. without opsoclonus or
ataxia) may be present months before the appear-
ance of full-blown syndrome (Fernandez-Alvarez
and Aicardi, 2001).

Due to the variability of OMA syndrome pre-
sentation, an occult NB should be also excluded
in children with long-term duration cerebellar
ataxia.

OMA Syndrome and Neuroblastoma

Percentage of OMA patients who associates a
NB diagnosis varies from 10 to 80% (Pohl
et al., 1996; Matthay et al., 2005). Such different
percentages may be explained by different
diagnostic protocols used to detect tumours:
a meticulous approach may detect very small
tumours which would have escaped the usual
diagnostic procedures. On the other hand, it is a
well-known phenomenon for NB the possibility
to regress spontaneously (Evans et al., 1981).
OMA syndrome occurs in 2–3% of children
diagnosed with NB (Matthay et al., 2005). NB
is the most common extracranial solid tumours
of childhood and generally occurs in children
younger than 5 years of age, with median age
of onset superimposable to the OMA onset age
(Rudnick et al., 2001). However, unlike NB in
general, NB-associated OMA syndrome is very
rare before 1 year of age (Matthay et al., 2005).
Despite being a tumour of the sympathetic ner-
vous system, the primary site of OMA-associated
NB is not the adrenal gland: the predominance
of tumours occurs in the mediastinum and lum-
bosacral paraspinal region (Russo et al., 1997)
(Fig. 3.1). While the majority of children with NB
have a metastatic disease at diagnosis, patients
who associates OMA syndrome have an excel-
lent prognosis for survival and surgical resection
is the only treatment needed for neuroblastoma
in more than 2/3 of these cases (Mitchell and
Snodgrass, 1990). OMA-associated NB is usu-
ally localized, very small and differentiated (gan-
glioneuroblastoma). The majority of patients has
an International Neuroblastoma Staging System
stage 1 tumour, with favourable biological fea-
tures (N-MYC copy number, 1p deletion, DNA
index) (Fig. 3.1).

Clinical Course

OMA syndrome presents a subacute clinical
course of variable duration, from few months
to many years. Even after tumour resection,
neurological symptoms persist and to preserve
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Fig. 3.1 Magnetic resonance
imaging showing a
International Neuroblastoma
Staging System stage 3
thoracic neuroblastoma, with
favourable biological features
(N-MYC copy number, 1p
deletion, DNA index) and
histology, not showing
123I-MIBG uptake

functions such as deambulation and language
and psychomotor development immunosup-
pressive therapy is usually necessary. Some
investigations have pointed out the existence of
two “forms” of OMA, i.e. a monophasic one
with better outcome, and a chronic/multiphasic
one, with bad response to treatment and stepwise
worsening of neurological status after each
recurrence (Fernandez-Alvarez and Aicardi,
2001; Pranzatelli et al., 2002). The majority of
patients had a chronic/multiphasic course with
worsening of OMA symptoms during illness
or the tapering of treatment. Therefore, for
descriptive purposes, the clinical course can be
described as monophasic, when neurological
recovery occurs within 6 months from the onset
of neurological symptoms or chronic/multiphasic
in the case of persistent or intermittent symptoms
and disease duration of more than 6 months (De
Grandis et al., 2009). Two major prospective
studies have been carried on, mainly to point out
which factors may determine such a different
clinical course in different children, but also to
clarify which treatment would lead to a faster
recovery and a better neurological outcome.

No definite results have been reached, and for
some authors a neurobiological not determinable
factor may be the reason of the different variants
described (Mitchell et al., 2005).

Treatment

Due to the rarity of the disease, information about
treatment of this condition is sparse and con-
cern small patients number, without published
therapeutic trials. The treatment of the 2 asso-
ciated disorders, OMA and NB, is independent.
Resection of the NB may cause complete res-
olution of neurological symptoms or improve
them but most children will require immuno-
suppressive treatment. Classic “gold standard”
therapy consists of long-term corticosteroids with
prednisolone or ACTH, but relapses of neu-
rological symptoms may occur with weaning
of the drugs or intercurrent illness. Several
studies report effectiveness of high dose intra-
venous immunoglobulins (IVIG) (Veneselli et al.,
1998). Good results with low acute toxicity
have been observed in some subjects treated
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with dexamethasone pulses. This treatment regi-
men has been effective in patients unsuccessfully
treated with other steroids and IVIG (Ertle et al.,
2008). New recent strategies include escalating
treatment associating dexamethasone pulses and
cyclophosphamide (CP) or rituximab (Wilken
et al., 2008). However, despite favourable short-
term results (Pranzatelli et al., 2006) clini-
cal experience with these drugs in children
with OMA is limited. Currently, the Children’s
Oncology Group trial schedules 6 pulses of CP
for all NB associated-OMA patients who not
receive chemotherapy (CT) for NB. Associated
treatment with rituximab and IVIG or CP has also
shown to be effective in some OMA patients (Bell
et al., 2008; Burke and Cohn, 2008). It is so far
not clear whether response to rituximab is depen-
dent on elevated B-cell counts (Pranzatelli et al.,
2010). Recently, the Study Committee for the
first European clinical trial for childhood-OMA
has scheduled an escalating immunosuppres-
sive treatment according with disease severity
and symptom persistence, with rituximab as
choice for resistant patients (Hero, 2010, personal
communication).

Other therapeutic strategies include the use
of plasmapheresis (Armstrong et al., 2005),
cyclosporine (Klein et al., 2007), azathioprine
(Matthay et al., 2005) and mycophenolate mofetil
(Pranzatelli et al., 2009).

To date, there is no objective data confirming
the efficacy of any therapeutical intervention in
altering outcome. It has been shown a possible
beneficial effect of CT in reducing long-term neu-
rological sequelae, however, it remains unclear
whether this benefit is due to a positive effect of
CT or to less activation of the immune system
in patients with more advanced stage of tumours
(Matthay et al., 2005). The poor neurological
outcome despite treatment, the possible protec-
tive role of CT and the hypothesized autoim-
mune nature of the syndrome led to the current
hypothesis that early and intensive immunosup-
pression would be associated to a better outcome
(Tate et al., 2005). In particular, lower incidence
of ataxia in cases in which treatment had been
started after an average of 3 weeks from OMA
onset was reported (Klein et al., 2007).

Symptomatic therapy such as propanolol,
carbamazepine, diazepam, levetiracetam, clon-
azepam, L-5 hydroxytryptophane and primidone
may be efficacious in partial control of symptoms
like myoclonus and tremors (Fernandez-Alvarez
and Aicardi, 2001).

General Investigations

General investigations are highly recommended
prior to any treatment to rule out other dis-
eases causing neurological symptoms. Blood
tests include full blood count, ESR, CRP, elec-
trolytes, lactate and pyruvate, glucose (with
paired CSF), IgG/IgM and albumin synthesis
index (with paired CSF), varicella and measles
antibodies. CSF studies should account for cell
count, protein level, glucose (with paired blood
glucose), lactate, IgG/IgM and albumin synthe-
sis index (with paired blood sample), oligo-
clonal bands. Fluorescence activated cell sorter
is strongly recommended to determine B cell
subsets in CSF. Virological and bacteriological
studies on blood (Cytomegalovirus, Epstein-Barr
Virus, Varicella Zoster Virus, Herpes Virus 1 e 2,
Adenovirus, Mycoplasma), CSF and throat/rectal
swabs and urine are suggested if clinically indi-
cated. Serum and CSF can also be investigated
for antibodies to components of the central ner-
vous system (CNS) (e.g. Purkinje cells, granu-
lar cells, neurofilament, human central nervous
system white and grey matter lysates) and for
other antibodies (e.g. anti-Hu-antibodies, anti-
bodies against ion channels). Magnetic resonance
imaging (MRI) of the head is normal at OMA
onset and exclude relevant CNS abnormalities.
Neurological and developmental assessment will
include specially pre-morbid and developmental
history and standardized scoring of OMA symp-
toms, as shown in Table 3.1 (De Grandis et al.,
2009). This scoring should be done at diagno-
sis and immediately prior to the start of therapy
and should be repeated during follow up, espe-
cially when treatment decision will be made (i.e.
intensification or cessation of treatment).
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Table 3.1 Opsoclonus Myoclonus Syndrome severity scale developed by Drs Wendy Mitchell and Michael Pike
following the Advances in Neuroblastoma Research ANR Meeting in Genoa, 2004

• Stance

0 standing and sitting balance normal for age

1 mildly unstable standing for age, slightly wide-based

2 unable to stand without support but can sit without support

3 unable to sit without using hands to prop or other support

• Gait

0 walking normal for age

1 mildly wide-based gait for age but able to walk indoors and outdoors independently

2 walks only or predominantly with support from person or equipment

3 unable to walk even with support from person or equipment

• Arm and hand function

0 normal for age

1 mild infrequent tremor or jerkiness without functional impairment

2 fine motor function (e.g. pincer grip of small object, pencil use) persistently impaired for age but less
precise manipulative tasks (e.g. playing with larger toys feeding, dressing) normal or almost normal

3 major difficulty with all age-appropiate manipulative tasks

• Opsoclonus

0 none

1 rare or only when elicited by change in fixation

2 frequent, interfering frequently with fixation and/or tracking

3 persistent, interfering continuously with fixation and tracking

•Mood/behaviour

0 normal

1 mild increase in irritability but consolable and/ or mild sleep disturbance but easily settled

2 irritability and sleep disturbance, interfering substantially with child and family life

3 persistent severe distress

• In addition for children aged 18 months or less:

Able to hold head consistently erect when trunk vertical?

� yes � no � no information

Able to reach and grasp object with each hand?

� yes � no � no information

Able to roll back to front and front to back?

� yes � no � no information

Able to finger-feed-self?

� yes � no � no information

Investigations to Exclude NB

The exclusion of the NB could be extremely
difficult despite the use of sophisticated methods
such as the MRI or the scintigraphy, since
tumours may be extremely little and often local-
ized in paraspinal regions, may not secrete cate-
cholamines or capture 123I-MIBG (Mitchell and
Snodgrass, 1990). Investigations recommended

to rule out the presence of an occult NB include
laboratory studies (urine for catecholamine
metabolites, determination of neuron specific
enolase and/or neuropeptide Y, lactate dehydro-
genase and ferritin as OMA associated neurob-
lastoma may be catecholamine metabolite nega-
tive) and first line imaging (X-ray of the chest,
ultrasound of the neck, abdomen and pelvis with
special attention to the adrenal and paravertebral
regions, 123I-MIBG scintigraphy). Scintigraphy
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should be performed with sufficient doses of
123I-MIBG and after appropriate blocking of the
thyroid, as recommended by the European guide-
lines (van Santen et al., 2003). Second line imag-
ing to identify NB are represented by MRI of
paraspinal and adrenal regions, typically affected
(Fig. 3.1).

Long-Term Neurological Sequelae

Persistent neurological, cognitive, neuropsycho-
logical and behavioural deficits are reported in
about 70% of patients. Given this high proportion
and the chronic disease course, children should be
strictly followed-up to assess cognitive function
and development and to provide support services,
such as physical and speech therapy, accord-
ing to disease gravity and duration. Specific
time-point evaluations will also allow analysis
of possible improvements over time, as reported
by some investigators (Hayward et al., 2001).
Neurocognitive tests appropriate for cognitive
and developmental age (Bayley scales, Brunet-
Lezine revised test, Kaufmann assessment battery
for children, Wechsler scales) will be used at stan-
dardized time points, i.e. at least 1 or 2 years
after diagnosis and at the age of 4–6 before enter-
ing the school. Behaviour and quality of life
may be assessed at the same time points with
the Vineland adaptive behaviour scale, which
addresses communication, daily living skills,
socialisation, and fine and gross motor skills
and the Childhood Behaviour Checklist (CBCL),
which focuses on different aspects. Further tests
addressing neuropsychological functions may be
performed according to individual need.

As previously specified, neurodevelopmen-
tal sequelae are very frequent in children with
OMA-NB. Speech abnormalities and language
impairment are the most frequently observed
sequelae (Mitchell et al., 2002). Expressive
language is generally more compromised than
receptive language, with receptive vocabulary
and syntactical comprehension impaired in only a
minority of patients (Tate et al., 2005). Borderline
FSIQ/GQ or mental retardation is present in
a considerable number of children, with FSIQ

values <1 SD in most or all tested cases (Mitchell
et al., 2002). As shown by neuropsychological
studies, problem-solving and working memory
are disrupted in 2/3 of children, as are short-term
memory skills and different subtype of attention
(De Grandis et al., 2009; Klein et al., 2007).

Behavioural problems are detected in a
high percentage of subjects (70%) and include
anxiety, depression, somatic disturbances, anti-
social behaviour, disforic mood and alterations
of thought (Turkel et al., 2006). The largest
study to date of 105 OMA cases investi-
gated by an OMA Parental Survey showed
the same high percentage of behavioural prob-
lems, but reported also obsessions/compulsions,
oppositional-defiant behaviour and rage attacks
(Tate et al., 2005).

About 60% of subjects present a per-
sisting abnormal neurological evaluation with
speech impairment (dysarthria), eye movement
abnormalities (alteration of smooth pursuit,
hypo/hypermetric saccades and fixation instabil-
ity) or clear opsoclonus, tremor interfering with
function or less frequently ataxia or involuntary
movements (De Grandis et al., 2009).

Late cerebellar atrophy, documented by MRI
in a minority of patients, shows no apparent
relationship with long-term neurological and neu-
ropsychological outcome (Hayward et al., 2001).

References

Armstrong MB, Robertson PL, Castle VP (2005) Delayed,
recurrent opsoclonus-myoclonus syndrome respond-
ing to plasmapheresis. Ped Neurol 33:365–367

Bataller L, Graus F, Saiz A, Vilchez JJ for the Spanish
Opsoclonus-Myoclonus Study Group (2001) Clinical
outcome in adult onset idiopathic or paraneoplastic
opsoclonus-myoclonus. Brain 124:437–443

Bell J, Moran C, Blatt J (2008) Response to rituximab in a
child with neuroblastoma and opsoclonus-myoclonus.
Pediatr Blood Cancer 50:370–371

Blaes F, Fühlhuber V, Korfei M, Tschernatsch M,
Behnisch W, Rostasy K, Hero B, Kaps M, Preissner
KT (2005) Surface-binding autoantibodies to cere-
bellar neurons in opsoclonus syndrome. Ann Neurol
58:313–317

Burke MJ, Cohn SL (2008) Rituximab for treatment of
opsoclonus-myoclonus syndrome in neuroblastoma.
Pediatr Blood Cancer 50:679–680



28 E. De Grandis

Connolly AM, Pestronk A, Mehta S, Pranzatelli MR,
Noetzel MJ (1997) Serum autoantibodies in childhood
opsoclonus-myoclonus sindrome: an analysis of anti-
genic targets in neural tissues. J Pediatr 130:878–884

De Grandis E, Parodi S, Conte M, Angelini P, Battaglia
F, Gandolfo C, Pessagno A, Pistoia V, Mitchell WG,
Pike M, Haupt R, Veneselli E (2009) Long-term
follow-up of neuroblastoma-associated opsoclonus-
myoclonus-ataxia syndrome. Neuropediatrics 40:
103–111

Ertle F, Behnisch W, Al Mulla NA, Bessisso M,
Rating D, Mechtersheimer G, Hero B, Kulozik
AE (2008) Treatment of neuroblastoma-related
opsoclonus-myoclonus-ataxia syndrome with high-
dose dexamethasone pulses. Pediatr Blood Cancer
50:683–687

Evans AE, Baum E, Chard R (1981) Do infants with stage
IV-S neuroblastoma need treatment? Arch Dis Child
56:271–274

Fernandez-Alvarez E, Aicardi J (2001) Opsoclonus-
myoclonus syndrome. In: Movement disorders in chil-
dren. Mac Keith Press, London, pp 177–182

Hayward K, Jeremy RJ, Jenkins S, Barkovich AJ,
Gultekin SH, Kramer J, Crittenden M, Matthay KK
(2001) Long-term neurobehavioral outcomes in chil-
dren with neuroblastoma and opsoclonus-myoclonus-
ataxia syndrome: relationship to MRI findings and
anti-neuronal antibodies. J Pediatr 139:552–559

Kinsbourne M (1962) Myoclonic encephalopathy of
infants. J Neurol Neurosurg Psychiatry 25:221–276

Klein A, Schmitt B, Boltshauser E (2007) Long-term
outcome of ten children with opsoclonus-myoclonus
syndrome. Eur J Pediatr 166:359–363

Matthay K, Blaes F, Hero B, Plantaz D, De Alarcon P,
Mitchell W, Pike M, Pistoia V (2005) Opsoclonus
myoclonus syndrome in neuroblastoma; a report from
a workshop on the dancing eyes syndrome at the
advances in neuroblastoma meeting in Genoa, Italy,
2004. Cancer Lett 228:275–282

Mitchell WG, Snodgrass SR (1990) Opsoclonus-ataxia
due to childhood neural crest tumors: a cronic neuro-
logic syndrome. J Child Neurol 5:153–158

Mitchell WG, Davalos-Gonzales Y, Brumm VL, Aller SK,
Burger E, Turkel SB, Borchert MS, Hollar S, Padilla
S (2002) Opsoclonus-ataxia caused by childhood neu-
roblastoma: developmental and neurologic sequelae.
Pediatrics 109:86–98

Mitchell WG, Brumm VL, Azen CZ, Patterson
KE, Aller SK, Rodriguez J (2005) Longitudinal
neurodevelopmental evaluation of children with
opsoclonus-ataxia. Pediatrics 116:901–907

Pang KK, de Sousa C, Lang B, Pike MG (2010) A
prospective study of the presentation and manage-
ment of dancing eye syndrome/opsoclonus-myoclonus
syndrome in the United Kingdom. Eur J Paediatr
Neurol 14:156–161

Pohl KR, Pritchard J, Wilson J (1996) Neurological
sequelae of the dancing eye syndrome. Eur J Pediatr
155:237–244

Pranzatelli MR, Tate ED, Kinsbourne M, Caviness
VSJ, Mishra B (2002) Forty-one-year follow-up of
childhood-onset opsoclonus-myoclonus-ataxia: cere-
bellar atrophy, multiphasic relapses, and response to
IVIg. Mov Disord 17:1387–1390

Pranzatelli MR, Tate ED, Travelstead AL, Barbosa J,
Bergamini RA, Civitello L, Franz DN, Greffe BS,
Hanson RD, Hurwitz CA, Kalinyak KA, Kelfer H,
Khakoo Y, Mantovani JF, Nicholson SH, Sanders
JM, Wegner S (2006) Rituximab (anti-CD20) adjunc-
tive therapy for opsoclonus-myoclonus syndrome. J
Pediatr Hematol Oncol 28:585–593

Pranzatelli MR, Tate ED, Travelstead AL, Baumgardner
CA, Gowda NV, Halthore SN, Kerstan P, Kossak
BD, Mitchell WG, Taub JW (2009) Insights on
chronic-relapsing opsoclonus-myoclonus from a pilot
study of mycophenolate mofetil. J Child Neurol 24:
316–322

Pranzatelli MR, Tate ED, Swan JA, Travelstead AL,
Colliver JA, Verhulst SJ, Crosley CJ, Graf WD, Joseph
SA, Kelfer HM, Raju GP (2010) B cell depletion
therapy for new-onset opsoclonus-myoclonus. Mov
Disord 25:238–242

Raffaghello L, Conte M, De Grandis E, Pistoia V
(2009) Immunological mechanisms in opsoclonus-
myoclonus associated neuroblastoma. Eur J Paediatr
Neurol 13:219–223

Rudnick E, Khakoo Y, Antunes NL, Seeger RC, Brodeur
GM, Shimada H, Gerbing RB, Stram DO, Matthay
KK (2001) Opsoclonus-myoclonus-ataxia syndrome
in neuroblastoma clinical outcome and antineuronal
antibodies – a report from the Children’s Cancer Group
Study. Med Pediatr Oncol 36:612–622

Russo C, Cohn SL, Petruzzi MJ, de Alarcon PA
(1997) Long-term neurologic outcome in children
with opsoclonus-myoclonus associated with neurob-
lastoma: a report from the Pediatric Oncology Group.
Med Pediatr Oncol 28:284–288

Tate ED, Allison TJ, Pranzatelli MR, Verhulst SJ
(2005) Neuroepidemiologic trends in 105 US cases of
pediatric opsoclonus-myoclonus syndrome. J Pediatr
Oncol Nurs 22:8–19

Tuchman RF, Alvarez LA, Kantrowitz AB, Moser FG,
Llena J, Moshè SL (1989) Opsoclonus-myoclonus
syndrome: correlation of radiographic and pathologi-
cal observations. Neuroradiology 31:250–252

Turkel SB, Brumm VL, Mitchell WG, Tavare CJ (2006)
Mood and behavioural dysfunction with opsoclonus-
myoclonus ataxia. J Neuropsychiatry Clin Neurosci
18:239–241

van Santen HM, de Kraker J, van Eck BL, de Vijlder
JJ, Vulsma T (2003) Improved radiation protec-
tion of the thyroid gland with thyroxine, methima-
zole, and potassium iodide during diagnostic and
therapeutic use of radiolabeled metaiodobenzylguani-
dine in children with neuroblastoma. Cancer 98:
389–396



3 Pediatric Neuroblastoma-Associated Opsoclonus-Myoclonus-Ataxia Syndrome 29

Veneselli E, Conte M, Biancheri R, Acquaviva A,
De Bernardi B (1998) Effect of steroid and high-dose
immunoglobulin therapy on opsoclonus-myoclonus
syndrome occurring in neuroblastoma. Med Pediatr
Oncol 30:15–17

Wilken B, Baumann M, Bien CG, Hero B, Rostasy
K, Hanefeld F (2008) Chronic relapsing opsoclonus-
myoclonus syndrome: combination of cyclophos-
phamide and dexamethasone pulses. Eur J Paediatr
Neurol 12:51–55



4Neuroblastoma Mouse Model
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Abstract
Neuroblastoma, which arises from sympathetic neural precursors, is the
most common childhood cancer. The prognosis of advanced neuroblastoma
remains poor even with intensive therapy. To develop new therapeutic agents,
researchers have explored the molecular pathogenesis of neuroblastoma.
Animal models of neuroblastoma are an indispensable tool for neuroblas-
toma research. This chapter reviews neuroblastoma mouse models, ranging
from classic xenograft models to recently-developed genetically-engineered
mouse models, discusses the insight obtained from these mouse models.
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Introduction

Neuroblastoma is a childhood cancer arising
from sympathetic neural precursors. It is the
most common childhood cancer, accounting for
7–10% of all childhood cancers (Brodeur, 2003).
Approximately 20% cases of neuroblastoma are
of hereditary origin; the remainder of cases
are sporadic (Brodeur, 2003). The median age
at diagnosis of neuroblastoma patients is 18
months, with more than 95% of cases detected
by 10 years of age (Brodeur, 2003). Infants
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with neuroblastoma present with lower stage
disease; in these patients, tumors are generally
chemosensitive and high cure rates are obtained.
When diagnosed after 1 year of age, children
typically have extensive tumors and dissemi-
nated metastasis with a poor prognosis (Brodeur,
2003). Despite the intensification of therapy
for advanced neuroblastoma over recent years,
little improvement in outcomes has not been
obtained. Even the combination of intensive ther-
apies, overall survival rate remains less than 40%
(Maris et al., 2007).

Neuroblastoma mouse models have been used
to evaluate the efficacy of therapeutic agents for
years. With advancements in genetic engineer-
ing techniques, mouse models of neuroblastoma
have changed from mere models in which to
assess drug efficacy or toxicity in preclinical
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studies to tools providing the opportunity to
explore molecular pathogenesis. These findings
can then be translated into clinical applications.
This chapter reviews several mouse models of
neuroblastoma, from classic xenograft models to
recently-developed genetically-engineered mod-
els, and discusses the insights obtained from
these tools.

Xenograft Model

The mouse xenograft tumor model is the most
widely used, primarily to test drugs found
to display promising efficacy in cell culture
experiments. Xenograft mouse models are pro-
duced by injecting tumor cells into immuno-
deficient mice. SCID (severe combined immun-
odeficiency) mice are typically used to prevent
rejection of implanted human neuroblastoma cell
lines. As it is possible to use cell lines originat-
ing from a variety of neuroblastoma cases that
differ with respect to the degree of differentia-
tion or type of chromosomal deletion, the efficacy
of drugs against different types of neuroblastoma
can be tested. The cell lines derived from human
neuroblastoma cases, however, do not always
recreate the original characteristics of the tumor
in vivo, as they may have undergone selection to
become immortalized under culture conditions.
For example, mutations in N-RAS have been
found in neuroblastoma cell lines, but are rarely
seen in resected tumor specimens (Dyer, 2004).
Neuroblastoma originates from sympathetic neu-
ral precursors during development, a process that
cannot be mimicked by the injection of cancer
cells into mice after birth. In addition, the tar-
geting of tumor cells by natural killer cells is
lacking in immunodeficient mice, which occurs
in subjects with intact immunity. Therefore, it is
difficult to assess the efficacy of immunothera-
peutic strategies, one of the most promising new
therapies for neuroblastoma, in xenograft models.

Xenografting can be achieved by either het-
erotopic or orthotopic transplant. Heterotopic
xenografting is performed by subcutaneous injec-
tion of tumor cells. This technique is easy to
perform, and tumor size is easy to monitor. The

environment surrounding the tumor, including
the blood supply, is completely different, how-
ever, from that of the original tumor in vivo.
Metastases seldom occur in the subcutaneous
xenograft model. To overcome this problem,
orthotopic transplantation, in which tumor cells
are injected into the adrenal gland, was devel-
oped. This technique enables researchers to gen-
erate a model that more accurately resembles the
original neuroblastoma with regard to blood sup-
ply and tumor progression, but requires greater
skills to perform. It is difficult to perform in
young mice, and seeding of tumor cells into the
abdominal cavity can occur.

To combat the limitations described above,
researchers have tried to refine the xenograft
model. Sabzevari et al. developed a liver metas-
tases model in which they injected tumor cells
directly into liver and attempted to recon-
stitute SCID mouse immunity with human
lymphokine-activated killer cells. Using this
mouse model, they succeeded in demonstrat-
ing the effectiveness of a fusion protein of
a human/mouse chimeric anti-ganglioside GD2
antibody (chl4.18) and recombinant human
interleukin-2 (Sabzevari et al., 1994) in the treat-
ment of metastatic neuroblastoma.

A concern regarding the xenograft model is
that the results obtained using these animals may
not predict efficacy of therapeutic strategies in
humans (Johnson et al., 2001). To address this
concern, a validation of xenograft models is
necessary in which the results from xenograft
experiments are compared with clinical out-
comes. There is no systematic retrospective or
prospective study for such purpose regarding
neuroblastoma. The results from several clinical
trials indicate at least some predictive value in
data obtained from xenografts. Furman et al.
used a xenograft model in the preclinical study
of Irinotecan, a topoisomerase I inhibitor, to
determine an optimal administration schedule.
Application of the schedule determined in
xenograft experiments to their phase I trial
of Irinotecan in children with solid tumors,
including neuroblastoma, resulted in better
responses than those seen in previous reports
without significant myelosuppression (Furman
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et al., 1999). To confirm the predictive value
of xenograft models, it would be desirable to
develop a standardized protocol. The Pediatric
Preclinical Testing Program previously estab-
lished a panel of childhood cancer xenografts and
cell lines, including neuroblastoma, to be used
for in vivo and in vitro studies to test potential
therapeutic agents (Houghton et al., 2007). They
defined a standardized protocol for xenograft
studies and defined criteria upon which to evalu-
ate responses. Using their protocol and panel of
cells, aurora kinase A inhibitor was recognized
as a potential drug to treat neuroblastoma (Maris
et al., 2010). The value of the panel will be deter-
mined when the clinical trial data are realized.

Transgenic Animal Models

TH-MYCN Transgenic Mouse

A second approach to mouse models of neu-
roblastoma is to use genetic engineering. The
most accepted and widely-used transgenic mouse
model of neuroblastoma is the tyrosine hydrox-
ylase promoter-MYCN (TH-MYCN) transgenic
mouse created by Weiss et al. (1997). MYCN is
a member of the MYC proto-oncogene family,
which contains a basic helix-loop-helix leucine
zipper domain, that acts as a transcriptional fac-
tor. Amplification of the MYCN gene in neu-
roblastoma cases has previously been reported
(Kohl et al., 1984) and correlates with advanced
disease (Brodeur et al., 1984). MYCN and its
downstream target genes have been suggested as
potential therapeutic targets. Weiss et al. repro-
duced the tumorigenesis of neuroblastoma by
overexpressing MYCN protein under the control
of the tyrosine hydroxylase promoter, a promoter
active in migrating cells of the neural crest, in
sympathetic ganglia, and in the adrenal medulla.
TH-MYCN transgenic mice develop thoracic
paraspinous or adrenal tumors, whose histologi-
cal features are similar to those of human neu-
roblastoma. The tumors are positive for synapto-
physin and neuron-specific. Electron microscopy
of these tumor demonstrated synapse formation
and the presence of neurosecretory granules.

Using TH-MYCN transgenic mice, resea-
rchers have attempted to understand the etiology
of neuroblastoma. One approach is to identify
cell populations that will develop into neuroblas-
toma at an early stage of oncogenesis, identifying
the early events in tumorigenesis (Alam et al.,
2009; Hansford et al., 2004). Hansford et al.
(2004) determined that the regression of neu-
roblast hyperplasia was delayed in TH-MYCN
transgenic mice, preceding neuroblastoma tumor
formation. Cells derived from perinatal ganglia
of TH-MYCN transgenic mice were resistant to
apoptotic stimuli. They concluded that inappro-
priate perinatal MYCN expression in paraver-
tebral ganglion cells facilitated tumorigenesis
by altering physiologic neural crest cell dele-
tion. Mutations in Phox2B, a transcription factor
expressed in sympathetic neural crest cells in
conjunction with Math1, are found in a famil-
ial neuroblastoma pedigree as well as patients
with congenital central hypoventilation syndrome
and Hirschsprung’s disease (Trochet et al., 2004).
Alam et al. (2009) observed the expansion of
Phox2B+ neuronal progenitors in TH-MYCN
transgenic mice, suggesting Phox2B serves as
a lineage-dependent oncogene in neuroblastoma
development.

In human neuroblastoma, several chromoso-
mal changes have been reported, including gains
of chromosome 17q and 18q and deletions of
1p36 3p, 4p, 9p, 11q, and 14q (Vandesompele
et al., 2001). Loss of 1p36 and gain of 17q
are associated with advanced tumors and poor
outcomes (Vandesompele et al., 2001). Tumors
developing in TH-MYCN transgenic mice exhib-
ited several chromosomal changes, including
clustered loss of chromosomes 5, 9, and 16,
orthologous to the combined loss of chromo-
somes 3p, 4p, and 11q in humans (Hackett
et al., 2003). The detection of common chro-
mosomal regions gained or lost in human and
murine neuroblastomas will hopefully allow the
identification of specific genes involved in the
tumorigenesis of neuroblastoma.

By crossing TH-MYCN transgenic mice with
mice bearing specific gene deficiencies, one
can assess the involvement of those genes in
tumor development. Chen et al. (2009) crossed
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TH-MYCN transgenic mice with mice deficient
in Mdm2, a primary inhibitor of the p53 tumor
suppressor that is positively regulated by MYCN.
Mdm2-haploinsufficient TH-MYCN transgenic
mice exhibited low tumor incidences and growth.
These data suggest that the direct inhibition of
p53 by Mdm2 plays a crucial role in neuroblas-
toma tumorigenesis.

TH-MYCN transgenic mice have been also
used to assess therapeutic agents. Burkhart
et al. (2003) implanted subcutaneous microos-
motic pumps into TH-MYCN mice and con-
tinuously administered a MYCN-specific anti-
sense oligonucleotide for 6 weeks. They observed
a 5-fold lower tumor incidence and signifi-
cantly reduced tumor sizes. These results indi-
cate that the suppression of MYCN mRNA
is effective to suppress tumor development
even when MYCN is overexpressed, suggest-
ing that the development of MYCN-targeted
therapies may be effective. Chesler et al.
(2007) reported the effectiveness of angiogenesis
inhibitor, water-soluble HPMA copolymer-TNP-
470 conjugate (caplostatin), using this animal
model. They observed increased sensitivity to
caplostatin in tumors developing in TH-MYCN
mice than those seen in human xenografts.
It may be reasonable that this observation
results from a more consistent microenviron-
ment around the tumors in TH-MYCN trans-
genic mice than in xenografts. Their results
indicate the superiority of TH-MYCN trans-
genic mice over human xenograft models for the
evaluation of antiangiogenic drugs. The efficacy
of an ODC inhibitor, α-difluoromethylornithine
(DMFO), against neuroblastoma was assessed in
TH-MYCN transgenic mice; encouraging tumor
suppressive effects were reported (Chen et al.,
2009; Hogarty et al., 2008). Ornithine decarboxy-
lase (ODC), a direct Myc transcription target,
is the rate-limiting enzyme in the biosynthe-
sis of polyamine, whose expression levels are
reported to correlate with survival in human
patients with neuroblastoma (Hogarty et al.,
2008).

Other Transgenic Models

Several additional transgenic mouse models
of neuroblastoma, which overexpress proto-
oncogenes or virus-derived transforming genes,
have been reported. Several of these transgenic
mouse models were discovered serendipitously
by unintentional selective expression of trans-
gene in neural crest cells due to the chromo-
somal site of transgene insertion or unexpected
transcriptional activity of the transgenic con-
struct. Although the characteristics of the tumors
that develop in these models closely resem-
ble human neuroblastoma, these transgenic mice
have not been extensively used for neuroblastoma
research.

Small et al. (1986) discovered adrenal neurob-
lastomas in transgenic mice harboring JC-virus
early region. JC virus tumor antigen RNA was
detected at high levels in the tumors; pathological
findings indicated the tumors were neuroblas-
tomas derived from the adrenal medulla. JC virus
is strongly associated with progressive multifo-
cal leukoencephalopathy, in which multiple glial
tumors are observed in progressive multifocal
leukoencephalopathy patients. There has been no
evidence, however, linking JC virus infection to
human neuroblastoma tumorigenesis.

Iwamoto et al. (1993) developed transgenic
mice bearing a genetic hybrid of the mouse
metallothionein promoter-enhancer and the ret
oncogene. The majority of these transgenic mice
exhibited proliferation of melanin-producing
cells, but one founder mouse developed a retrop-
eritoneal tumor involving the kidney and adrenal
gland that was histologically consistent with neu-
roblastoma and had high expression levels of ret.
As the ret proto-oncogene is expressed at high
levels in human neuroblastomas (Ikeda et al.,
1990), ret oncogene may play a role in the onco-
genesis of neuroblastoma.

Koike et al. (1990) reported the formation of
olfactory neuroblastomas in a line of transgenic
mice overexpressing human adenovirus type 12
E1A and E1B under the regulatory control of
the mouse mammary tumor virus long terminal
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repeat. While most of the founder mice devel-
oped gastric cancer, one founder mouse and its
offspring developed tumors originating from the
nasal sinuses that extended into the anterior brain;
the histological features of these tumors resem-
bled human olfactory neuroblastoma. While they
observed large numbers of type C retrovirus
particles within the tumor, the role of retrovirus
in human neuroblastoma remains unclear.

Aguzzi et al. (1990) developed transgenic
mice overexpressing polyoma virus middle T
antigen under the control of the thymidine
kinase promoter. Polyoma virus middle T anti-
gen forms complexes with intracellular onco-
genes to increase their tyrosine kinase activity.
Thymidine kinase promoter is active in wide vari-
ety of tissues. One founder transgenic mouse
and their offspring developed multiple neuroblas-
tomas derived from sympathetic ganglia and the
adrenal gland between 2 and 3 months of age.
Histological examination confirmed the presence
of neuroblastic rosettes and the expression of
neural markers, such as synaptophysin. High
levels of MYCN mRNA expression were also
observed in the tumors without gene amplifica-
tion.

Skalnik et al. (1991) witnessed the develop-
ment of neuroblastomas in the prostate gland
of gp91-phox promoter/SV40 early-region trans-
genic mice. As Gp91-phox is expressed exclu-
sively in terminally-differentiating hematopoietic
cells of the myelomonocytic lineage, neurob-
lastoma induction in the prostate gland was
unexpected. The development of neuroblastomas
in different founder mice indicates that ectopic
SV40 expression resulted from an unexpected
transcription signal generated by the transgene
construct. Feigenbaum et al. (1992) developed
transgenic mice overexpressing SV40 T-antigen
under the control of the JC virus regulatory
region. Two founder mice displayed adrenal
medullary neuroblastomas.

Servenius et al. (1994) observed the develop-
ment of highly metastatic neuroblastomas orig-
inating from the adrenal gland and sympathetic
ganglia in transgenic mice expressing SV40

T-antigen under the control of the promoter
for olfactory marker protein, an abundant cyto-
plasmic component of differentiated olfactory
receptor neurons. These transgenic mice did not,
however, develop tumors in the olfactory mem-
brane; four lines of transgenic mice developed
tumors originating from the adrenal gland or
sympathetic ganglia, whose histological, ultra-
structural, and biological features were identical
to human neuroblastomas. These data implicated
the involvement of olfactory marker protein in the
development of the sympathetic nervous system,
although further evidence has not been presented.

Pecori Giraldi et al. (1994) created transgenic
mice in which the expression of SV40 T-antigen
was controlled by the 5’-flanking region of GRH
to generate immortalized hypothalamic neurons
expressing GRH. While these mice developed
tumors originating in the adrenal medulla, no evi-
dence of hypothalamic tumors was observed. Cell
lines derived from these tumors exhibited charac-
teristics similar to those of mixed neuroblastomas
or primitive neuroectodermal tumors.

We have reported a transgenic mouse model
developing neuroblastoma-like adrenal tumors
(Iwakura et al., 2008); these mice were obtained
unintentionally in an attempt to develop trans-
genic mice expressing SV40 T-antigen under
the control of tetracycline-responsive elements.
Although these transgenic mice were not sup-
posed to develop tumors unless crossed with
transgenic mice bearing the tet-responsive tran-
scriptional activator (tTA) or reverse-tTA under-
specific promoter, one line (2–5 line) developed
bilateral adrenal tumors observed as early as at
1 week of age. The tumors have histological
similarity to neuroblastoma, exhibiting positiv-
ity for chromogranin A and NSE. By electron
microscopy, the tumor cells showed neuritic pro-
cess containing synaptic vesicles, consistent with
the phenotype of neuroblastoma. MYCN mRNA
levels were also significantly elevated in adrenal
tumors. Presumably, the position of the transgene
insertion enabled SV40 Tag expression in sym-
pathetic neural precursor cells, which induced
neuroblastoma tumorigenesis.
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Discussion

Mouse models play two fundamental roles in
neuroblastoma research. One is to provide a sys-
tem to assess the efficacy of therapeutic agents
in preclinical studies, while another is to reca-
pitulate the tumorigenic processes to facilitate
discovery of the underlying mechanisms of neu-
roblastoma oncogenesis.

The xenograft model has provided a drug
assessment system for years. We are unclear,
however, how well the data obtained from
xenografts predicts efficacy in human patients.
Although many researchers found great merit in
using the xenograft model, the data does not
always correlate with that observed in humans
(Johnson et al., 2001). The future challenge is
refining the predictive value of data obtained in
xenograft models for clinical outcomes. Ideally,
prospective studies comparing the results of ani-
mal experiments with the outcomes of clinical
trials would be helpful to establish sophisticated
drug assay systems using the xenograft model. If
such an algorithm were defined, gene profiling of
tumors would also provide some clues to under-
standing the molecular basis of the differences
between xenografts and human outcomes.

Currently, TH-MYCN transgenic mice are
the best recapitulation of human neuroblastoma
tumorigenesis. The tumors that develop in this
model demonstrate many of the same features
as human neuroblastomas, including histology,
electron microscopic findings, and chromoso-
mal abnormalities. Dissecting the early events
of tumorigenesis in TH-MYCN transgenic mice
will help reveal the molecular pathogenesis
of MYCN-amplified neuroblastomas. Breeding
these mice against additional gene knockout
mice is a useful approach to determining the
key molecules in neuroblastoma tumorigenesis.
Using these approaches, TH-MYCN transgenic
mice provide useful insights into the molecu-
lar mechanisms underlying the tumorigenesis of
neuroblastoma and identifying new therapeutic
targets for drug development.

TH-MYCN transgenic mice can also be used
to test drug efficacy. Therapies targeting MYCN
and its downstream molecules are particularly

suitable for assessment in TH-MYCN transgenic
mice, especially as TH-MYCN transgenic mice
mimic the tumorigenesis of MYCN-amplified
neuroblastomas. To evaluate the efficacy of anti-
vascular drugs, TH-MYCN transgenic mice are
more suitable than xenograft models, as the
microenvironment surrounding the tumors mimic
that of human neuroblastomas more faithfully.

Most of the other transgenic mouse mod-
els described in this chapter are obtained by
the overexpression of proto-oncogenes or viral-
transforming factors. Viral-transforming factors
that induce tumorigenesis have been used to pro-
duce a wide variety of mouse tumor models.
For example, SV40 T-antigen induces tumorige-
nesis by suppressing p53 and RB protein, two
key tumor suppressor genes. The mouse models
leading to neuroblastoma, which were sometimes
unintentionally produced by positional effects of
the transgene chromosomal insertion site or unex-
pected transcriptional activity of the promoters,
typically overexpress these viral-transforming
factors in neural crest cells. These mice may help
further our understanding of the control of gene
expression in the neural crest lineage cells. The
role of these transgenic mouse models in studies
of the mechanism of neuroblastoma tumorige-
nesis is not clear, however, as there is no evi-
dence that these viruses mediate the development
of neuroblastoma in humans. It may be useful
to identify common genetic changes shared by
tumors in these transgenic mice and TH-MYCN
transgenic mice. These transgenic mice may be
effective for drug testing, especially in testing
anti-vascular drugs or drug delivery systems, as
the microenvironment around the tumor and the
timing of tumor development is more faithful to
the processes observed in human neuroblastoma
than those seen in xenograft models. Overall, the
merits of using these transgenic mouse models
are unclear.

Mouse models have provided many insights
into neuroblastoma research, which could not be
obtained by human studies. Further refinement of
mouse models and the creation of new models
will facilitate a better understanding of the patho-
genesis of neuroblastoma and the development
of new therapies, which will provide better
outcomes to children with neuroblastoma.
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5Orbital Metastasis
in Neuroblastoma Patients

Stephen J. Smith and Brian G. Mohney

Abstract
Neuroblastoma is the most common extracranial solid tumor among chil-
dren under the age of 5 years, with an incidence of approximately 1 in 7,000
(Bernstein et al., 1992, J Clin Oncol 10:323–329; Castelberry, 1997, Pediatr
Clin North Am 44:919–937). Recent advances in the understanding of tumor
biology have aided in the diagnosis and medical management of this dis-
ease; however, cases of widespread metastasis, at times signaled by proptosis,
ecchymosis, and other signs of orbital involvement, continue to have a poor
prognosis (Brodeur et al., 1988, J Clin Oncol 11:1466–1477, Ophthal Plast
Reconstr Surg 17:346–354). The prognostic implications of neuroblastoma
metastic to the orbit and the risk of permanent vision loss highlight the impor-
tance of early recognition and treatment initiation in cases demonstrating
ocular involvement.

Keywords
Metastasis • Orbital neuroblastoma • Hematoma • Epidemiology •
Prognosis • Horner syndrome

Introduction

Neuroblastoma accounts for 8–10% of all child-
hood cancers, with a gender- and race-adjusted
incidence of 9.8 annual cases per million chil-
dren under 15 years of age (Horner et al.,
2009). Neuroblastic tumors are derived from pri-
mordial neural crest cells and arise in tissues
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MN 55905, USA
e-mail: mohney@mayo.edu

of the sympathetic nervous system, typically
in the adrenal medulla or paraspinal ganglia,
and present as mass lesions in the neck, chest,
abdomen, and pelvis (Maris, 2010). The adrenal
medulla is the most common location of these
tumors, with approximately 40% originating
in this area. Other less common locations of
the primary tumor include connective and sub-
cutaneous soft tissues (19%), retroperitoneum
(15%), and mediastinum (9%) (Ries et al.,
1999). Central nervous system (CNS) involve-
ment usually signals metastatic disease, and often
manifests itself with ophthalmic signs of dis-
ease. Numerous ocular signs have been reported,
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including proptosis (Belgaumi et al., 1997),
periorbital ecchymosis (Belgaumi et al., 1997),
ocular motility defects (Alfano, 1968), ptosis
(Alfano, 1968), lid edema (Alfano, 1968), blind-
ness (Belgaumi et al., 1997), Horner syndrome
(Jaffe et al., 1975), and opsoclonus (Pang et al.,
2010). This review describes common ocular
signs of neuroblastoma metastatic to the orbit,
defines the appropriate diagnostic work-up, dis-
cusses prognosis based on ocular findings, and
reviews current vision-sparing therapies.

Ocular Signs of Disease

Unilateral or bilateral proptosis (bulging of the
eyes) and periorbital hematoma or ecchymosis
(raccoon eyes) are the two classic manifesta-
tions of neuroblastoma metastatic to the orbit
(Fig. 5.1) (Musarella et al., 1984). These signs
may be the initial presentation of malignancy or,
rarely, develop after a known diagnosis of neu-
roblastoma. Periorbital soft tissue infiltration of
tumor is the most frequent cause of these find-
ings, although proptosis may result from tumor
invasion of the surrounding bone. The character-
istic “raccoon eyes” appearance associated with
neuroblastoma and orbital metastasis is most
likely related, in part, to obstructed branches of

Fig. 5.1 Young male patient demonstrating bilateral peri-
orbital hematoma (raccoon eyes), right proptosis, eyelid
hemorrhage, and subconjunctival hemorrhage

Fig. 5.2 Thirty-nine-month-old female with unilateral
periorbital hematoma (raccoon eye), subconjunctival hem-
orrhage, and mild proptosis

the ophthalmic and facial vessels by malignant
tissue in and around the orbits (Timmerman,
2003). Additional sequelae of orbital tumor mass
effect include ocular motility defects and com-
promised vision due to compression of the optic
nerve. Optic nerve or chiasm compression is the
most frequent cause of blindness in patients with
metastatic disease, and caries the potential of
life-long disability in the face of an otherwise
responsive primary mass lesion (Belgaumi et al.,
1997).

Periorbital swelling, subconjunctival hemor-
rhage (Fig. 5.2), eyelid hemorrhage (Fig. 5.3),
ptosis (Fig. 5.3), retinal hemorrhage, and
papilledema are other signs of orbital metastatic
disease. Subconjunctival hemorrhage is believed
to result from pancytopenia secondary to

Fig. 5.3 Eight-month old male manifesting unilateral left
upper eyelid ecchymosis, ptosis, proptosis, and downward
displacement of the globe. Orbital symptoms were the pre-
senting sign of neuroblastoma in this patient and prompted
the initial diagnostic work-up
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extensive bone marrow involvement (Ahmed
et al., 2006). Periorbital swelling, papilledema,
and retinal and eyelid hemorrhage are most
likely caused by tumor mass effect, and usually
accompany more common manifestations of
orbital tumor, including proptosis and periorbital
ecchymosis.

Occasionally, ocular disease arises as a side
effect of treatment. A recent case report described
a 3-year-old female with stage IV neuroblastoma
and no eye involvement at diagnosis (Russo et al.,
2004). After 5 weeks of intensive chemother-
apy resulting in neutropenia, she presented with
conjunctival hyperemia and eyelid edema that
progressed to eyelid hemorrhage. A CT scan
excluded orbital metastasis and a diagnosis
of orbital cellulitis was made. More recently,
Ahmed et al. (2006) reported optic atrophy due
to orbital cellulitis in 1 of 6 patients receiving
chemotherapy treatment for neuroblastoma with
ocular involvement. While orbital involvement
due to treatment has been reported only rarely,
severe neutropenia increases a patient’s risk for
orbital infection, and atypical causes of perior-
bital ecchymosis must be entertained in children
presenting after initiation of chemotherapy.

Horner syndrome, classically described as
including miosis, ptosis, and anhidrosis, is caused
by an interruption of the oculosympathetic tract
and can occur anywhere along the three-neuron
pathway between the hypothalamus and the orbit.
Horner syndrome usually signifies localized dis-
ease with involvement of the oculosympathetic
tract, and is not pathapneumonic for central ner-
vous system involvement. Opsoclonus (dancing
eyes) is another well-documented, albeit rare,
paraneoplastic sign of neuroblastoma. Patients
presenting with opsoclonus should be thoroughly
evaluated for the presence of underlying neurob-
lastoma as the cause of their ocular symptom.

Epidemiology of Ophthalmic
Involvement

Large retrospective reviews conducted at tertiary
care centers have found orbital metastasis in
10% (Belgaumi et al., 1997) to 20% (Musarella
et al., 1984) of neuroblastoma cases, while

focal ocular manifestations of disease, including
Horner syndrome and opsoclonus, were observed
less frequently. The 10% discrepancy in ocu-
lar involvement between the two studies is
explained, in part, by the fact that Belgaumi and
coauthors (1997) only included cases present-
ing with ocular findings, while excluding those
that may have developed orbital symptoms dur-
ing the course of disease. More recently, Ahmed
et al. (2006) retrospectively reviewed 48 neurob-
lastoma cases over a 6-year period and reported
ocular involvement in only 6 (12.5%), similar to
the findings of Belgaumi and coauthors (1997).
However, in 2010, another small study reported
ocular involvement in 6 (43%) of 14 population-
based cases of neuroblastoma over a defined
40-year period (Smith et al., 2010a). The signifi-
cant increase in eye involvement observed in this
study may be the result of the small sample size,
although the fact that 5 of the 6 patients with eye
findings were diagnosed before 1972 may also
have contributed to this result. Improvements in
early detection and treatment of neuroblastoma
have most likely contributed to the decreased
incidence of orbital metastasis observed in the
past two decades (Ahmed et al., 2006; Belgaumi
et al., 1997).

According to multiple published studies, prop-
tosis and periorbital hematoma are the two
most frequent manifestations of orbital metas-
tasis in patients with neuroblastoma. Musarella
et al. (1984) found unilateral or bilateral prop-
tosis to be the most common manifestation in
their study, occurring in just over 50% of their
cases with ophthalmic involvement. Concurrent
periorbital ecchymosis was observed in approxi-
mately half of the cases with proptosis. Similarly,
Belgaumi et al. (1997) reported that proptosis
was observed most commonly in their study,
occurring in 28 (59.6%) of the 47 with ocu-
lar findings, while periorbital ecchymosis was
seen in 19 (40.4%) patients in their cohort. Most
recently, two smaller studies found proptosis or
periorbital hematoma to occur in over two-thirds
of their cases with ocular involvement (Ahmed
et al., 2006; Smith et al., 2010a). Alfano (1968)
reported lid and conjunctival edema in 8 (27.5%)
of 29 cases with orbital neuroblastoma; how-
ever, more recent studies have not noted this
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sign as frequently (Musarella et al., 1984). Other
findings, including subconjunctival hemorrhage,
retinal hemorrhage, ptosis, and frontal and zygo-
matic bone swelling have been observed infre-
quently in recent studies (Ahmed et al., 2006;
Belgaumi et al., 1997; Musarella et al., 1984).

Despite the frequent association of Horner
syndrome and neuroblastoma in the literature,
Musarella et al. (1984) and Jaffe et al. (1975)
have concluded that as few as 3.5–13% of
children with neuroblastoma have an associ-
ated Horner syndrome, while only 2.2% present
with Horner syndrome as the initial symptom.
Although Belgaumi et al. (1997) observed Horner
syndrome in 17% of those presenting with eye
findings (2.0% of those with neuroblastoma),
numerous smaller studies of Horner syndrome
cases have not reported underlying neuroblas-
toma in their cohorts (Smith et al., 2010b;
Weinstein et al., 1980; Wilhelm et al., 1992).
Musarella et al. (1984) observed opsoclonus in
only 9 (2.2%) of 405 cases while Belgaumi
et al. (1997), Alfano (1968), and Smith et al.
(2010a) did not observe this paraneoplastic symp-
tom. A population-based study of opsoclonus-
myoclonus in the United Kingdom over a 2-year
period found an incidence of 0.18 cases per mil-
lion total population per year, with only 4 of
the 15 cases observed to have an underlying
neuroblastoma (Pang et al., 2010).

Diagnosis of Orbital Neuroblastoma

The current criteria for the diagnosis and stag-
ing of neuroblastoma are based upon the Inter-
national Neuroblastoma Staging System (INSS)
criteria (Brodeur et al., 1988, 1993; Park et al.,
2008). A diagnosis of neuroblastoma is defined
histopathologically using either tumor tissue or
neuroblastoma tumor cells in a bone marrow
sample (Park et al., 2008). Histopathologic diag-
nosis is essential for both the initiation of opti-
mal therapy and for ruling out other orbital
tumors, including rhabdomyosarcoma, Ewing
sarcoma, leukemia, or lymphoma. Occasionally,
the relative accessibility of an orbital tumor
makes it a useful option for obtaining a tissue

specimen for histologic analysis, thereby avoid-
ing a more invasive procedure to reach an
internalized mass (Ahmed et al., 2006). Urine
studies in patients with suspected neuroblas-
toma may demonstrate increased urine or serum
catecholamines or catecholamine metabolites,
dopamine, vanillylmandelic acid, and homovanil-
lic acid. Catecholamine breakdown products can
be used both in the initial diagnosis and in assess-
ing treatment response.

Radiographic studies play a central role in the
diagnosis of orbital metastasis; however, central
nervous system imaging is only recommended
if clinically indicated by examination or neuro-
logic symptoms (Park et al., 2008). While the
physical examination findings of proptosis and
periorbital ecchymosis are highly suggestive of
orbital masses, they may be the result of other
etiologies and do not provide information on the
specific location of the tumor within the orbit.
Computed tomography (CT) and magnetic reso-
nance imaging (MRI) of the head and brain are
the imaging studies of choice for CNS neurob-
lastoma (D’Ambrosio et al., 2010) because they
offer better anatomic distinction than was pre-
viously obtainable with plain roentgenograms or
technetium 99m-methylene diphosphonate skele-
tal scintigraphy. Technetium bone scans may be
considered for the detection of cortical bone dis-
ease, including orbital bones, if clinically sus-
pected, and should be considered in patients with
a negative metaiodobenzylguanidine scan (Park
et al., 2008).

Prognosis Associated with Eye
Findings

The two most important clinical factors for pre-
dicting outcomes in neuroblastoma are the age at
diagnosis and the stage of disease (Castleberry,
1997). Patients who present with neuroblastoma
in the first 12 months of life, even in the
face of metastatic disease, demonstrate increased
survival compared to those diagnosed later in
childhood (Maris, 2010). Comparative data from
the Surveillance Epidemiology and End Results
(SEER) program reports a 5-year survival of
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90.2% for those diagnosed at less than 1 year,
while only 66.1% of those diagnosed between
the ages of 1 through 4 years achieved a 5-year
survival (Horner et al., 2009). Recent studies
have suggested that improved survival is actu-
ally seen in patients diagnosed up to 18 months
of age (Maris, 2010; Park et al., 2008). The age
at diagnosis is considered a surrogate for under-
lying biologic characteristics in that younger
patients are more likely to have tumors with
genetic and biologic features consistent with
a more benign clinical course (Maris, 2010).
Consequently, while survival rates of each stage
have improved over the last half-century, sur-
vival rates for patients diagnosed after 18 months
of age continue to carry a poor prognosis when
compared to those diagnosed at a younger age.

According to the International Neuroblastoma
Staging System, orbital involvement is a sign of
stage IV disease, and hence carries a grave prog-
nosis (Brodeur et al., 1988). Not surprisingly,
studies of survival in cases with orbital metastasis
manifesting proptosis or periorbital ecchymosis
have reported poor outcomes. Three-year survival
rates reported by Musarella et al. (1984) in cases
with proptosis and/or periorbital ecchymosis was
only 11.2%, while none of the 6 patients with
orbital metastasis reported by Smith et al. (2010a)
survived. It is worth repeating that, while the
study by Smith et al. (2010a) was published in
2010, the majority of cases with orbital involve-
ment were diagnosed before 1972. Contrary to
the findings of these studies, published reports
of 3- or 5-year survival rates in patients with
stage IV disease (with or without eye involve-
ment) show significant improvement in outcomes
in recent years, reflecting both improved efficacy
of treatment regiments and the widespread use of
CT and MRI imaging which have made it pos-
sible to detect and initiate appropriate treatment
earlier in these cases (Gutierrez et al., 2007).
Survival rates of stage IV disease range from
2.5% mid-century (Breslwo and McCann, 1971)
to 16% in the 1980s (Bernstein et al., 1992) and
38% in the 1990s (Kaneko et al., 2002). Despite
this improvement, mortality rates are still high,
and developing better therapeutic management
options for stage IV disease diagnosed after 18

months remains a major goal of current research
efforts.

Horner syndrome and opsoclonus are asso-
ciated with localized neuroblastoma and con-
sequently demonstrate markedly better survival
rates than those seen in cases of orbital metas-
tasis (Musarella et al., 1984). These two signs
were associated with 76.8% and 100% survival,
respectively, in one large study (Musarella et al.,
1984), despite the fact that many of these chil-
dren were diagnosed after 18 months. The ability
to combine surgical excision with chemother-
apy explains in part the excellent prognosis
associated with localized disease and under-
scores the importance of early recognition of
these signs as possible harbingers of underlying
neuroblastoma.

Current Vision-Sparing Therapies

Over the past two decades intensified chemother-
apy has been the mainstay of treatment for neu-
roblastoma with poor prognostic features and
cases demonstrating widespread metastatic dis-
ease. Standard therapy for advanced disease con-
sists of at least four components: induction, local
control, consolidation, and treatment of any resid-
ual disease (Park et al., 2008). Combination
chemotherapy is used in concert with aggressive
cytoreduction of the primary mass, local radi-
ation, autologous hematopoetic stem cell trans-
plantation, and 13-cis-retinoic acid treatments for
residual tumor cells resistant to cytotoxic agents
(Matthay et al., 1999; Salmi et al., 2010). High-
risk neuroblastoma is characterized by an ini-
tially satisfactory response to therapy followed
by relapse. Significant mortality and morbid-
ity, including blindness, may occur following
relapse (Matthay et al., 1999). Additionally, cases
with ocular involvement who develop blindness
prior to or during their treatment have not been
reported to recover their sight even if they demon-
strate an otherwise satisfactory response to ther-
apy (Belgaumi et al., 1997).

The goal of therapy for neuroblastoma
metastatic to the orbit is to minimize optic
nerve compression by reducing the orbital tumor
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burden. Current management includes radiation
and/or high dose steroids directed at any tumor
mass that threatens the optic nerve. Radiation
and occasionally surgical cytoreductive therapy
(Salmi et al., 2010) are utilized to decompress
the optic nerve(s), thereby preventing any fur-
ther nerve damage. Radiation therapy is not
effective at restoring lost vision and should be
initiated promptly following the diagnosis of ocu-
lar metastasis to prevent further deterioration of
vision. In addition to radiation, high dose steroids
have been used empirically to improve visual out-
comes by decreasing inflammation, lowering per-
ineural pressure, and preventing neuronal injury.
Similar to radiation treatment, steroids appear to
be of minimal benefit after confirmed vision loss,
but may be effective at preventing blindness if
initiated early in the course of orbital disease;
however, their value in vision sparing therapy has
not been rigorously verified in clinical studies to
date (Belgaumi et al., 1997).

Future trends in the management of high-risk
neuroblastoma will play a major role in improved
visual outcomes through earlier detection of dis-
ease, improved initial response to treatment, and
maintenance of remission. The widespread use
of CT and MRI imaging have made it possi-
ble to assess ocular tumor burden more accu-
rately, helping guide radiation and cytoreduc-
tive therapy. Current neuroblastoma research is
focused on developing therapies that will exploit
key oncogenic features found in tumors or their
microenvironement, thereby combating acquired
drug resistance responsible for the high relapse
rate (Maris, 2010). Recent immunotherapeutic
approaches have shown promising results and
may offer improved outcomes, both in sys-
temic disease management and vision preser-
vation (Maris, 2010). Until superior therapies
are available, radiation and or cytoreductive
therapy with our without high dose steroids
remain the mainstay of vision-sparing therapy,
and should be utilized promptly in cases mani-
festing orbital tumor burden to maximize visual
potential.
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Abstract
Real-time quantitative (RQ)-PCR for detection of minimal residual disease
(MRD) in children with neuroblastoma can be used for evaluation of the
presence of neuroblastoma in the bone morrow (BM) at diagnosis and during
treatment. On the one hand, adding MRD testing by RQ-PCR to conventional
BM testing at diagnosis might detect patients in the non-high risk group with
BM invasion, thereby identifying patients that might benefit from more inten-
sive treatment. On the other hand, a major goal of clinical MRD studies is to
use MRD to measure response to therapy in high risk patients, to distinguish
those high risk patients that will be cured by current therapies from those
that need new or other therapies. In this way, PCR guided therapy might
eventually result in better survival rates. Furthermore, when PCR assays
are standardized internationally, response to different treatment schedules,
including new therapies can be accurately compared. The most commonly
used and most widely evaluated marker for molecular MRD detection in
neuroblastoma is the rate limiting enzyme in the catecholamine synthe-
sis, tyrosine hydroxylase (TH). Standard operating procedures (SOPs) have
been recommended for TH mRNA detection by International Neuroblastoma
Risk Group (INRG) Task Force to achieve international consensus. Recently,
PHOX2B, a more sensitive and specific marker than TH has been described.
This marker is currently evaluated alongside TH in prospective studies. The
use of multiple markers next to TH and PHOX2B might also improve the
sensitivity and the specificity of neuroblastoma detection. In this chapter
the methodology of MRD detection by RQ-PCR and the clinical value of
molecular detection in neuroblastoma patients is discussed.
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Introduction

Neuroblastoma (NB) is the most common extra-
cranial solid neoplasm in children. It shows a
wide range of clinical behavior from spontaneous
regression in patients with metastatic disease
(4s), to dismal prognosis despite intensive treat-
ment. At present, treatment allocation is based on
pre-treatment risk stratification. Four risk groups
are identified: very low, low, intermediate and
high risk group (INRG) (Cohn et al., 2009). The
staging at diagnosis is based on age at diagnosis
(under or over 18 months), tumor extension, pres-
ence of distant metastasis, such as BM invasion
and other distant metastasis, and biological fea-
tures, including N-MYC amplification and 11q
aberration. The high risk group, 40% of all neu-
roblastoma patients, contains all patients with
metastatic disease over 18 months of age and
all patients with MYCN amplification. Despite
significant intensification of therapy using dose
intense chemotherapy followed by surgery, high
dose chemotherapy with autologous stem cell
transplantation, radiotherapy and retinoic acid
therapy, this group of neuroblastoma patients still
has a poor prognosis of <40% survival (Matthay
et al., 1999).

One of the most important hallmarks of high-
risk disease is dissemination to the bone marrow
(BM). Therefore, detection of BM metastasis
is crucial for correction of clinical staging and
risk assessment at diagnosis. Furthermore, dur-
ing therapy BM is tested to monitor response
to therapy. The current golden standard to mea-
sure BM infiltration is cytological screening of
bilateral BM aspirates (morphological investiga-
tions) and histological assessment of bilateral
core biopsies. Conventional morphological tech-
niques are mostly unable to detect tumor cell
infiltration below the level of 0.1% and are
therefore not regarded sensitive enough to mon-
itor minimal residual disease (MRD). Antibodies
detecting GD2 are used to detect NB with
immunocytology and have been shown to be

specific in combination with morphological anal-
ysis of the cell. Immunocytology is a more sen-
sitive technique to detect MRD than morphology
alone, and can detect 1 tumor cell in 105 normal
haematopoietic cells. Immunocytology has been
systematically standardized and is already widely
applied in several clinical protocols (Swerts et al.,
2005). Since other cells, such as macrophages,
can also take up the GD2 antigen, the light-
microscopic evaluation of immunocytochemi-
cal results requires a detailed cytomorphologi-
cal study of immunopositive–and negative cells.
Therefore, immunocytology is dependant on the
skills of the individual observer. Another sensi-
tive and more objective technique that has been
developed to detect MRD is real-time quantita-
tive PCR (RQ-PCR) (Viprey et al., 2007). This
technique has a considerable higher sensitivity
than morphology and immunocytology, and has
been applied to detect tumor cells not only in
BM, but also in peripheral blood (PB) and periph-
eral blood stem cells (PBSC). Provided that ade-
quate controls are included, the identification of
tumor cells by NB specific markers introduces
a greater level of objectivity than morphological
and (immuno)cytological assays.

Markers for Molecular Testing

To be able to discriminate tumor cells (NB cells)
from non-tumor cells (the surrounding hemato-
logical cells) by molecular testing, the NB cell
must have acquired distinguishable differences
in DNA or mRNA expression. At DNA level,
neuroblastomas are genetically quite heteroge-
neous, so there is no universally applicable DNA
marker available yet. Therefore, molecular diag-
nostic assays for neuroblastomas focuses on RNA
markers. Optimal detection of MRD using RQ-
PCR for mRNAs requires the identification of
a target mRNA that is expressed in the tar-
get tumor cells but not in hematological cells.
The identification of suitable target mRNAs has
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been one of the primary challenges for successful
application of RT-PCR to detect MRD in neu-
roblastoma. For the last two decades the first
enzyme in the catecholamine synthesis pathway
tyrosine hydroxylase (TH) has been used by sev-
eral groups. Cathecholamines are produced by
98% of all neuroblastomas, thus TH is highly
expressed in almost all neuroblastoma tumors.
Importantly, TH is hardly expressed in hemato-
logical cells and therefore a very sensitive and
specific marker. However, recently it has been
described that TH is also expressed in a subset
of control hematological compartments; BM, PB,
PBSC and CD34-selected material (Stutterheim
et al., 2008, 2009). This illegitimate background
expression limits the sensitivity of the assay. Still
a sensitivity of 106 can be reached using TH as
an MRD marker to detect neuroblastoma.

Another widely applied target is GD2 syn-
thase. Ganglioside 2 (GD2) is present on the
cell membrane of neuroblastomas and used as
immunological marker for the detection of neu-
roblastoma. GD2 synthase (GD2S) is required
for synthesis of GD2. However, normal cells
in the BM also express GD2S, especially mes-
enchymal stromal cells express high levels of
this enzyme (Martinez et al., 2007). Because of
this relatively high expression, especially in bone
marrow, GD2S cannot be used to discriminate
between stage 1–3 and stage 4 disease (Träger
et al., 2008). In addition, NB cells do not always
express GD2 at the cell surface and NB cells
can loose this expression during therapy (become
GD2 negative) (Schumacher-Kuckelkorn et al.,
2005), this might indicate that in these cells
GD2S is down regulated.

Because TH and GD2S, the currently most
widely applied markers, are not totally specific,
the search for other more specific targets for
detection of minimal residual disease continued.
Many new targets have been described, amongst
others: PGP9.5, GAGE, DDC, ELAVL4,
ST8Siall and CyclinD1. However, even for these
markers expression in normal hematological
cells has been described. Therefore, efforts have
been taken to discover new NB markers by
systematical approaches. The ideal MRD marker
is neuroblastoma specific with no expression
in normal hematological compartments such

as BM, peripheral blood (PB) and peripheral
blood stem cells (PBSC). In 2008 three groups
reported about identification of potential new
markers by gene expression profiling by using
SAGE or micro array technology. They identified
genes that have different expression levels in
neuroblastoma compared to normal hematolog-
ical cells. Our group selected candidate MRD
markers by comparing SAGE mRNA values
of normal tissues with SAGE mRNA values of
neuroblastoma tissues (Stutterheim et al., 2009).
Expression databases of 4 neuroblastoma tumors
(stage 3 and 4) and 11 cell lines obtained by
SAGE technology were analyzed and compared
to SAGE libraries of >30 normal tissues, which
were available in the Human Transcriptoma
Map (http://www.ncbi.nlm.nih.gov/SAGE/). At
time of analysis, this website contained tissues
and cell lines of brain, kidney, lung, breast,
colon, ovary, prostate, pancreas, skin, muscle,
vascular tissue and leucocytes but no BM SAGE
libraries. From SAGE libraries 28 genes were
selected, which showed high expression in
neuroblastoma tumors and little or no expression
in normal tissues. By extensive RQ-PCR testing
of NB tumors (n= 56), control BM (n= 51) and
control PB samples (n= 37), the 6 most specific
neuroblastoma markers were selected; PHOX2B,
TH, DDC, DBH, CHRNA3, GAP43. Viprey et al.
(2008) applied almost the same approach using
the Affymetrix human U133 Plus 2.0 Array to
compare gene expression in primary NB (n= 32)
and pooled PB from 24 healthy volunteers. They
identified 240 differentially expressed genes
of which eventually 11 neuronal genes were
selected with no expression in hematological
cells as determined by EST database analysis
(http://www.ncbi.nlm.nih.gov/). Evaluation with
RQ-PCR on PB samples (n= 15) of healthy
volunteers revealed that only PHOX2B and DCX
were more sensitive and specific than TH. The
third study was performed by Cheung et al.
(2008) who carried out a gene expression array
using Affymetrix human U95 gene chip on 48
stage 4 tumors and 9 remission marrows (from
stage 4 neuroblastoma patients). They found
49 differentially expressed genes with a better
neuroblastoma-marrow ratio than TH. Using
two NB cell lines (LAN1 and NMB7), they

http://www.ncbi.nlm.nih.gov/SAGE/
http://www.ncbi.nlm.nih.gov/
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performed a sensitivity assay that showed that 11
of 49 genes also appeared to be more sensitive
than TH. Next, the top 8 markers were tested
for their ability to predict survival, and positiv-
ity 6 of these markers (CCND1, DDC, ISL1,
PHOX2B, GABRB3, KIF1a) after two cycles of
immunotherapy was highly prognostic for overall
survival. In conclusion, all three studies used
high throughput analysis to identify new targets
for MRD detection in neuroblastoma and in all
three studies, the selection of new MRD markers
was based on the differential expression between
neuroblastoma tumor and normal hematological
cells. Subsequently, different approaches were
used by the groups: while our group and Viprey
et al. (2008) chose the most specific markers,
Cheung et al. (2008) selected markers on basis
of sensitivity and survival prognostic tests. Even
though approaches were different, all three
groups identified PHOX2B as a very sensitive
and specific maker.

PHOX2B is a transcription factor involved in
regulation of central and peripheral noradrenergic
differentiation and is expressed exclusively in the
central and the peripheral autonomic nervous sys-
tem during human embryonic development. It has
been reported by Son et al. (2005) that PHOX2B
is the most highly expressed NB-specific gene.
Our group experimentally confirmed its high
expression in neuroblastoma tumors and showed
that PHOX2B has no detectable expression in
normal BM, PB, and PBSC (Stutterheim et al.,
2008). This represents a major advantage of
PHOX2B compared with TH, GD2 synthase, and
other NB markers, which do have low expres-
sion in BM, PB, and/or PBSC samples of control
individuals. Hence any positive PHOX2B result
implies tumor infiltration. PHOX2B is now being
evaluated in three large ongoing prospective stud-
ies in Europe (the combined study of the German
pediatric oncology-hematology (GPOH) group
and Dutch children oncology group (DCOG),
the International Society of Pediatric Oncology
European Neuroblastoma study (SIOPEN)) and
the American study (Children Oncology Group
(COG)).

In the array analysis of Viprey et al. (2008)
DCX was also identified as a highly sensitive and

specific marker. DCX was already described to
be a very specific marker by Oltra et al. (2005).
DCX is expressed exclusively in the brain, at
a low level in the adult brain and at a high
level in the fetal brain and plays a role in neural
migration. It is more specific than TH and there-
fore seems to be slightly more sensitive than TH
(Oltra et al., 2005; Viprey et al., 2008). However,
even DCX showed illegitimate expression in a
subset of control BM and PB samples (Viprey
et al., 2008; unpublished data, see fig. 1). Thus
at present, PHOX2B seems to be the most spe-
cific and sensitive marker for MRD detection in
neuroblastoma.

Although PHOX2B seems to be an ideal
marker, the question rises if MRD detection
using only one marker is an optimal clinical
strategy. Expression of different markers in pri-
mary neuroblastoma is very heterogeneous and
it is unknown whether they are stably expressed
during treatment. For example, it is generally
believed that some tumors treated with GD2
immunotherapy can down regulate the enzyme
(GD2S) and the antigen GD2 as an escape mech-
anism. Similarly, tumors treated with MIBG are
expected to down regulate its metabolic pathway,
where TH is a critical step. Therefore, study-
ing multiple markers might help to overcome the
tumoral heterogeneity and thus increase sensitiv-
ity. As reported by our group, the use of a panel of
markers increases the sensitivity of MRD detec-
tion. In our study the following marker genes
were used: PHOX2B, TH, DDC, DBH, CHRNA3,
and GAP43 (Stutterheim et al., 2009). In Fig. 6.1,
the normalized expression of the panel of mark-
ers is shown in primary tumors (n= 56) and
in control BM (n= 51), PB (n= 37) and PBSC
(n= 50). DCX is also added in this analysis.
PHOX2B is the only marker that has no expres-
sion in any of the control samples. DDC and
DBH are very specific for MRD testing in PB and
PBSC and DCX and DDC are hardly expressed
in BM. Furthermore it can be seen from this fig-
ure that, although all targets are expressed in all
tumors, they have different levels of expression
in neuroblastoma tumors of various patients. To
evaluate the added value of testing with a panel
of markers, we analyzed 222 clinical samples of
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Fig. 6.1 Expression of a panel of markers in neuroblas-
toma tumors (n= 56), control BM (n= 50), PB (n= 50)
and PBSC (n= 50). Abbreviations: T, tumor; BM, bone
marrow; PB, peripheral blood; PBSC, peripheral blood

stem cells. Note: Black squares represent tumor samples,
open circles represent BM, crosses represent PB, open
triangles PBSC

stage 4 patients; 54 BM samples at diagnosis,
143 BM samples during or after treatment and
19 PB samples at diagnosis and 6 PB samples
during treatment. PHOX2B was the most sensi-
tive marker and identified most positive samples.
Investigating the PHOX2B negative PB sam-
ples (n= 7), 3 out of 7 were positive for 1
or more markers and all these 3 samples were
taken at diagnosis. In BM at diagnosis, PHOX2B
detected all positive samples, however in BM
examinations during treatment 7% (6 of 86) of
the PHOX2B-negative samples were positive for
another marker. Therefore, it is advised to use a
panel of markers to obtain maximal sensitivity.
This panel should definitely include PHOX2B,
because it is the only completely specific and
most sensitive marker. Furthermore, is should
include TH, as the most widely applied marker
and might include DCX, since this marker is also
very sensitive. For testing of different tissues,
such as BM and PB, we have shown that markers
have different expression levels in different nor-
mal tissues, so different panels of markers could
be applied for MRD testing in different hemato-
logical compartments (e.g. BM, PB, PBSC and/or

CD34+). As an example, our laboratory includes
DBH for PB and PBSC testing, but not for BM
testing. Ideally, in future trials, markers should
first be tested in the primary tumor of the patient
and markers with highest expression in tumor
should be selected for MRD testing in BM and
PB in this patient. However, most of the time
tumor material is not available at diagnosis for
this analysis, concluding that a panel of markers
will still be needed.

Methods Sample Preparation
and Real-Time Quantitative PCR

Sample Preparation

Although many studies show excellent sensi-
tivity and specificity using RQ-PCR for MRD
detection, molecular MRD detection is still not
integrated in the management of patients with
neuroblastoma. This is because until now most
studies reported on small numbers of patients
and were retrospective. Moreover, methods of
sampling collection and handling of samples
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differed greatly between studies. Efforts have
been taken by the International Neuroblastoma
Risk Groups (INRG) Task Force to develop
consensus criteria for the collection and pro-
cessing of hematological samples and for the
detection of neuroblastoma cells (Beiske et al.,
2009). The INRG advises to collect BM, PB or
PBSC first in anticoagulants (EDTA or heparin),
for the possibility to divide the sample for both
immunocytology and RQ-PCR, and then trans-
fer the material into PAXgene blood RNA tubes
for RNA extraction. In these tubes, RNA can
be preserved up to 72 h on room temperature
and up to 12 months in –80◦. For large (mul-
ticenter) prospective studies this way of sample
collection and storage is very convenient. RNA
can be extracted from PB (2 ml), BM (0.5 ml)
or PBSC (0.5 ml) using PAXgene blood RNA
kit according to the manufacturer’s instructions
with one exception; the 40 μl elution volume
should be passed twice through the column to
maximize yield and concentration. RNA can also
be extracted by other means, such as RNABee,
Trizol, RNA blood mini kit etc, but it should be
emphasized that all samples should be handled in
the same way in one study protocol. Moreover, to
compare results between (inter)national studies,
preferably INRG standards should be applied.
cDNA can be synthesized from RNA using
MMLV reverse transcriptase. cDNA from 100 ng
RNA should be used as input for a single PCR
reaction well.

RQ-PCR

For Real time Quantitative (RQ)-PCR, specific
Taqman PCRs are used by most groups, although
other real time approaches should give compa-
rable results. To minimize intra- and inter-assay
variability across laboratories, SOPs for the anal-
ysis and reporting of MRD detected by RQ-PCR
for TH mRNA in hematological compartments
have been established (Viprey et al., 2007). These
SOPs have been adopted by INRG Task Force
Metastatic Disease Committee. It is advised to
perform the assay in three separate rooms, to
avoid contamination of samples: RNA should be

extracted in a designated RNA room, cDNA syn-
thesis should be performed in a second room,
and the Taqman PCR assay should be performed
in a third room. Most essential in preparing the
Taqman assay is that buffers cannot be contami-
nated by DNA or RNA. Therefore, preparing the
buffers should also be performed in a separate
room (a buffer room). Thus it’s advised to use
another room, next to the three rooms advised by
INRG. For primer-probe sets listed in Table 6.1,
the following protocol should be used: 50ºC for
2 min, 95ºC for 10 min, followed by 50 cycles
of 95ºC × 15 s, 60ºC × 1 min, using a ABI
PRISM (7700/ 7000/ 7900) Sequence detector or
Step One Plus. Each sample should be amplified
in triplicate for target mRNA and in duplicate
for the housekeeping gene mRNA. As positive
control cDNA generated from neuroblastoma cell
line IMR32 should be included to monitor inter
assay variability and for calculation of tumor load
(see later this chapter). A standard curve of cDNA
IMR32 dilutions should also be included to con-
trol for PCR efficiency and reproducibility. The
INRG recommends to generate the positive con-
trol from IMR32 RNA (800 pg) in RNA isolated
from PB from a healthy control (400 ng). Both the
positive control and the IMR32 standard curve
should be amplified in duplicate.

Analysis of RQ-PCR Results

Housekeeping Genes for Normalization
of RQ-PCR

In order to correct for variations in RNA quality
and quantity, a control gene transcript (so called
housekeeping gene) should be amplified in paral-
lel to the target transcript. A suitable housekeep-
ing gene can be defined as a gene with a stable,
similar expression in all nucleated cells and of
which the expression is comparable for both neu-
roblastoma cells and normal hematological cells.
A similar expression level in different hematolog-
ical cells is required to quantify the MRD level
irrespective of the cellular composition of the BM
or PB sample. A comparable expression in neu-
roblastoma and hematological cells is needed to
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relate the number of malignant cells in a follow
up sample to a diagnosis sample with high tumor
load. In our laboratory, we use the housekeeping
gene β – glucuronidase (GUS) as gene for nor-
malization (Beillard et al., 2003). This is one
of the three genes (GUS, Ablson (Abl) and β-2
microglobulin (B2M)) which have been selected
in a European study as optimal housekeeping
genes for MRD-assays based on leukemia spe-
cific fusion transcripts in blood and bone marrow.
In this study it was demonstrated that these three
genes had most stable expression. Since MRD-
assays in leukemia are performed on similar
tissues (peripheral blood, bone marrow, mobi-
lized peripheral blood or selected CD34+ cells)
as used for MRD detection in neuroblastoma, the
results of this study are evenly relevant for our
approach. We therefore tested whether these three
housekeeping genes are equally expressed in neu-
roblastoma. As can be seen in Fig. 6.2a, GUS
is most stably expressed in NB tumors of these
3 housekeeping genes. Furthermore, GUS has a
similar level of expression in NB as in hemato-
logical cells, as can be seen in Fig. 6.2b. B2M is
also frequently selected as housekeeping gene in
MRD studies on NB, the INRG guidelines also
recommend to use B2M for normalization the.
In the same European study on leukemia, B2M
was also shown to have a stable expression in
hematological cells, but was not selected because

of the variable expression in leukemias (Beillard
et al., 2003). Because the expression of B2M and
GUS are highly correlated to each other as can
be seen in Fig. 6.2c (adapted from Beillard et al.,
2003), the PCR results obtained with either of
these control genes are exchangeable. To normal-
ize the level of target mRNA to the expression
of the housekeeping gene the following formula
can be used: normalized Ct (�Ct) = Ct target
mRNA – Ct housekeeping gene. Since the �Ct is
a relative measure, the Ct target mRNA can also
be deducted from the Ct housekeeping gene.

Cut-Off Level for MRD Positivity

Most markers show illegitimate expression in
normal hematological cells, so an experimentally
defined cut-off level has to be established for each
target gene to discriminate between clinically
significant levels of tumor cell mRNA and levels
in normal cells. There are several approaches to
define these cut-off levels for MRD positivity.
Most studies use the median or mean expression
in control hematological samples (PB or BM)
+/– 1 SD. Cut off levels have been described
in Ct value, normalized Ct value (�Ct) and
transcript numbers. Unfortunately, there is no
international consensus on cut-off levels for
positivity yet. ESIOP even decided not to define
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what constitutes a positive or negative result,
but will define the minimal clinically relevant
level by statistical analyses of the clinical results
afterwards (after the trial has ended) (Viprey
et al., 2007). To overcome this dilemma, our
laboratory was the first to define absolute levels
of expression of TH and other markers in all
normal tissue, such as BM, PB, PBSC and CD34
positive cells. As a result, cut-off levels for pos-
itivity could be established. Our laboratory has
proposed to use rules adapted from the European
Study Group (ESG) on MRD detection in Acute
Lymphoblastic Leukemia ALL (van der Velden
et al., 2007). In ALL, the quantitative range for
MRD detection is defined as the Ct of the sample
>3 Ct lower than the lowest Ct of the background
(control PB). For neuroblastoma, we first defined
the average expression levels of the targets in
several hematological compartments. To correct
for differences in cDNA input and RT-efficiency,
we reported on normalized expression (�Ct).
For all markers we defined the cut-off levels
as following: Clinical sample is scored positive
if Ctsample < 40 and mean �CTsample > 3.0 Ct
of �Ctcontrol BM, PB, PBSC, CD34. Thresholds
for positivity (�Ctcontrol BM, �Ctcontrol PB and
�Ctcontrol PBSC) were determined in 52 pedi-
atric non-neuroblastoma BM samples, 50 PB
samples of healthy volunteers and non neu-
roblastoma patients and in 50 pediatric and
adult non-neuroblastoma PBSC. PHOX2B does
not show illegitimate expression in normal
hematological cells, therefore no cut-off has
to be defined for PHOX2B. Clinical samples
can be scored positive if PHOX2B Ctsample is
amplified. Using this method, the cut-off levels
are clearly apart from expression in normal
hematological cells and false positive results can
be avoided. In Table 6.2, the expression levels
in normal hematological cells and corresponding
cut-off levels in �Ct for PHOX2B, TH, DDC,
DBH, CHRNA3, GAP43 and DCX are shown.
Cut-off levels are of course different when using
housekeeping gene, GUS, or B2M. In Table 6.3,
data for both housekeeping genes are depicted.
Hence, this table can be used to determine if a
target is positive or negative for a neuroblastoma
sample if GUS or B2M are used as housekeeping
genes.

Methods for Quantification

Quantification can be done in absolute amounts
using standard curves or alternatively in relative
amounts by calculation of the fold change in
expression compared to a neuroblastoma sample.
Ideally this neuroblastoma sample is the initial
tumor sample, since in that way the MRD lev-
els are corrected for the level of expression of
the target gene in the tumor of that particular
patient. However, in most cases no RNA isolated
from the primary tumor is available. The INRG
recommends therefore reporting relative quan-
tification of MRD to a standard neuroblastoma
cell line sample, the so-called “reference sam-
ple”. Relative quantification of tumor load can
be accomplished by making use of the compar-
ative Ct-method (Livak and Schmittgen, 2001).
Using this method the level of target mRNA is
normalized to the expression of the housekeep-
ing gene and reported relative (fold difference)
to a chosen reference sample according to the
formula: 2e-��Ct, where ��Ct = (Ct target –
Ct housekeeping gene)sample – (Ct target gene –
Ct housekeeping gene)reference samples. In case of
neuroblastoma, the reference sample will be a
positive control sample (IMR32). Ideally, the
positive control IMR32 should be provided by a
central reference laboratory to avoid any varia-
tion attributed to differences in cell line expres-
sion of target mRNA and sample preparation.
The positive control should be analyzed in par-
allel with every sample, allowing an assessment
of inter-assay variability and standardization of
the threshold used for accurate ��Ct calcula-
tion. �Ct should be calculated as the difference
between the mean of the triplicate Ct values for
target and the mean of the duplicate Ct values for
housekeeping gene.

Some investigators use target-specific calibra-
tors that allow the accurate quantification of tran-
script numbers within a sample (Tchirkov et al.,
2003; Träger et al., 2003). For calculation of TH-
transcripts levels calibrators were synthesized.
For this purpose cDNA was synthesized by PCR
using two primers selected to give an amplicon
including the target. The PCR product can then be
purified by gel electrophoresis and the sequence
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Table 6.3 Thresholds for positivity for a panel of neuer-
oblastoma markers for using B2M as a housekeeping
gene

Marker BMa PBa PBSCa CD34a

PHOX2B No
threshold

No
threshold

No
threshold

No
threshold

TH −18.3 −18.2 −20.0 −18.1

DDC −19.8 −21.0 −21.0 −20.1

CHRNA3 −18.6 −17.7 −20.2 −19.9

GAP43 −17.9 −16.8 −18.3 −19.0

DBH −16.5 −21.0 −20.7 −18.9

GD2synthase −16.8 −17.4 −19.2 −16.3

DCX −18.8 −18.9 −20.4 −16.8
a Threshold for positivity, defined as the mean �Ct minus
3(Ct) (defined as thresholdGUS minus 6(Ct))

verified by sequence analysis. The molecules/ml
can be calculated via the absorbance value and
diluted with 0.5 ml/l Tween 20 and 10 mg/l
tRNA as a carrier, to contain 106 molecules/μl.
A calibration curve can then be generated by
a 10-fold serial dilution of the calibrator (106

transcripts/μl). An alternative approach would be
to clone the PCR product into a plasmid, and use
these plasmids as calibrators. But so far this has
not been done for neuroblastoma targets, however
such plasmids are available for the house keeping
genes (Ipsogen, Marseille, France) (Stutterheim
et al., 2008). For calculation of the blood or
bone marrow concentrations of target mRNA, the
transcript concentration can be read from the cal-
ibration curve (transcript/ml). However it should
be emphasized that transcript levels do not reflect
cell count.

Clinical Relevance of Molecular MRD
Detection

In non-metastatic patients, MRD detection
is focused on comparison of RQ-PCR with
conventional methods at diagnosis to clarify if
presence of MRD in BM at diagnosis is correlated
with survival. BM positive patients might benefit
from upstaging and from more intensive treat-
ment. In metastatic patients, tumor load in BM
at diagnosis could be correlated with survival.

Furthermore, by monitoring MRD at diagnosis
and during treatment response to treatment can be
evaluated. PCR guided stratification might iden-
tify responders, which can be cured with current,
conventional therapy and might identify non-
responders who might benefit from other (new)
therapies. In this way, PCR guided therapy might
result in better survival rates. In addition, since
drawing PB is less invasive than BM, the prog-
nostic value of the presence of circulating tumor
cells (CTC) in the PB at diagnosis and the clear-
ing of CTC during treatment are also subject
of research. Lastly, MRD detection is investi-
gated in autologous stem cell grafts, to elucidate
the significance of reinfusion of a MRD posi-
tive graft. Several studies (using TH or GD2S as
markers) have already been performed, in which
MRD in BM, PB and PBSC has been investi-
gated. In Table 6.4, the advised time points for
MRD detection and the material that should be
tested are shown. Below, (results of) relevant lit-
erature on MRD studies at different time points
during treatment is summarized.

Tumorload at Diagnosis

RQ-PCR based MRD testing of BM at diag-
nosis in medium and low risk groups, might
identify patients that have no sign of tumor inva-
sion as tested with conventional methods, but
test positive with RQ-PCR. The frequency as
well as the clinical significance of low level
of BM infiltration still needs to be established.
Neuroblastoma cells have been detected in BM
of patients with localized disease using RT-PCR
(Shono et al., 2000; Stutterheim et al., 2008)

Table 6.4 Time point and material for MRD detection
in neuroblastoma patients

Time point Tumor BM PB PBSC

Diagnosis X X X

During induction therapy X X

At time of harvest X X X

Before high dose and ASCT X X

During consolidation therapy X
Follow up X
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and immunocytology (Corrias et al., 2008). These
children are likely to have disseminated disease
that is not detected by conventional cytology and
they might therefore benefit from more intensive
therapy. Shono et al. (2000) reported that in 4 of
14 patients with localized disease a positive BM
by TH mRNA PCR was detected; 2 of 4 patients
with BM MD disease died of recurrent disease in
BM. Our group also found, that 6 of 15 stage 1–3
patients were MRD positive, only one of these
patients progressed to stage 4 (Stutterheim et al.,
2008). So, large prospective studies need to be
performed to confirm the prognostic significance
of MRD in patients with localized disease.

In patients with stage 4 disease, the frequency
of BM positive disease detected by RQ-PCR is
reported to be higher compared to conventional
methods. RT-PCR detects NB in BM taken at
diagnosis in 95–100% (Shono et al., 2000) com-
pared with a reported frequency of only 90% by
conventional cytology (Reid and Pearson, 1991).
In our patient cohort of 39 stage 4 patients, 7
patients had cytology negative bone marrow and
3 of these patients tested positive with RQ-PCR,
thus 10% of our stage 4 patients had no sign of
BM infiltration. These results demonstrate that
the frequency of BM positive patients at diag-
nosis is indeed higher than with conventional
cytology, but not 100%. Differences in the fre-
quency of BM positive disease at diagnosis are
probably due to the cut-off level used to define
MRD positivity. Our definitions for MRD pos-
itivity, as described in Table 6.2, are designed
to exclude false positive results, therefore the
frequency was lower than reported before.

It has been hypothesized that the extent of
marrow disease at diagnosis could be an indicator
of poor prognosis in patients with metastatic dis-
ease. Träger et al. (2008) found in a cohort of uni-
formly treated high risk patients (n= 24) that the
concentrations of TH mRNAs in BM at diagnosis
had a prognostic significance. Patients with tran-
script concentrations below the median in BM
had a significantly better outcome than the group
with transcript concentrations above the median
(5 years survival 91% versus 33%, p= 0.009).
We also studied the level of expression in BM
at diagnosis and outcome using several MRD

markers, in 35 RQ-PCR positive patients and
did not find a difference in levels of marker
expression between patients who succumbed and
stayed alive (unpublished data). However, of the
4 patients without BM involvement as measured
with RQ-PCR, 3 patients are still alive with
a median follow up of 80 months. These two
studies report opposite results, however when the
same cut-off levels for MRD positivity would
have been used, results might have been more
similar. Träger et al. (2008) chose a mathemati-
cally calculated cut-off level, which did not cor-
respond to disease severity nor implied a clinical
decision limit. Probably, most RQ-PCR values of
patients with positive PCR results were just above
cut-off, and would have been negative if more
strict definitions for MRD positivity would have
been used. In addition, there was no difference
in survival in patients with high transcript lev-
els in their BM (at the higher end). Apparently,
it is more relevant whether the bone marrow is
infiltrated or not, rather than the actual level of
infiltration.

Several groups also investigated the correla-
tion between presence of circulating tumor cells
(CTCs) in peripheral blood at diagnosis and sur-
vival. Although the tumor load in PB has been
shown to be 3 log (10 fold) lower than in BM
(Corrias et al., 2008), the presence or clearance
of CTCs during treatment, could be a prognos-
tic factor. Burchill et al. (2001) found that TH
mRNA could be detected in PB in 67% (33 of
49) of stage 4 patients >1 year. The presence
of TH mRNA in peripheral blood at diagno-
sis in these patients was a significant predictive
factor for overall survival [hazard ratio = 2.4,
p= 0.014). Träger et al. (2008), also reported the
presence of TH mRNA in PB in 16 of 18 stage 4
patients. However, using a more specific marker
for PB, DDC, only 10 of 18 stage 4 patients were
defined as positive. Furthermore, Träger et al.
(2008) showed that DDC and TH mRNA tran-
scripts levels above the median were correlated
with poor survival (80% versus 34%, p= 0.053
for both markers). Parareda et al. (2005) analyzed
PB of 13 high risk stage 4 patients, and found 7
patients to be positive for TH mRNA. In contrast
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to Träger et al. (2008), they did not find a differ-
ence in survival between patient with or without
circulating tumor cells present in the PB; 4 of 7
TH positive patients died compared to 2 of 6 TH
negative patients, p= ns. In conclusion, the pres-
ence of circulating tumor cells in PB and MRD
in the BM might be correlated with poor survival,
but large prospective studies of uniformly treated
patients are needed to confirm these findings.

MRD Monitoring to Study Early
Clearance of BM

Detection of minimal residual disease (MRD)
in BM during therapy can be used to monitor
response to therapy and subsequently to identify
different patterns of response kinetics (“early”
versus “late” responders). The hypothesis is that
patients which respond early to current therapy
(early responders) are more likely to survive. If
so, the response to therapy could then be used to
identify those patients that benefit from the cur-
rent treatment strategies or to identify patients
that would benefit from different or more treat-
ment. In Acute Lymphoblastic Leukemia (ALL),
MRD results of BM samples drawn during the
first months of therapy are currently used to strat-
ify patients. Until now, only two studies investi-
gated the impact of early clearance of BM MRD
on outcome using RT-PCR (Fukuda et al., 2001;
Tchirkov et al., 2003). Fukuda et al. (2001) found
that 29% (6/21) of patients with metastatic BM

disease had TH negative BM within 4 months
after start of therapy and none of these patients
died. Tchirkov et al. (2003) compared survival in
high risk stage 4 patients with less than 1000 TH
transcripts in the BM after 3 cycles of induction
chemotherapy to patients with more than 1000
TH transcripts. They found that 50% (11/22)
of patients with metastatic BM disease had less
than 1000 TH transcripts, which was signifi-
cantly correlated with survival 85% versus 0%,
respectively). Both studies did not perform mul-
tivariate analysis to compare the prognostic value
of RQ-PCR response with other clinical response
parameters. Our group also studied the corre-
lation of early molecular response and survival
(unpublished observations). In our cohort of high
risk metastatic patients, molecular BM remis-
sion was observed in 11/38 (29%) of patients at
3 months after diagnosis and this was associated
with favorable outcome (5-y-OS 62.3 ± 15.0%
versus 18.5 ± 7.5%; p= 0.009), Fig. 6.3a. In
multivariate analysis, in which INRG response,
residual metastatic MIBG uptake and presence of
urinary cathecholamines were taken along, only
RQ-PCR response after 3 months was found to
be an independent prognostic factor. It seems that
already after a few cycles of induction therapy, it
can be seen which patients respond to therapy and
will survive. It is likely that there is a critical time
point at which clearing of the BM from detectable
transcripts correlates to a better outcome and
this has to be established in future prospective
studies.
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Fig. 6.3 MRD detection at different time points during
treatment is correlated with outcome. Survival curves
according to MRD status at 3 months after diagnosis

(a), and after completion of induction chemotherapy (b).
(red curve = MRD negative patient, blue curve = MRD
positive patients)
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MRD Detection Before High Dose
Chemotherapy

Patients that have primary refractory disease after
induction chemotherapy and before high dose
chemotherapy as measured with conventional
methods, have poor survival (Cheung et al.,
2003b). More sensitive detection of MRD in
BM might identify even more non-responders.
Several studies have shown that patient with
MRD in (either PB or) BM at the end of
induction, regardless of high dose chemother-
apy and vitamin A therapy, have poor survival
due to relapse or progression of their disease.
The largest study performed until now is per-
formed by Cheung et al. (2003b) who investi-
gated MRD status using GD2 synthase mRNA
in 45 high risk patients. They found that 32 of
45 (71%) patients tested positive for GD2S after
induction chemotherapy. These patients had a
significantly worse outcome than patients who
were GD2S negative after induction chemother-
apy. For patients in complete remission (CR)/very
good partial response (VGPR), GD2S negative
patients (n= 9) had a 5 years overall survival
of 88% versus 50% for GD2 synthase pos-
itive patients (n= 27). For patients in partial
response (PR), 3 of 4 GD2 synthase negative
patients were still alive after 5 years, compared
to none of the 5 GD2 synthase positive patients.
In line with these results, we observed in our
patient cohort, that after completion of induction
chemotherapy, BM of 41% (12/29) of the patients
was still MRD positive, which was also signif-
icantly associated with poor outcome (5-y-OS
0% versus 52.3%), Fig. 6.3b (unpublished obser-
vations). These two studies show that patients
with residual disease detected before high dose
chemotherapy, even at very low levels, are prone
to have progressive disease. This could be the
results of either slow-responding or subclinical
progressive disease (PD). Whether the BM is
MRD positive is because of slow-responding dis-
ease versus PD has important implications for
future therapy design. Although slow respon-
ders may benefit of continued chemotherapy,
PD demands, at the very least, change in ther-
apeutic strategy. To investigate the difference

between slow-responding and PD, MRD in BM
and PB should be monitored at designated time
points during induction therapy, before high dose
chemotherapy and stem cell rescue and during
consolidation therapy, in prospective studies.

Contamination of Autologous Stem
Harvests

Studies have convincingly shown that circulating
neuroblastoma cells are highly clonogenic and,
if reinfused, are capable of tumor formation and
are implicated in relapse (Brenner et al., 1993).
Since there is less risk of tumor contamination in
PBSC (Miyajima et al.,1996), the use of periph-
eral blood stem cells (PBSC) is preferred over
BM. To decrease the tumor content in the autolo-
gous harvests even more, BM and PBSC harvests
can be purged using CD34+ selection (Tchirkov
et al., 1998). Several studies have been performed
to investigate the correlation between contamina-
tion of autologous stem cell harvest (ASCH) and
survival using RQ-PCR, however data are contro-
versial. Tchirkov et al. (2003) found that a level
of > 500 copies TH mRNA in autologous PBSC
was associated with a decreased survival. 10 of
21 patients had > 500 TH mRNA copies and their
5 years OS was 25% compared to versus 75%
in patients with <500 TH mRNA copies in their
PBSC. In line with these results, Burchill et al.
(2001) reported that in their cohort 9 of 18 PBSC
were positive for TH mRNA and 7 of these 9
patients died of progressive disease compared to
4 of 9 with no detectable disease in their graft.
Due to small numbers this was not significant
yet. The same trend was also found by Avigad
et al. (2009) who detected TH mRNA in 26 out
of 45 (58%) patients. Patients harboring high TH
expression had a reduced progression-free sur-
vival (23%) versus those with low/negative TH
expression (43%). However, due to small patient
numbers this difference in PFS was not signif-
icant. In contrast, Corrias et al. (2006) tested
27 PBSC from stage 4 patients with RQ-PCR
for TH of which only 6 were positive. The sur-
vival of patients after reinfusion of TH positive
or negative harvests did not differ significantly
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(5-y-OS 50% versus 48%; p= 0.9). In our lab-
oratory we tested 40 autologous BM harvests and
38 autologous PBSC harvests using a panel of
markers (unpublished data). We detected neurob-
lastoma mRNA in 42% (18/40) of BM harvests
and in 13% (5/38) of PBSC harvests of which in
total 50 harvests were reinfused. In patients, who
received ASCT, 30% (15/50) received a MRD
positive harvest, which was associated with poor
outcome (5-y-OS 20 ± 11.8 versus 62.3% ±
8.8; p= 0.02). This association was more pro-
nounced in patients reinfused with BM harvests
than in patients reinfused with PBSC harvests,
since more BM harvests were MRD positive.
Remarkably, overall there was no difference in
survival between patients reinfused with PBSC or
BM harvest (p= 0.7). In conclusion, the presence
of neuroblastoma mRNA in stem cell harvests
seems to be associated with unfavourable out-
come. This could either mean that the amount
of tumor cells reinfused in the graft influences
relapse rate or that the stem cell harvest reflects
remission status.

Molecular Response to Immunotherapy

Various treatment strategies have been devel-
oped to target MRD that might be present after
induction chemotherapy, such as myeloablative
therapy with autologous stem cell transplan-
tation and differentiation therapy with 13-cis-
retinoic acid. A new promising treatment strat-
egy to target MRD is immunotherapy using
GD2 antibody alone or in combination with
cytokines such as interleukin-2 and granulocyte-
macrophage colony-stimulating factor (GM-
CSF). Usually immunotherapy is administered
every 1–2 months, and in some patients, for
up to 2 years. Because the BM is a common
site for recurrence of the disease, molecular
response in BM is thought to reflect those patients
which benefit from this treatment. Cheung et al.
(2003a, b) performed two studies to investigate
the molecular response on GD2 immunotherapy
using GD2S mRNA as MRD marker. In the first
study (Cheung et al., 2003a) they examined BM
samples of 45 stage 4 patients. Before antibody

treatment 32 of 45 patients had BM positive for
GD2S mRNA. Post antibody treatment (one cycle
of radio immunotherapy with stem cell rescue
and one cycle of unlabeled immunotherapy) 20
patients (63%) became GD2S negative. However
no comment was made on the correlation to sur-
vival of patients who became GD2S negative
in the BM. In the second study, Cheung et al.
(2003b) showed that GD2S mRNA became nega-
tive following antibody plus GM-CSF therapy in
10 of 13 (77%) CR/VGPR, 9 of 20 (45%) primary
refractory, 2 of 8 (25%) secondary refractory, 0 of
9 (0%) progressive disease. Molecular responders
were significantly less likely to relapse than non-
responders (75% survival compared to 0%). GD2
synthase mRNA can be a useful surrogate marker
for evaluating adjuvant (anti-GD2) treatment effi-
cacy in neuroblastoma with prognostic potential.
However, it has to be determined whether other
markers might be superior.

Follow Up After Therapy

High risk patients that are in complete remis-
sion after completing therapy are still at risk
to develop recurrent disease. There seems to be
a plateau after 5 years after diagnosis, result-
ing in a survival of around 35%, but long term
follow up shows that patients still die from recur-
rent disease. Several studies have looked at early
detection of relapse both in BM and PB. Cheung
and Cheung (2001) showed that positive GD2S
mRNA in BM samples at 24 months from diag-
nosis correlated strongly with overall survival.
Parareda et al. (2005) found that patients with
TH positive PB at 6 months after end of therapy
(n= 20) had a worse prognosis then patient who
were negative (n= 5), 40% versus 100% 5 years
EFS, identifying early relapse in PB. In line with
these results, Burchill et al. (2001) showed that
TH mRNA was detected in PB 4 +/– 1 months
(range 1–11 months) before clinical relapse. In
prospective studies, follow up in PB will have
to be done at regular intervals to investigate the
value of PB positivity after the end of treatment,
in detecting early relapse. However, it also has
to be seen whether early detection of relapse
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and thus early start of treatment with low tumor
load will contribute to better survival in these
patients.

Conclusion
Clinical data on MRD detection in PB and BM
are very promising, however large prospective
studies are needed to confirm most of the data.
International guidelines for MRD detection
using TH mRNA are available, so results of
international multicenter studies can be com-
pared. PHOX2B is a new promising marker,
which is exquisitely neuroblastoma specific.
Therefore, multiple targets, including TH and
PHOX2B, are tested in prospective studies,
which may improve the sensitivity and speci-
ficity of neuroblastoma detection.
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Abstract
The heterogeneity of neuroblastic tumors added to the immense biological
complexity has led to an unprecedented scale of investigations and a growing
list of molecular genetic targets for prognosis as well as therapy. Recently,
Anaplastic Lymphoma Kinase (ALK) has been identified as a major pre-
disposing gene as well as a potential therapeutic target for neuroblastoma.
Individuals with ALK-related neuroblastoma susceptibility (i.e., heterozygous
for an ALK mutation) are at risk of developing neuroblastic tumors. Aberrant
copy number or mutations in ALK gene and overexpression of its protein
tyrosine-kinase receptor have been related to poor prognosis of this disease,
although a great degree of discrepancy exists regarding the clinical valida-
tion of these alterations. Molecular diagnostic laboratories currently evaluate
only the tyrosine kinase domain (exons 21-28) of the ALK gene. To date, all
reported disease-associated ALK mutations are located in the tyrosine kinase
domain and the majority are thought to be drivers of an oncogenic process.
However, these mutational studies are robust and are not feasible in the clin-
ical setting especially on clinical samples of neuroblastoma. In addition, an
effective clinical assay has not yet been validated for assessing whether the
genetic status of ALK provides useful prognostic information for planning
treatment strategy for neuroblastoma patients. A simple and cost-effective
approach to implement in clinical practice would be to develop a test that can
determine the DNA copy number alterations of ALK gene in clinical samples
of neuroblastoma. Interphase fluorescence in situ hybridization (FISH) anal-
ysis of ALK gene with tissue microarrays would be an ideal example to suit
the above mentioned objective. This review summarizes the role of FISH as
a molecular genetic test in detecting copy number alterations of ALK gene in
formalin-fixed paraffin embedded (FFPE) samples using our data on series of
sporadic primary neuroblastomas.
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Introduction

Even with recent advances in therapy, neurob-
lastoma remains one of the most intractable
pediatric cancers, especially in advanced clinical
stages. The last two decades have witnessed an
acceleration in research on molecular pathogen-
esis of neuroblastoma leading to the recognition
of a spectrum of clinically-significant genetic
targets such as MYCN amplification (in approx-
imately 25% of tumors) (Seeger et al., 1985),
loss of heterozygosity at 1p36 (Brodeur et al.,
1977) and 11q (McArdle et al., 2004), and 17q
gain (Bown et al., 1999). Moreover, evidence
suggests that expression of specific tyrosine
kinase receptors such as TrkA (Nakagawara
et al., 1993) and TrkB (Nakagawara et al.,
1994) are respectively correlated to favorable
and unfavorable outcomes in neuroblastoma. In
addition, activating mutations of the tyrosine
kinase receptor ALK, which shares significant
homology to the Trk receptors, have been
identified in and linked to very aggressive
neuroblastomas (Chen et al., 2008; George et al.,
2008; Janoueix-Lerosey et al., 2008; Lamant
et al., 2000; Mosse et al., 2008). ALK, which
has been described as a dependent-receptor
(Mourali et al., 2006), is highly expressed during
embryonic nervous system development, but
with decreased intensity of both transcript and
protein expression after birth, which remains at
low levels in adulthood (Palmer et al., 2009).
In vitro studies suggest that ALK participates
in neurite extension and neuron differentiation,
but the cellular mechanisms induced by ALK
activation remains unclear as well as their phys-
iological ligand, although pleiotrophin has been
proposed to fulfill this role (Janoueix-Lerosey
et al., 2008). ALK was initially discovered as
part of the NPM-ALK fusion protein, result-
ing from the t(2;5) translocation in anaplastic
large cell lymphomas (ALCL) and leading to

constitutive activation of the ALK kinase and
oncogenicity (Morris et al., 1994). Likewise,
in neuroblastomas, both germline and somatic
mutations, found exclusively within the tyrosine
kinase domain of ALK, lead to constitutive
dimerization, autophosphorylation and activation
of the kinase (Chen et al., 2008; George et al.,
2008; Janoueix-Lerosey et al., 2008; Mosse et al.,
2008). According to these authors, the frequency
of ALK mutations in primary neuroblastoma
varies between 6 and 11% in the different
studies. A recent meta-analysis to analyze the
ALK mutation profile demonstrates that the most
frequent mutations were shown to induce high
ALK phosphorylation; F1174 mutations are
associated with MYCN amplification, infer a poor
prognosis in patients and are more tumorigenic
than R1275 mutations (De Brouwer et al., 2010).
Somatic amplification of ALK gene on 2p23 and
copy number alterations have also been identified
in a subset of sporadic neuroblastoma with unfa-
vorable biological characteristics and aggressive
clinical course (De Brouwer et al., 2010; Passoni
et al., 2009; Subramaniam et al., 2009). It
appears that ALK is a crucial oncogene whose
regulation status influences the clinical evolution
of neuroblastoma. Genomic status of ALK
has been assessed mainly using high-density
single nucleotide polymorphism genotyping
arrays (Capasso and Diskin, 2010), comparative
genomic hybridization (Caren et al., 2008;
De Brouwer et al., 2010; Stock et al., 2008),
comparative expressed sequence hybridization
(Stock et al., 2008) and southern blot analysis
(Osajima-Hakomori et al., 2005), predominantly
in tumor cell lines and some human neuroblas-
toma samples. In addition to these cytogenetic
methods, we have developed a routine method for
determining ALK copy number alterations based
on Fluorescence In Situ Hybridization (FISH).
The FISH technique uses fluorescent-labeled
DNA probes to detect chromosomal alterations
in cells, including aneusomy, duplication,
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amplification, deletion, and translocation. To
date, only a few studies have compared the
genomic status of ALK with that of MYCN and
other established genetic markers in archival
samples of neuroblastomas (De Brouwer et al.,
2010; Mosse et al., 2008; Osajima-Hakomori
et al., 2005). Human pathology archives contain
specimens of neuroblastoma in various degrees
of differentiation and the construction of tissue
microarrays (TMAs) provides a valuable tool for
research in the post-human-genome-sequencing
era. Based on these premises, we sought to
refine, complete and validate the frequency of
copy number aberrations of the ALK gene and its
possible association with MYCN, 17q, 11q, and
1p36 status using neuroblastoma TMAs and the
interphase FISH method which is evaluated later
in this chapter.

Tissue Microarray Assembly

Based on a careful search of the pathology
database, a total of 92 primary neuroblastic
tumors from varied categories such as poorly
differentiated (n= 60), undifferentiated (n= 14),
differentiating (n= 7) and NOS (not otherwise
specified; n= 6) neuroblastomas, as well as 5
intermixed ganglioneuroblastoma were identified
(according to the INPC scoring system, Shimada
et al., 1999). Risk stratification was available for
90 of these 92 tumors, separating them into high-
risk (n= 42, 46.7%), intermediate risk (n= 9,
10%) and low-risk (n= 39, 43.3%) group tumors.
Information on MYCN gene status based on FISH
analysis of tumor touch imprints was available
for all these samples. MYCN status of high-risk
tumors (n= 42) was as follows: MYCN amplifi-
cation, 30 of 42; MYCN gain, 6 of 42; and no
MYCN amplification in 6 of 42. Intermediate-risk
tumors (n= 9) presented neither MYCN amplifi-
cation nor MYCN gain. In contrast, MYCN status
of the 39 low-risk tumors was composed of 37
cases with no MYCN amplification and 2 with
MYCN gain. Clinical stages of the patients were:
19 stage 1, 11 stage 2, 21 stage 3, 30 stage 4
and 7 stage 4S (according to the INSS staging

system, Brodeur et al., 1993). TMAs containing
representative duplicate tumor tissue cores from
each of these cases were designed for FISH con-
firmation of genetic alterations of MYCN gene
and ALK gene, as well as numerical aberrations
at established chromosomal regions in neuroblas-
toma, such as 1p36, 11q, and 17q. Furthermore,
ALK expression was also analyzed by TMA-
based immunohistochemical evaluation on all the
TMAs.

Technical Details of Interphase-FISH
Analysis

ALK-FISH Assay

Commercial ALK split FISH probes (Dako,
Inc, Glostrup, Denmark), composed of a Texas
Red-labeled DNA probe (ALK-downstream) that
binds to a 289-kb centromeric segment; and a
fluorescein-labeled DNA probe (ALK-upstream)
that binds to a 557-kb telomeric segment, were
hybridized on 4 μm-thick TMA sections accord-
ing to our established FISH protocol published
previously (Subramaniam et al., 2006).

FISH Assay for MYCN and Other
Conventional Genetic Loci

Dual color FISH probes comprising MYCN
(2p24) (labeled red) and LAF (2q11) control
probe (labeled green) (Kreatech Biotechnology,
Amsterdam, The Netherlands) were used to
assess MYCN gene status on the TMA sections.
LAF copy number was used as control probe
signals of chromosome 2 in MYCN/ALK status
studies. Probe combinations for analysis of 1p36,
11q and 17q status comprised the following: a
chromosome 1p36 Midisatellite probe labeled
green (MP Biomedicals, Illkirch, Cedex, France)
with chromosome 1 satellite probe labeled red
(Q-BIOgene, France); an ATM (11q22) spe-
cific DNA probe labeled in red with chromo-
some 11 satellite enumeration probe labeled
green (Kreatech Biotechnology, Amsterdam, The
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Netherlands); and a p53 (17p13) green with MPO
(17q23) iso 17q red (Kreatech Biotechnology).

Scoring Scheme of FISH Signals

The FISH signals were scored in 200 non-
overlapping nuclei per core, independently
by two investigators and the consensus was
recorded. Four cellular groups were defined
as follows (Piqueras et al., 2009): group 1,
cells with absent genetic alterations showing
the same numbers of gene-specific and control
probe signals; group 2, cells harboring genetic
alterations demonstrating different copy numbers
of gene-specific and control probe signals; group
3, cells displaying nuclear truncation artifacts,
for example, less MYCN/ALK signals compared
to their respective control probe signals, more
1p36/11q signals compared to their control probe
signals, or less 17q23 signals compared to the
control probe signals; group 4, net percentage of
cells with a definite genetic alteration, obtained
by subtracting the percentage of cells showing
truncation artifacts (group 3) from those of group
2, thereby eliminating the false positives. The
FISH scoring scheme was initially evaluated on
a series of 16 control tissues such as normal
kidneys (n= 5) and non-neuroblastic tumors
(breast cancers, n= 6 and gastric cancers, n= 5)
and then on neuroblastomas in order to obtain
a cut-off value for each FISH probe. The mean
percentages of cells in group 4 in the control
tissues were as follows: ALK (12.5%); MYCN
(13%); deletion of 11q (11%) and 1p36 (11.5%);
and gain of 17q (10%), thereby making an
overall mean of 11.6 (SD 1.19) for all the genetic
markers. The mean +3 standard desviation of
the percentage of cells in group 4 for the control
tissues was 15%. Thus, a tumor sample was
considered positive for a genetic alteration if the
percentage of cells in group 4 exceeded 15%. The
FISH criteria for MYCN, 11q, 1p36 and 17q alter-
ations are according to guidelines specified by the
European Neuroblastoma Quality Assessment
Group (Ambros et al., 2003, 2009). We diag-
nosed the following copy number alterations for
the different genetic markers: no alteration (the

same number of gene-specific signals and control
probe signals are equal); gain (where the number
of gene-specific signals is 1–4 times greater
than the control probe signals); loss/imbalance
(presence of at least 2 gene-specific signals and
increased control probe signals); deletion (one
signal representing a specific gene or arm with at
least 2 control probe signals); amplification (the
number of gene-specific signals is more than 4
times the control probe signals).

Immunohistochemistry Technique

A slightly modified immunohistochemical assay
as previously published (Passoni et al., 2009)
was designed to test the expression of ALK.
4 μm-thick TMA sections were incubated for
15 min in 3% hydrogen peroxide in methanol,
washed with PBS, and incubated with 20% horse
serum for 20 minutes. Subsequently, anti-ALK
mAb C26G7 rabbit monoclonal antibody (Cell
Signaling Technology, The Netherlands, dilution
1:100) was incubated for 45 minutes at 20◦C,
followed by washing and incubation with the
secondary streptavidin-conjugated antibody and
avidin-biotin for 30 minutes at 20◦C. TMA sam-
ples were washed and the expression was devel-
oped using an automated process (Autostainer,
Dako; Envision Plus, Dako). Both percentages of
positive cells as well as staining intensity were
taken into consideration for the final score in the
scoring system. A positive score was defined as
expression in at least 25% of tumor cells. The
IHC score was classified on a 4-tier system as
negative, mild, moderate and intense.

Statistical Analysis

To compare variables of interest, Fisher’s exact
test or chi-2 tests were used as appropriate.
Kaplan-Meier estimates for event-free survival
and overall survival were calculated and com-
pared by log-rank test. All analyses were per-
formed using GraphPad Prism 5 (Graph Pad
Software, Inc.).
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Prognosis-Related ALK Gene
Alterations

Genetic and Protein Expression Status
of ALK

Aberrant copy numbers of ALK gene were
observed in a total of 60 out of 92 samples
(65.3%), with amplification in 1 (1.1%), gain in
17 (18.5%), loss/imbalance in 42 (45.7%) and
no ALK alterations in the remaining 32 (34.7%)
(Figure 7.1). The solitary case of ALK amplifi-
cation revealed 25 and 30 ALK signals, whereas
the ALK gain cases displayed between 3 and 6
signals.

ALK expression was observed in only 52
cases (56.5%). However, we found that the more
ALK gene copy numbers a neuroblastoma pre-
sented, the stronger was the ALK immunoreac-
tivity (p < 0.05).

Correlation with Conventional
Prognostic Genetic Parameters

MYCN: While 83% (35 out of 42 cases) of ALK
loss/imbalance present no amplification or gain
for MYCN, this percentage decreased to 41% (14
out of 32 cases) in normo-ALK tumors and to only
11% (2 out of 18 cases) in ALK gain/amplification
cases. These results are in accordance with our
immunohistochemical data; even when positive
staining for ALK was found in no MYCN ampli-
fication cases, ALK immunoreactivity was also
strongly correlated with MYCN gene amplifica-
tion. In MYCN amplified cases (n= 30), we found
∼3.5× more ALK positive cases (n= 23) than
negative ones (n= 7) (p < 0.01) while the number
of cases with or without ALK immunoreactivity
was noticeably similar in patients without MYCN
amplification.

Chromosomal deletion/gain: From our stud-
ies, we found ∼4× more ALK gene gain cases
in 1p36 chromosome deletion cases than in non
deleted cases: 14 out 43 (33%) vs. 4 out of 49
(8%) (p < 0.05). Similar results where found
when ALK was determined by IHC: in ∼2.5×
more positive ALK immunoreactivity cases in

1p36 chromosome deletion cases than in non
deleted cases: 30 out of 43 (70%) vs. 22 out of
49 (45%) (p < 0.05). We also searched for a pos-
sible genetic link between ALK FISH alterations
and other canonical chromosomic deletions/gains
in neuroblastoma. Our screenings revealed a cor-
relation between ALK gain/amplification and gain
of 17q. We found ∼2.25× more ALK gene gain
cases in 17q gain than in non gain cases: 13 out
of 48 (27%) vs. 5 out of 43 (12%). Considering
ALK loss/imbalance, we observed a negative cor-
relation with 17q status: 15 out of 48 (31%) vs.
26 out of 43 (60%), i.e., ∼2× less cases in 17q
gain than in non-17q gain cases.

Regarding 11q status, we found no significant
correlations in the distribution of ALK aberrant
copy number and deletion of 11q. In contrast, our
IHC results showed positive ALK immunoreac-
tivity in 11 of 18 cases (62%) with 11q deletions,
and in 40 of 73 cases (55%) without deletions,
representing a significant difference (p < 0.05).

ALK Gene Alterations and Patients
Outcome

ALK gain cases where found only in neurob-
lastoma stages 3 (24%, 5 out 21), 4 (37%, 11
out of 30) and 4S (29%, 2 out of 7), whereas
ALK loss/imbalance was found in all stages, even
when this proportion decreased from 65% (24 out
of 37) in favorable stages (1, 2 & 4S) to 29% (15
out of 51) in unfavorable ones (3 & 4) (p < 0.05).
Positive ALK expression was found in all neu-
roblastoma stages with no significant differences
between negative cases in stage 1 (53% ALK pos-
itive), 2 (45% ALK positive) and 4 (53% ALK
positive). Remarkably, in stage 4S as in stage
3, positive ALK immunoreactivity was found in
71% (p < 0.05) and, although statistical differ-
ence was not significant for stage 2, this was
the only stage presenting a weaker percentage
of positive than negative ALK immunoreactiv-
ity. However, and in agreement with our FISH
results, when grouping favorable (1, 2 & 4S;
n= 37) and unfavorable (3 & 4; n= 51) stages,
we observed a significant overexpression of ALK
(p < 0.05) in the most aggressive neuroblastoma
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Fig. 7.1 Status of ALK gene diagnosed by FISH using
LAF signals as control probe. A–B ALK amplification (the
number of ALK signals is more than 4 times the LAF
signals); C–D ALK loss/imbalance (presence of at least
2 ALK signals and increased LAF signals); E–F ALK no
alterations (equal numbers of ALK signals and LAF sig-
nals); G–H ALK gain (the number of ALK signals is 1–4

times greater than the LAF signals). Commercial ALK split
FISH probe (Dako, Inc, Glostrup, Denmark) composed of
red-labeled ALK segment centromeric and green-labeled
ALK segment telomeric. Dual color MYCN FISH probes
(Kreatech Biotechnology, Amsterdam, The Netherlands)
included MYCN (2p24) (labeled red) and LAF (2q11)
control probe (labeled green)
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stages (33 out of 51) (Berthier et al., 2011;
Subramaniam et al., 2009).

Moreover, we also observed a concordance
between mortality rate and ALK gene gain or
ALK immunoreactivity, in that mortality rate is
∼2.25× greater in ALK gain cases than in normal
or loss/deleted ones (45%, 8 out of 18; 20% 15
out of 74; p < 0.05) and ∼3.5× greater in ALK
immunopositive cases than in negative ones (18
out of 52 vs. 5 out of 40, p < 0.05).

Discussion

The 2p amplicon reflects a complex genetic
organization, indicating that besides MYCN
locus, flanking and/or unrelated regions may be
involved in the aggressive biological behavior
of neuroblastomas. In addition to MYCN, other
genes such as DDX1 (Squire et al., 1995), ID2
(Lasorella et al., 2002), NAG (Kaneko et al.,
2007), SNTG2, and TPO (Lastowska et al., 2007)
have also been reported to be co-amplified in
MYCN amplified neuroblastomas. A recent addi-
tion to this list is the Anaplastic Lymphoma
Kinase (ALK) gene situated at 2p23.2. Recently,
ALK has been identified as a major predis-
posing gene as well as a potential therapeu-
tic target for neuroblastoma (Chen et al., 2008;
De Brouwer et al., 2010; George et al., 2008;
Janoueix-Lerosey et al., 2008; Passoni et al.,
2009). Thus, aberrant copy number or muta-
tions in the ALK gene and overexpression of
this tyrosine-kinase receptor have been related
to poor prognosis of the disease (De Brouwer
et al., 2010; Passoni et al., 2009). Several pathol-
ogy laboratories around the world that include
the construction of TMAs and FISH methods in
their arsenals have started to propose an agenda
of TMA-FISH approaches to tumor DNA anal-
ysis. The potential of this approach is related
to a comprehensive morphological approach to
pathology archives that consists of FISH with
commercial DNA probes (Iwasaki et al., 2009;
Machado et al., 2009; Piqueras et al., 2011;
Subramaniam et al., 2007), bacterial artificial
chromosome (BAC) probes (Sugimura et al.,
2010) or chromogenic in situ hybridization (Kato

et al., 2010), and screening with TMAs to detect
structural changes in chromosomes (copy num-
ber alterations and rearrangements) in specimens
of human solid tumors. In a recent review, this
“Fish and chips” approach is considered as one
of the smartest harvest strategies among OMICS
projects related to human cancer (Sugimura et al.,
2010). Our preliminary studies (Berthier et al.,
2011; Subramaniam et al., 2009) were the first
TMA-based interphase-FISH studies to assess the
frequency of copy number aberrations of the ALK
gene and its possible association with MYCN,
17q, 11q, and 1p36 status and prognosis factors
in archival samples of neuroblastoma.

Aberrant copy numbers of ALK were detected
in 65.3% of analyzed neuroblastomas. A straight-
forward comparison of our data with previously
published results is difficult owing to the dif-
ferent methodologies employed in assessing the
ALK genetic status, as well as to the variation
in data from cell lines versus that from clinical
samples. In our study, the number of cases with
copy number alterations was slightly higher when
compared to previous data. However, the fre-
quency of 1% of ALK amplification detected by
FISH in our primary neuroblastic tumors was low
and comparable to that of the previous reports:
1% in tumor tissues and 12% in cell lines by
southern blot analysis (Osajima-Hakomori et al.,
2005), 5% in tumor tissue by array CGH (Caren
et al., 2008), 3.3% in primary neuroblastoma
samples by SNP-based microarrays (Mosse et al.,
2008) 15% in cell line samples and in one out
of three primary tumors by array CGH (Stock
et al., 2008) and 1.7% in primary neuroblastoma
tumors by array CGH (De Brouwer et al., 2010).
In our study, the primary tumor with ALK ampli-
fication exhibited over 30 ALK signals, in contrast
to a previous report (Osajima-Hakomori et al.,
2005), in which cell lines revealed increased
copy numbers (30 copies) of ALK, as opposed
to 2–10 copies in tumor tissues. Increased fre-
quencies of ALK amplification in tumor cell lines,
a common feature reported in the above studies
can be attributed to the mechanism by which
cells with higher ALK copy numbers become
the major population during establishment of
cell lines because of their growth advantage.
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In keeping with previous studies, amplification of
ALK almost exclusively occurs in MYCN ampli-
fied tumors. The ALK gain noted in our study
(18.5%) was consistent with the partial trisomy
of 2p documented by SNP-based microarrays, in
keeping with the high occurrence reported in pre-
vious studies: 8.2% (Osajima-Hakomori et al.,
2005), 22.8% (Mosse et al., 2008), 15% (Stock
et al., 2008) and 19.3% (De Brouwer et al.,
2010). In the most recent study, only a minority
of tumors with 2p gain carried ALK mutations.
The mean number of ALK signals in our cases
with gain (3–6 signals) was higher than that
reported earlier by Osajima-Hakomori et al. (1.8–
3.0) (2005), a fact that can also be attributed to
the different methods of copy number analysis.
In addition, we also observed a loss/imbalance of
ALK gene characterized by presence of at least
2 ALK signals, but with an increased number of
control probe signals. This ALK loss/imbalance
has not been reported previously, and may be
explained by a possible chromosomal duplication
of 2q gain or the 2p23.2 region with allelic loss.

Concordant ALK and MYCN copy number
aberrations accounted for 23 (25%) of 92 neu-
roblastoma cases. Furthermore, 23 (38.3%) of
60 cases with ALK aberrant copy numbers also
revealed copy number aberrations. However,
MYCN alterations were also seen in 53% of
cases devoid of ALK aberrations. Our results
are consistent with previously published data
wherein synchronic ALK and MYCN alterations
have been reported (De Brouwer et al., 2010;
Mosse et al., 2008; Osajima-Hakomori et al.,
2005; Stock et al., 2008). The lack of ALK gain or
amplifications in over 60% of cases with MYCN
aberrations observed in our studies, as well as
the less-frequent coexistence of ALK and MYCN
alterations in some of the aforementioned stud-
ies (Osajima-Hakomori et al., 2005; Stock et al.,
2008) suggests there is no strong evidence to
support the coexistence of ALK and MYCN aber-
rations. Moreover, the ALK gene locus (2p23.2)
appears too far from the MYCN gene locus to be
within a single amplicon. Therefore, we believe
that copy number aberrations of ALK and MYCN
might have an independent function in the patho-
genesis of neuroblastomas.

ALK expression was only detected in 56.5%
of cases, compared with 91.5% in a study by
Passoni et al. (2009). Although our cohort was
slightly larger, the lower proportion may be due
to a difference in sensitivity/specificity of the
anti-ALK antibody or to the different analyti-
cal methods used in the two laboratories. So,
even if it is indubitable that ALK is expressed in
and may represent a good therapeutic approach
for neuroblastoma, it seems important to define
standard analytical procedures to avoid such dis-
crepancies. De Brouwer et al. (2010) were able to
demonstrate that copy number gain of the chro-
mosome 2 region encompassing ALK is asso-
ciated with an increased ALK expression. Our
results also reveal that ALK gene status is a good
predictor of ALK protein expression in neurob-
lastoma. Indeed, the more ALK gene is amplified,
the more the receptor is expressed. Thus, gene
status would appear to suffice for determining
protein level and vice versa.

The frequencies of 17q, 11q, and 1p36 alter-
ations derived from our study were consistent
with published data (Bown et al., 1999; De
Brouwer et al., 2010; Spieker et al., 2000; Spitz
et al., 2006). Nevertheless, an important point
revealed by our study is that deletion of the long
arm of chromosome 11 is significantly associated
with ALK immunoreactivity. Our observations
probably link putative tumor suppressor genes
located on chromosome 11q and ALK signal-
ing pathway. Moreover, as the 11q deletion is
frequently observed in high-stage tumors with
neither MYCN amplification nor deletion of chro-
mosome 1p, ALK immunoreactivity may indicate
unfavorable prognosis in such cases. However,
because of the few cases with 11q deletion of our
study, such statistical analysis was not available.

ALK immunopositivity was observed in all
neuroblastoma stages with significant difference
in stage 3 and 4S. However, when grouping
stages 1, 2 and 4S and stages 3 and 4, we observed
a significant overexpression of ALK in the most
aggressive neuroblastoma stages, in agreement
with previous studies (De Brouwer et al., 2010;
Passoni et al., 2009).

Moreover, we also observed a concor-
dance between ALK gene status, ALK
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immunoreactivity and mortality rate, such
that mortality rate is ∼4-times greater in ALK
gene gain/amplification or in ALK immunopos-
itive cases than in normal or negative ones.
Based on our data and on previous findings
(De Brouwer et al., 2010; Passoni et al., 2009),
there appears to be a clear a link between ALK
gene status/ALK protein level, neuroblastoma
aggressiveness and overall survival.

In conclusion, our studies demonstrate the
utility and reliability of TMAs in detecting ALK
gene alterations by FISH in neuroblastic tumors.
The use of a combination of these two methods is
a strategy that facilitates identification of changes
at any genomic locus in several hundred tissue
samples at once. In addition, we show that copy
number aberrations of ALK gene are associated
with an increased ALK expression which in turn
is associated with a significantly worse outcome.
Inhibiting ALK function could form part of a
future therapeutic strategy in neuroblastomas.
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Abstract
Neuroblastoma is the most common pediatric extracranial tumor, and
advanced-stage cases are highly resistant to conventional chemotherapy.
Heat-shock protein-70 (Hsp-70) is overexpressed in several human malignan-
cies, and its inhibition has been shown to kill cancer cells. We have previously
shown that triptolide, an inhibitor of Hsp-70, induces apoptotic cell death
of pancreatic tumors. In this chapter, we explore the effectiveness of trip-
tolide therapy in the treatment of neuroblastoma, both in vitro and in vivo.
Additionally, we discuss the effect of triptolide treatment on levels of Hsp-70
and markers of apoptosis in neuroblastoma cell lines. We aim to clarify the
mechanism by which triptolide induces cell death in neuroblastoma. After
exposing neuroblastoma cells to triptolide, cellular viability was assessed,
with results indicating that triptolide causes both dose- and time-dependent
cell killing. In order to ascertain whether triptolide-mediated cell death occurs
via an apoptotic pathway, caspase-3 and -9 activities as well as annexin stain-
ing were measured; these markers of apoptosis were found to be elevated,
implicating an apoptotic pathway. As triptolide is a known inhibitor of Hsp-
70, Western blot analysis and RT-PCR were performed following triptolide
treatment, resulting in decreases of both Hsp-70 protein and mRNA levels.
To clarify the cause-effect relationship, Hsp-70 was specifically silenced
in neuroblastoma cells via siRNA, and viability, caspase activity, and
phophatidylserine externalization were subsequently measured. The effects
on cellular viability and markers of apoptosis were similar to those which
are seen following triptolide therapy, supporting the hypothesis that Hsp-70
inhibition serves a key role in triptolide-mediated cell death. To examine the
effects of triptolide on neuroblastoma in vivo, an orthotopic tumor model
was developed, and, following randomization, mice in treatment and control
groups received daily injections of triptolide and vehicle, respectively. At
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21 days, mice were sacrificed, and tumors were measured. Mice receiving
triptolide therapy had significantly smaller tumors than control, with average
tumors in control mice 6 times the size of tumors in mice treated with trip-
tolide. Immunohistochemisty and Western blotting were used to characterize
Hsp-70 levels in residual tumors, and terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) was performed to identify cells undergoing
apoptosis. Hsp-70 immunohistochemistry showed greater staining in control
tumors than those from treated mice. Tumors from triptolide-receiving mice
demonstrated significant TUNEL staining, while those receiving vehicle
showed no evidence of apoptosis. In summary, treatment of neuroblastoma
with triptolide shows efficacy in decreasing cellular viability in vitro and in
inhibiting tumor growth in vivo through apoptotic pathways. Correlated drops
in levels of Hsp-70 suggest that triptolide’s effects are associated with inhi-
bition of Hsp-70 expression. Our findings suggest that triptolide may provide
a novel therapy for neuroblastoma and further studies are certainly warranted.

Keywords
Neuroblastoma • Triptolide therapy • Heat shock proteins • Apoptosis •
Toxicity • Malignancies

Introduction

Neuroblastoma is the most common pediatric
extracranial tumor, resulting in 15% of cancer-
related deaths in childhood (Shimada et al.,
1999). Advanced-stage cases are highly aggres-
sive and frequently resistant to conventional
chemotherapy, with 5-year survival rates in
the range of 30–40%. Though much research
is devoted to seeking improved outcomes for
these patients, minimal progress has been made
in improving the prognosis for patients with
advanced-stage neuroblastoma (Cotterill et al.,
2001).

Triptolide, a naturally occurring compound
with anti-inflammatory as well as anti-neoplastic
activity, has shown great promise in the future
therapy of neuroblastoma. Among several other
cellular effects, triptolide therapy is associated
with decreased expression of Heat Shock Protein
(Hsp)-70. In this chapter, we will discuss the
Hsp family of proteins and the role of heat
shock protein inhibitors in treating malignancies.
The effects of triptolide therapy in the treat-
ment of neuroblastoma will be addressed, both in
vitro and in an immunocompetent in vivo model.

Additionally, the cellular mechanisms behind
triptolide-mediated cell-killing will be explored.

Heat Shock Proteins

Heat-shock protein-70 (Hsp-70) is the 70 kD
member of the Heat Shock Protein family, a
highly conserved group of stress-response pro-
teins. Members of this family are present in
eukaryotic as well as prokaryotic cells, deriving
their name from their initial discovery follow-
ing cellular exposure to elevated temperatures.
Among other functions, these proteins associate
with denatured and unfolded proteins, conferring
protection, and, therefore, they additionally serve
within the protein superfamily of chaperones
(Kiang and Tsokos, 1998). The group of Hsp-70
proteins includes both stress-inducible and con-
stitutively expressed isoforms, ranging from 66 to
78 kD, and encoded by at least 11 distinct genes
in humans (Multhoff et al., 1995; Tavaria et al.,
1996). Earlier studies from our laboratory have
demonstrated the critical role of inducible Hsp-70
in cellular protection under stress (Bhagat et al.,
2000, 2002).
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Hsp-70 is overexpressed in several human
malignancies, and its inhibition has been shown
to kill cancer cells. Our prior research has shown
that Hsp-70 is upregulated in pancreatic cancer
cells, and that inhibition of its expression results
in apoptotic cell death (Aghdassi et al., 2007).
We have also found that triptolide, a diterpene
triepoxide from the Chinese plant Trypterygium
wilfordii, is a potent inhibitor of Hsp-70 and capa-
ble of killing cancer cells. This compound has
been employed as a natural remedy in Eastern
medicine for hundreds of years, particularly in
the treatment of autoimmune and inflammatory
disorders, such as rheumatoid arthritis. We have
shown that triptolide induces apoptotic cell death
of pancreatic tumors via inhibition of Hsp-70
(Phillips et al., 2007). Further, triptolide has
established efficacy in inhibition of proliferation
of a number of additional malignancies, including
cholangiocarcinoma, gastric cancer, genitoruri-
nary malignancies, melanoma, breast cancer, and
leukemia (Clawson et al., 2010; Lu et al., 1992;
Tengchaisri et al., 1998; Yang et al., 2003).
Published work in the field of neuroblastoma
has revealed elevated levels of Hsp-70 in those
tumors that are more poorly differentiated and as
well as those that are associated with metastatic
lymphatic spread (Zanini et al., 2008).

Geldanamycin, an inhibitor of Heat-shock
protein-90 (Hsp-90), has been shown to increase
apoptosis of neuroblastoma cells in vitro (Kim
et al., 2003; Shen et al., 2007), and treatment
with the ansamycin Hsp-90 inhibitors 17-AAG
and EC-5 results in inhibition of neuroblastoma
growth in vivo (Kang et al., 2006). While heat
shock protein inhibition has been explored to
some extent in the treatment of neuroblastoma,
our contemporary work specifically addressing
Hsp-70 inhibition represents a novel and excit-
ing approach to management of this persistently
lethal pediatric malignancy.

Effects of Triptolide In Vitro

It has been demonstrated through our earlier stud-
ies that triptolide inhibits Hsp-70 mRNA and
protein expression in pancreatic cancer, inducing

responses with mere nanomolar doses. Moreover,
therapy with triptolide results in both time- and
dose-dependent decreases in cellular viability of
pancreatic malignancies (Phillips et al., 2007).
We have also shown that triptolide has broad effi-
cacy in a number of other malignancies, ranging
from cholangiocarcinoma to non-small cell lung
cancer (Clawson et al., 2010; D’Cunha et al.,
2011). In our experience with neuroblastoma, we
sought to examine whether it would uphold the
same findings.

Viability

In order to determine the effect of triptolide ther-
apy on neuroblastoma cell viability, two different
cell lines (N2a and SKNSH) were treated with a
range of triptolide concentrations. Cellular via-
bility was measured at varying time points and
compared to control cells, which were subject to
the same conditions in the absence of triptolide.
Triptolide treatment resulted in dose- and time-
dependent cell killing in N2a, with more than
50% of cells killed with 62.5 nM triptolide at
24 h and nearly 85% of cells killed with 250
nM triptolide at 48 h. Treatment with triptolide
was also associated with dose-dependent killing
of SKNSH, with greater than 75% of cells killed
with 250 nM triptolide at both 24 and 48 h
(Fig. 8.1a) (Antonoff et al., 2009).

Markers of Apoptosis

We have previously shown that triptolide acti-
vates caspase-3 and -9, thus inducing the apop-
totic cascade as demonstrated by positivity
for apoptotic markers annexin-V and TUNEL
(Phillips et al., 2007). We hypothesized that trip-
tolide would similarly cause neuroblastoma cell
death via the same pathway. To confirm this
hypothesis, neuroblastoma cells were exposed to
triptolide at varying doses, and caspase-3 and -9
activities were measured at multiple time points
and compared to controls. Triptolide treatment
was associated with dose- and time-dependent
increases in both caspase-3 and -9 activity levels,
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Fig. 8.1 Effect of triptolide on neuroblastoma cells in
vitro. a Triptolide therapy resulted in both time- and
dose-dependent decreases in cellular viability for the N2a
(murine) and SKNSH (human) cell lines. b Exposure to
triptolide was associated with dose- and time-dependent

elevations in markers of apoptosis, including caspase-3
and -9 activity levels. c Treatment with triptolide caused
dose-dependent decreases in levels of Hsp-70 protein.
(Antonoff et al., 2009)

suggesting that triptolide-mediated cell death
occurs via the induction of apoptosis (Fig. 8.1b)
(Antonoff et al., 2009). As another marker of
apoptosis, phophatidylserine externalization was
measured via annexin-V staining, which demon-
strated a dose-dependent increase in triptolide-
treated cells, further supporting the notion that
triptolide causes neuroblastoma cell death via
apoptosis.

Heat Shock Protein Levels

In our past experiences, we have found that
triptolide causes drops in levels of Hsp-70 in
malignant cells (Phillips et al., 2007). To deter-
mine if triptolide-mediated cell-killing in neu-
roblastoma is also associated with inhibition of
Hsp-70 expression, Hsp-70 protein and mRNA
levels were measured in neuroblastoma cells

treated with triptolide and compared to untreated
cells. Western blot analysis demonstrated a dose-
dependent decrease in expression of Hsp-70 in
triptolide-treated cells of N2a and SKNSH cell
lines (Fig. 8.1c). RT-PCR was used to assess
Hsp-70 mRNA levels, which were also found to
decrease in response to triptolide therapy in a
dose-dependent fashion (Antonoff et al., 2009).
This is consistent with our findings in pancreatic
cancer, cholangiocarcinoma, and non-small cell
lung cancer (Clawson et al., 2010; D’Cunha et al.,
2011; Phillips et al., 2007).

Impact of Heat Shock Protein Silencing

Having established the association of triptolide-
mediated apoptotic cell death with decreased
expression of Hsp-70, we hypothesized a
causative relationship between these two
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findings. As a proof of principle, therefore,
we transfected neuroblastoma cells with Hsp-
70-specific siRNA in order to observe the
subsequent effects on cellular viability and
markers of apoptosis. To show that our siRNA
treatment effectively suppressed expression of
Hsp-70, Western blot analysis was conducted
72 h after transfection. This showed near total
suppression of Hsp-70 expression, with beta-
actin used as a control for protein loading. In
order to demonstrate the cytotoxic effect of Hsp-
70 suppression, cellular viability was measured
following transfection with Hsp-70 siRNA. Two
different Hsp-70 siRNA sequences were used
to rule out any off-target effects. We found that
impaired expression of Hsp-70 resulted in cell
killing in a time- and dose-dependent fashion.
Treatment with Hsp-70-specific siRNA with
both siRNA sequences resulted in cell killing in
greater than one-half of neuroblastoma cells at
96 h (Antonoff et al., 2010).

To further show that inhibition or suppres-
sion of Hsp-70 results in cell death via apop-
tosis, caspase-3 activity and phosphatidylserine
externalization were measured following treat-
ment with Hsp-70 siRNA. We found that use
of two different Hsp-70 siRNA sequences each
resulted in significant augmentation of caspase-3
activity at 96 h, with elevation in activity lev-
els to >1,200% of control. As a marker of early
apoptosis, flow cytometry for annexin-V staining
was measured, showing elevation to levels nearly
300% of control. Baseline levels of apoptosis in
the control cells were found to be approximately
4%. Though triptolide is known to have a num-
ber of additional effects, these data support our
hypothesis that the inhibition of Hsp-70 expres-
sion serves as a fundamental step in the apoptotic
neuroblastoma cell death triggered by triptolide
therapy.

Effects of Triptolide In Vivo

Tumor Growth

As described by Phillips et al. in 2007, treatment
with triptolide for 60 days in an orthotopic model
of pancreatic cancer drastically reduced the

growth of tumor in the treatment group as com-
pared with the control group. To assess the effect
of triptolide upon neuroblastoma growth in vivo,
an orthotopic, syngeneic neuroblastoma model
was developed by replicating a technique previ-
ously described by our Department (Banton et al.,
2007). In order to verify the reliability of tumor
development and uniformity of tumor growth in
our present murine model, 35 mice were inocu-
lated with tumor and sacrificed at 2 and 3 weeks
post-inoculation. Tumors developed in 97% of
mice (34/35), with a direct, reproducible relation-
ship between duration of inoculation and tumor
mass as well as volume (Antonoff et al., 2009).
Following confirmation of the tumor model,
experimental studies were conducted. Mice
received 21 days of intraperitoneal injections
with triptolide (0.4 mg/kg) or vehicle (DMSO).
The in vivo dosing strategy was based on our
intention to treat with the most efficacious dose
while avoiding toxic side effects. While previous
data from our laboratory demonstrated efficacy of
0.2 mg/kg in nude mice with pancreatic cancer,
preliminary in vivo trials with this neuroblastoma
model revealed greater results with 0.4 mg/kg.
This dose was felt to be safe, as it is less than one-
half of the known LD50 of intraperitoneal trip-
tolide in mice (0.86 mg/kg) (Zhou et al., 2005).
On Day 21, remaining mice were sacrificed and
necropsy was performed. Mice receiving trip-
tolide therapy had significantly smaller tumors
than control (Antonoff et al., 2009). The mean
tumor volume of the triptolide-treated mice was
0.33 ± 0.11 cm3, vs 1.99 ± 0.54 in controls, p <
0.01. The mean tumor mass for triptolide-treated
mice was 0.35 ± 0.12 g compared to 1.84 ±
0.53 in controls, p < 0.01 (Fig. 8.2). These data
demonstrate inhibition of neuroblastoma tumor
growth in vivo with triptolide therapy.

Survival

While our studies thus far have not been designed
to measure survival, it has been noted that at
completion of the study described above, 46% of
control mice were surviving, compared to 91%
of those receiving triptolide. Though this finding
did not reach statistical significance, it is highly
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Fig. 8.2 In vivo tumors. In our syngeneic, orthotopic murine model of neuroblastoma, daily treatment with tritptolide
significantly inhibited tumor growth compared to controls at Day 21. (Antonoff et al., 2009)

interesting, and we are hopeful that future studies
of greater statistical power will show a survival
advantage through Kaplan-Meier analysis.

Toxicity

At the time of sacrifice, blood samples were aspi-
rated from the right atria of both control and
treated mice. These samples were analyzed with

comprehensive metabolic screens, particularly
looking for abnormalities that may indicate
renal or hepatotoxicity. Mice receiving triptolide
demonstrated a mild elevation of ALT, with an
average result of 98 (±14) U/l, compared to 30
(±3.3) U/l in the control group. This was the
only statistically significant difference between
the two groups, with no other evidence of hep-
atotoxicity in review of clinical and laboratory
data.
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Heat Shock Proteins and Markers
of Apoptosis In Vivo

Immunohistochemistry for Hsp-70 resulted in
considerable staining of tumor tissues from con-
trol mice. Minimal staining was evident in the
tumors from mice treated with triptolide, with
an obvious decrease in staining apparent in
comparison to the control tumors (Fig. 8.3b).
Examination of negative controls for each sam-
ple confirmed the absence of any Hsp-70 stain-
ing. Additionally, protein was extracted from
tumor tissues from mice in both groups, and
Western blotting for Hsp-70 was performed, also
demonstrating a marked decrease in Hsp-70 lev-
els in residual tumors from those mice treated
with triptolide compared to mice in the con-
trol group (Fig. 8.3a). These results substantiate
the notion that triptolide decreases expression of
Hsp-70, and specifically clarify that Hsp-70 lev-
els are reduced in residual neuroblastoma tumor

tissues from mice that have been treated with
triptolide.

Furthermore, tumors from mice receiving trip-
tolide demonstrated marked staining with the
TUNEL assay, indicating in situ apoptosis in the
residual tumor tissues (Fig. 8.3c). Tumor sam-
ples from mice receiving vehicle failed to stain
with this assay, therefore showing no evidence of
apoptosis. Examination of negative controls for
each sample revealed absence of TUNEL stain-
ing. The results of these TUNEL assays further
confirmed that neuroblastoma tumor cells in our
in vivo model were killed by triptolide via an
apoptotic pathway. In sum, our findings clearly
show that neuroblastoma tumors in mice receiv-
ing triptolide are not only significantly smaller
than those of the mice receiving vehicle; in addi-
tion, these tumors demonstrate inhibited expres-
sion of Hsp-70 and consequently undergo active
apoptosis.

Fig. 8.3 Heat shock proteins and apoptosis in resid-
ual tumors. a Measurements of Hsp-70 levels in resid-
ual tumors of mice treated with triptolide demon-
strated a marked decrease in levels of this protein
compared to tumors from mice in the control group;
b Immunohistochemistry similarly showed that residual

tumors from mice treated with triptolide showed less
staining for Hsp-70 compared to controls; c Tumors from
mice treated with triptolide stained prominently with the
TUNEL assay, indicating a high level of in situ apoptosis
in the tumor tissue. (Antonoff et al., 2010)
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Safety Profile of Triptolide

In developing pharmaceutical therapies for pedi-
atric malignancies, evaluation of potential drug
toxicities is highly important. Triptolide has been
used extensively in both Eastern and Western
medicine as an anti-immune agent, and some
authors have documented toxic side effects.
While we have not found any significant toxici-
ties in our murine neuroblastoma model, we are
aware of indeterminate findings in the literature.
In one study, rats receiving oral triptolide at
1.2–2.4 mg/kg developed mild dose-dependent
tic and somnolence (Shao et al., 2007). Histologic
evaluation of tissues from these rats also demon-
strated dose-dependent cardiac muscle necrosis,
hepatocyte degeneration, splenic capsular necro-
sis, pulmonary abscess formation, and renal tubu-
lar edema (Shao et al., 2007). Importantly, the
authors reported no toxic effects in rats receiving
triptolide at 0.6 mg/kg, a dose 1.5 times the con-
centration that we used to treat neuroblastoma.
While we do not take reports of toxicity lightly,
it is difficult to extrapolate data obtained in
tumor-free rats receiving high-dose triptolide for
immunosuppression to our target patient popula-
tion. Previous studies from our laboratory have
shown no evidence of toxicity in mice with pan-
creatic cancer treated with daily intraperitoneal
triptolide at 0.2 mg/kg (Phillips et al., 2007).
Other authors have treated nude mice with ovar-
ian cancer with triptolide at a dose of 0.5 mg/kg,
also with no findings of toxicity (Westfall et al.,
2008). In our laboratory, we are currently in the
process of initiating clinical trials for use of trip-
tolide in adult patients with pancreatic cancer.
Development of triptolide analogs, with toxicity
profiles that may potentially differ from that of
triptolide, have been quite successful and con-
tinue. Further studies with longer duration of
therapy and an emphasized focus on toxicity
are clearly warranted prior to translation in the
pediatric neuroblastoma population.

Mechanism/Targets

In our work, we have shown that triptolide
therapy is effective in decreasing neuroblastoma
cell viability in vitro, as well as inhibiting tumor
growth in vivo. Increases in caspase activation
and annexin staining suggest that cells died via
apoptosis. These data concur with previously
published literature establishing the association
of triptolide treatment with elevated markers
of apoptosis (Carter et al., 2006; Choi et al.,
2003; Liu et al., 2004; Phillips et al., 2007;
Wang et al., 2006). We consistently demonstrate
dose-responsive increases in both caspase-3 and
caspase-9 activities, implicating the intrinsic, or
“mitochondrial” pathway of caspase activation.
This finding is in agreement with early work
with triptolide published by our group and others
(Carter et al., 2006; Phillips et al., 2007). It should
be noted, however, that recent studies in other
malignancies have demonstrated dual mecha-
nisms of triptolide-mediated cell death, via both
apoptotic and authophagic pathways (Mujumdar
et al., 2010). Investigation into the possibility of
triptolide-mediated autophagy in neuroblastoma
may provide further information in the future.

At this time, we know that exposure to trip-
tolide results in significant neuroblastoma apop-
totic cell death involving induction of the caspase
cascade. This has significant clinical implica-
tions, as neuroblastoma is thought to result from
failure of embryonal precursors to undergo pro-
grammed cell death (van Golen et al., 2000),
and it is believed that altered cellular responses
to apoptosis may be involved in the drug resis-
tance seen in more aggressive neuroblastoma
tumors (Teitz et al., 2001). Previous studies have
demonstrated silencing of caspase expression
in poor-prognosis neuroblastomas, contributing
to their chemoresistance (Teitz et al., 2000).
Consequently, treatment with triptolide to induce
apoptotic cell death via the caspase cascade may
be of significant benefit to patients with tumors
associated with unfavorable outcomes.

As a major, stress-inducible protein, Hsp-
70 confers cellular protection, and has been
shown to augment cellular resistance to some
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chemotherapeutic regimens (Karlseder et al.,
1996; Samali and Cotter, 1996). Treatment with
bortezomib has been shown to induce Hsp-70
expression in multiple human neuroblastoma cell
lines, presumably diminishing the potential effi-
cacy of this treatment regimen (Combaret et al.,
2008). IHC for Hsp-70 on neuroblastoma biopsy
specimens revealed greater staining for poorly
differentiated tumors and those associated with
lymphatic metastases (Zanini et al., 2008). In the
studies described herein, the demonstrable drop
in Hsp-70 protein and mRNA levels with trip-
tolide treatment suggests that the drug’s effects
are associated with inhibition of Hsp-70 expres-
sion. The exact mechanism by which triptolide
affects the regulation of Hsp-70 is not well-
known, though ongoing work continues in our
laboratory in order to clarify the answer to this
question.

Transcription of the Hsp family of proteins
is regulated by the binding of heat shock tran-
scription factors to heat shock element (HSE)
promoter sites. It has been suggested that the
inihibitory mechanism of triptolide on Hsp-70
transcription may be attributed to inhibition of
the activation of Heat Shock Factor 1 (HSF-
1) or of its interaction with HSEs (Phillips
et al., 2007). Quercetin, a flavenoid known to
inhibit transcription of HSF-1, has been shown
to cause an antiproliferative effect in neuroblas-
toma, while increasing sensitivity to doxorubicin
(Zanini et al., 2007). Hsp-90 inhibition results in
apoptosis in neuroblastoma cell lines with greater
than additive effects in combination with tra-
ditional chemotherapy (Kim et al., 2003; Shen
et al., 2007). The effects of inhibiting expres-
sion of Hsp-70 in neuroblastoma have not been
previously reported.

Though our data are highly suggestive that
triptolide kills neuroblastoma cells through inhi-
bition of Hsp-70 expression, we recognize that
this phytochemical has numerous physiologic
effects. While we cannot state with certainty that
Hsp-70 inhibition is the sole mechanism through
which triptolide results in neuroblastoma apop-
totic cell death, we believe that it is one of the key
mechanisms. Triptolide displays potent inhibition
of Hsp-70 transcription, significantly decreasing

Hsp-70 mRNA and protein, in two neuroblastoma
cell lines, as well as in multiple pancreatic cancer
and colon cancer cell lines (Phillips et al., 2007).
The induction of apoptosis seen following treat-
ment with triptolide corresponds with Hsp-70
inhibition, and previous work from our labora-
tory has shown a similar pattern of malignant
cell death with use of Hsp-70 siRNA (Aghdassi
et al., 2007). Previous studies from our laboratory
have also shown that triptolide has minimal effect
on normal, benign cells, neither inhibiting Hsp-
70 expression nor resulting in cell death (Phillips
et al., 2007). This can be attributed to the overex-
pression of Hsp-70 in malignant cells compared
to benign cells, as there is abundant literature to
show that elevation in Hsp-70 levels is tumori-
genic. Preliminary studies with explanted neurob-
lastoma tumor tissue reveal that treated tumors,
compared to controls, display decreased levels of
Hsp-70 protein on IHC, as well as elevated levels
of TUNEL for measurement of in situ apoptosis.
For all of these reasons, we feel that a sig-
nificant component of neuroblastoma cell death
resulting from treatment with triptolide occurs
via inhibition of Hsp-70 expression.

Our findings indicate that Hsp-70 inhibition
serves as a key mechanism for triptolide-
mediated cell death. Studies directed at clarify-
ing the cellular pathways through which Hsp-70
inhibition causes apoptosis in cancer cells have
identified two simultaneous and independent
mechanisms (Dudeja et al., 2009). Inhibition
of Hsp-70 has been shown to increase intra-
cellular Ca2+ levels, leading to apoptotic cell
death. Additionally, blocking expression of Hsp-
70 results in increased cytosolic cathepsin B
activity, suggesting loss of lysosomal integrity.
Pretreating cancer cells with an intracellular cal-
cium chelator or an inhibitor of cathepsin B
each independently provided protection from cell
death in the face of Hsp-70 inhibition. These find-
ings support the importance of both pathways;
further, these studies provide evidence that these
pathways have additive effects independent of
each other. Finally, loss of Hsp-70’s chaperone
activities may represent a third possible mecha-
nism through which Hsp-70 inhibition results in
apoptotic cell death in cancer cells.
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We have shown that Hsp-70 inhibition plays
an important role in neuroblastoma therapy with
triptolide, and we have data which support
at least two cellular pathways through which
Hsp-70 inhibition with triptolide may cause
neuroblastoma cell death. However, the poten-
tial exists that decreased expression of Hsp-
70 in triptolide-treated cells is a downstream
consequence, rather than the inciting mecha-
nism through which triptolide takes effect. It
is feasible that triptolide-mediated cell killing
occurs via alternative cellular mechanisms, which
may include interference with the NF-κB path-
way or inhibition of the activities of members of
the Inhibitor of Apoptosis Protein (IAP) family.

Nuclear factor κB is a transcription factor that
consists of 5 different subunits that associate to
form dimers. When inactive NFκB exists in cyto-
plasm, it is complexed with the inhibitor protein
IκB-α. NFκB can be activated by a number of
different signals. In the typical pathway of activa-
tion, an inciting signal leads to the phosphoryla-
tion of the inhibitory IκB subunit, stimulating its
degradation and release of the NFκB active sub-
unit, which, once free, translocates to the nucleus
and asserts its action. Historically, NFκB has
been shown to play a major role in the regula-
tion of inflammation. Recent studies have shown
that the NFκB pathway may additionally play a
role in cancer by influencing multiple pathways,
including cell survival, cell proliferation, angio-
genesis, and metastasis, which are all believed to
be at the core of oncogenesis (Holcomb et al.,
2008). NFκB appears to promote growth and
tumorigenesis in several malignancies, including
leukemia, melanoma, and cancers of the breast
and prostate. In addition to its influence on tumor
growth, there exists considerable evidence that
NFκB inhibits apoptosis and thus promotes tumor
survival. NFκB has been demonstrated to mod-
ulate the production of multiple anti-apoptotic
proteins which prevent programmed cell death.
Recent studies have suggested that NFκB may
play a role in the pathogenesis of neuroblastoma
(Ammann et al., 2009; Aravindan et al., 2008;
Freudlsperger et al., 2008; Gao et al., 2007).

In addition to its effects on Hsp-70, trip-
tolide has been demonstrated to inhibit NFκB in

malignant cells, thereby potentially contributing
to its anti-cancer effects. Preliminary data suggest
that triptolide inhibits NFκB transcriptional activ-
ity in neuroblastoma cells. Following exposure
to triptolide, activity in N2a cells was measured
by reporter assay using NFκB RE-luciferase con-
struct with subsequent quantification of luciferase
activity via luminometer. We found that ther-
apy with triptolide markedly inhibits the NFκB
pathway in neuroblastoma (unpublished data).
Based on this exciting preliminary data, we have
hypothesized that inhibition of NFκB serves as
an additional mechanism by which triptolide
induces apoptosis in neuroblastoma. Future stud-
ies delving into this possible mechanism are
warranted.

In conclusion, ample literature demonstrates
the efficacy triptolide in a number of malignan-
cies. Our findings suggest that triptolide may
provide a novel therapy for neuroblastoma, par-
ticularly for patients with advanced-stage disease
and high likelihood of resistance to traditional
chemotherapies. Specific applications may be
most important as a part of multi-drug regimens
or as adjuvant therapy following gross tumor
resection. Translation to human patients is clearly
warranted, and such studies are anticipated in
the future, with Phase I trials of triptolide in
pancreatic cancer already in the planning phases.
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9Neuroblastoma: Ornithine
Decarboxylase and Polyamines
are Novel Targets for Therapeutic
Intervention
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Abstract
Neuroblastoma (NB) is a highly malignant solid tumor in children that
is responsible for more than 15% of all paediatric cancer-related deaths.
Currently there is no effective cure for high-risk NB, and the survival rate
of relapsed/refractory patients is very low. MYCN gene amplification in NB
is associated with advanced stage disease, rapid tumor progression, poor
prognosis, and resistance to therapy. Ornithine decarboxylase (ODC) is a
rate-limiting enzyme that controls the biosynthesis of polyamines and both
ODC and polyamine levels are often elevated in cancer. Since ODC is a tran-
scriptional target of MYCN, the polyamine pathway presents an attractive
target for therapeutic intervention in NB. The compelling preclinical effec-
tiveness of the ODC inhibitor α-difluoromethylornithine (DFMO) combined
with its high safety profile has provided the rationale to advance this drug to
the clinic and a FDA-approved Phase I NB clinical trial with DFMO alone
and combined with etoposide is currently underway. Given the current lack
of effective therapies, the identification of novel and innovative combination
therapies is paramount in the endeavour to combat this aggressive paediatric
malignancy.
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Introduction

Neuroblastoma (NB) is a tumor of the auto-
nomous nervous system originating from
autonomous ganglia and the adrenal medulla
in the chest and abdomen. After leukemia and
cerebral tumors, NB is the third most frequent
malignant tumor of childhood. NB is classified
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Fig. 9.1 The paediatric cancer neuroblastoma. Neuro-
blastoma (NB) is a childhood tumor that arises within
the peripheral nervous system. Despite aggressive ther-
apy, the survival rate of relapsed NB patients remains
extremely low, and innovative therapeutic approaches are
urgently needed. The MYCN-regulated ornithine decar-
boxylase (ODC) is a rate-limiting enzyme of polyamine
biosynthesis. Since polyamine homeostasis is deregu-
lated in NB, ODC provides a potential drug target. The
I-123 metaiodobenzylguanidine (MIBG) – single photon
emission computed tomography (SPECT) images show

patients with relapsed, metastatic NB tumors to liver,
spine, and chest. Twenty-four hours after the IV injec-
tion of 4.5 mCi I-123, MIBG whole body images, and
SPECT images of the body from the eyes to the thighs
were obtained. An attenuation CT scan was performed of
these areas, and fused SPECT-CT images were then cre-
ated in 3 planes. Images provided by Dr. Giselle Sholler
and adapted from front cover of the International Journal
of Cancer, May 1, 2010 issue, see related article by Geerts
et al. (2010)

as a rare disease listed by the Office of Rare
Diseases of the National Institutes of Health
(NIH). The prevalence is approximately one in
7,000 with an incidence of approximately 700
new cases in the United States each year, and
so accounts for approximately 8% of childhood
cancers (Cohn et al., 2009; Maris, 2010; Modak
and Cheung, 2010).

Whereas infants with NB have a survival
rate of 90% with observation or surgery alone,
there is a <30% survival rate in patients older
than 18 months at diagnosis, with advanced
stage disease and/or disease characterized by
MYCN gene amplification, despite aggressive
multimodal therapies (Cohn et al., 2009; Maris,
2010; Modak and Cheung, 2010). Over the last
30 years, therapeutic progress has resulted in an
increase in 5-year relative survival rate from 25
to 55%. However, over the past decade, only
modest improvement in the survival rate of high-
risk NB patients has been made. As such, NB
accounts for 15% of all paediatric cancer deaths
in the United States (Cohn et al., 2009; Maris,
2010; Modak and Cheung, 2010). Children with

advanced disease usually present at both diag-
nosis and relapse with widespread metastases
to liver, bone, lymph nodes, and bone marrow
(Fig. 9.1). Rarely there is also metastatic spread
to lungs and brain. A study by the Children’s
Cancer Group (CCG) evaluated metastatic sites
in 567 patients with high stage 4 NB diag-
nosed between 1989 and 1996 revealed that only
0.7% and 2.2% of the patients had CNS involve-
ment at diagnosis and at recurrence, respectively.
Recent advances in the treatment of relapsed NB
prolonging survival of children with metastatic
NB has resulted in increased frequency of CNS
metastases (Kramer et al., 2001). Medications for
this disease which cross the blood-brain barrier
are now needed.

Current therapy for these children is very
intensive and includes chemotherapy, surgery,
radiation, high dose chemotherapy with bone
marrow transplantation, and retinoic acid ther-
apy (Modak and Cheung, 2010). In addition,
immunotherapy has been added, for instance
using humanized monoclonal antibody to the
GD2 glycolipid antigen that is specifically and
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heavily expressed by NB cells (Navid et al.,
2009). Children with relapsed NB have a less
than 5% survival rate. For these children current
standard-of-care treatments include Phase I
or Phase II studies that generally have only
modest response rates (10–35%) (Modak and
Cheung, 2010).

Recent evidence has established the genetic
heterogeneity of the disease revealing the exis-
tence of several major molecular subsets that col-
lectively may provide prognostic value for future
disease management (Cohn et al., 2009; Maris,
2010; Modak and Cheung, 2010). Genetic factors
predict the overall survival and disease free sur-
vival. These include ploidy, MYCN amplification,
chromosome 1p loss, chromosome 17q gain, and
loss of chromosome 11q. DNA ploidy and MYCN
gene copy-number (at both the locus and at chro-
mosome 11q) were found to be the most highly
related to survival. The pooled hazard ratio for a
bad outcome (measured by overall survival) for
MYCN amplification was 5.48 (95% confidence
interval, 4.30–6.97) and for DNA near-diploidy
was 3.23 (95% confidence interval, 2.08–5.00).
To reinforce the significance of these two genetic
markers in NB, the current and newly revised
International Neuroblastoma Risk Group (INRG)
classification system includes DNA ploidy and
copy-number status at the MYCN gene locus and
at chromosome 11q as prognostic factors (Maris,
2010). In view of the poor prognosis for older NB
patients and the need for new treatment strate-
gies, the identification of specific biologic subsets
of NB should suggest ways to improve disease
management using targeted therapies.

Polyamine Biosynthesis and Function

Polyamines have been identified over three cen-
turies ago in 1678 by Antonie van Leeuwenhoek
after isolating crystals from human seminal fluid.
Ever since that time, polyamines have been of
interest to the scientific community, but only
in 1917 undisputed proof for the existence of
polyamines in eukaryotic cells was provided by
chemist Mary Tebb Rosenheim. In 1924, the
crystal structure was elucidated, followed by

chemical synthesis in 1926 (discussed in Wallace
et al., 2003).

Polyamines are organic cations, which engage
in electrostatic interactions with negatively
charged macromolecules such as nucleic acids
and acidic membrane phospholipids (Wallace
et al., 2003). Nucleic acid processes like tran-
scription and translation absolutely require multi-
valent cations, such as the polyamines (Bachrach,
2005; Wallace et al., 2003). Nuclear polyamines
are thereby necessary to (a) induce chromatin
condensation, (b) preserve the nucleosomal sta-
bility by preventing DNA unwinding, (c) main-
tain the fidelity of replication, repair, and tran-
scription, and (d) promote cell proliferation
(Gerner and Meyskens, 2004; Pegg, 2009a;
Wallace et al., 2003). In addition to the direct
impact on nuclear events, polyamines also initiate
translation by covalent modification of eIF-5A
and affect the regulation of protein synthesis, cell
development, and blood clotting. Remarkably,
ornithine decarboxylase (ODC) activity and
elevated polyamine levels are also associated
with a number of mental disorders includ-
ing schizophrenia, anxiety, mood disorders, and
Alzheimer’s disease (Fiori and Turecki, 2008).

ODC is a rate-limiting enzyme of polyamine
biosynthesis, catalyzing the conversion of
L-ornithine to the diamine putrescine (Put),
which is the basic building block of the higher
order polyamines, such as spermidine (Spd)
and spermine (Spm). Spd and Spm are anab-
olized by the Spd (SRM) and Spm (SMS)
synthases, through the sequential transfer of
aminopropyl groups to Put and Spd, respectively
(Pegg, 2009a; Wallace et al., 2003) (Fig. 9.2a).
The aminopropyl group is donated by decar-
boxylated S-adenosylmethionine (dcAdoMet),
which is converted from S-adenosylmethionine
(AdoMet) by S-adenosylmethionine decarboxy-
lase (AdoMetDC, also referred to as SAMDC or
AMD1) (Pegg, 2009b). In this fashion, ODC and
AdoMetDC are two critical enzymes supplying
the cellular polyamine pool. Therefore not sur-
prisingly, ODC expression levels are elevated in
several different cancer types compared to their
normal tissue (Casero and Marton, 2007; Gerner
and Meyskens, 2004) (Fig. 9.3a). Remarkably,
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Fig. 9.2 Polyamine biosynthesis and pathway inhibition
in neuroblastoma. a Diagram of the polyamine biosyn-
thetic pathway and associated amino acids of the urea
cycle showing key enzymes ODC and AdoMetDC and
two specific inhibitors, DFMO and SAM486A, respec-
tively. ODC gene expression is activated by transcription
factor MYCN, a key prognostic marker in neuroblastoma
(NB). Abbreviations are: AdoMet, S-adenosylmethionine;
AdoMetDC, S-adenosylmethionine decarboxylase; AS,
argininosuccinate; DFMO, α-difluoromethylornithine
(also known as Eflornithine); MYCN, neuronal MYC
transcription factor, ODC, ornithine decarboxylase;

SAM486A, 4-amidinoindan-1-one 2′-amidinohydrazone
(also known as CGP48664). b Effect of 5 mM DFMO
on the proliferation of MYCN-amplified human NB
tumor-derived cancer cells (LAN-1). Cells were treated
without or with indicated polyamine inhibitors DFMO or
SAM486A for 3 days. Micrographs were taken using an
inverted phase contrast microscope (Nikon). Proliferation
of LAN-1 cells was inhibited drastically and caused
significant morphological changes after only 3 days of
treatment. Diagram (a) and (b) adapted from Bachmann
(2004), and modified. See also related article by Wallick
et al. (2005)

in NB, ODC expression is not just higher than
in comparable normal tissue, the adrenal gland,
but also higher than in fetal neuroblasts, suggest-
ing ODC over-expression is a post-embryonic,
oncogenic event (Geerts et al., 2010) (Fig. 9.3b).

ODC activity is regulated on several different
levels. In addition to its transcriptional regula-
tion by MYC genes, ODC is also regulated at
the translational level (Pegg, 2009a). The activ-
ity of ODC protein is further dependent on the
presence or absence of several ODC-binding
proteins: Antizyme (AZ) is a negative regulator

of cellular polyamine content; it binds to the ODC
monomer, and thereby inhibits ODC activity and
enhances ubiquitin-independent ODC degrada-
tion by the 26S proteasome (Mangold, 2005). In
addition, AZ promotes polyamine excretion and
suppresses polyamine uptake. These biochemi-
cal activities have been well characterized in the
most-studied AZ, OAZ1. Newer members of the
AZ family (OAZ2 and OAZ3) are also able to
bind and inhibit ODC and suppress polyamine
uptake, but OAZ1 stimulates ODC degradation
most effectively. The mRNA expression level of
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Fig. 9.3 ODC expression in neuroblastoma and other
tumors and normal tissues. a ODC Affymetrix expres-
sion profiling in three sets of expression data in the public
domain: a set of 41 different human tumor types (EXPO,
1,908 samples total), a set of 65 different normal human
tissue types (Roth, 353 samples total), normal adrenal
gland tissue (13 samples), and a new set of neuroblas-
toma (NB) tumors (88 samples). Average ODC expression
was: EXPO 1,215 ± 25, Roth 436 ± 17, normal adrenal
gland 313 ± 26, NB set 1,828 ± 159 (for comparison:
GAPDH expression is 6,000–9,000). Set annotation is
below the graph. NB tumors are shown in purple, other
tumors in red, normal adrenal gland in blue and normal

tissues (Roth) in green. NB tumors and normal adrenal
gland are annotated in red, italics, boldface font. For rea-
sons of representation, only Roth sets containing 4 or more
samples are shown, the results remain similar to an analy-
sis of the complete Roth set. b ODC expression in adrenal
tissue and NB. ODC expression in two sets of adrenal
gland tissue from (1) was compared with ODC expres-
sion in the NB88 set. ODC expression values were 678
± 34 (adrenal cortex), 590 ± 94 (fetal neuroblast), 1,374
± 276 (NB Tumors ST123), 2,428 ± 211 (NB high stage
Tumors ST4), and 1,191 ± 148 (NB Tumors ST4S) ST:
Stage. Data adapted from Geerts et al. (2010)
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OAZ2 is generally much lower than that of OAZ1,
and OAZ3 expression is limited to the testis
(Mangold, 2005). Transgenic mice with targeted
over-expression of OAZ1 exhibit slower cancer
induction in skin carcinogenesis protocols with
chemical, genetic and physical stimuli (Pegg and
Feith, 2007). In addition, studies in animal mod-
els have demonstrated a loss of OAZ1 expression
or activity in tumor tissue relative to normal
tissue (Pegg and Feith, 2007). Competing with
antizymes are the antizyme inhibitors (AZ-IN1
and -2). These are proteins that exhibit exten-
sive sequence homology with ODC but com-
pletely lack ODC enzymatic activity due to crit-
ical amino acid substitutions. AZ-INs bind to
AZ with greater affinity than ODC and liber-
ate ODC from the inactive ODC-AZ complex,
thereby facilitating the production of Put, Spd,
and Spm (Mangold, 2006).

ODC and Polyamines
in Neuroblastoma

Investigations to study the function of
polyamines in cancer began around 1970
and were spear-headed by investigators such as
Ed Herbst, Uriel Bachrach, Seymour Cohen, and
Diane Russell. Also around that time, the first
papers were published on the role of polyamines
in NB. For example, Uriel Bachrach reported
in August of 1975 that the synthesis of ODC
of N115 NB cells and C6-BU-1 glioma cells
is controlled by cyclic AMP (Bachrach, 1975).
A number of other studies followed, exploring
the role of ODC using the NB model system to
understand the regulation of ODC activity by
second messengers, amino acids, hormones, and
antizyme (Bachrach, 1976; Heller et al., 1976).
When ODC-specific inhibitors became available
in the 1980s, the focus of attention shifted
towards understanding the anti-proliferative and
differentiation effects of these inhibitors in NB
cells. For example, Chapman and colleagues
examined α-difluoromethylornithine (DFMO),
retinol, and several diamines in NB cells showing
significant inhibitory effects (Chapman and
Glant, 1980). Melino and colleagues tested

DFMO and retinoic acid (RA) in the human NB
cell line SK-N-BE and noted that the DFMO
produces cell body elongation that differed
from the RA-induced neurite outgrowth (Melino
et al., 1988). They further found a correlation
between polyamine levels and transglutaminase
activity. While RA-induced neural differenti-
ation was accompanied by a marked increase
in transglutaminase (TG) as well as transient
increase in Put and Spd, the depletion of Put
and Spd by DFMO led to the inhibition of
TG activity. More recently, it was found that
posttranslational modifications of proteins by
tissue transglutaminase (TG2) may also lead
to incorporation of polyamines into proteins,
and TG inhibitors like Put can exacerbate the
toxicity of oxidative phosphorylation inhibitors
like MPP+ (1-methyl-4-phenylpyridinium) in
SH-SY5Y NB cells (Beck et al., 2006).

Interestingly, the mode of regulation, ODC
activity, and Put transport is altered in differen-
tiated versus undifferentiated NB cells and the
Spd content of differentiating NB cells is signif-
icantly lower than that of the non-differentiating
cells. Chen’s group isolated a clonal variant line,
DF-40, from the mouse NB cell line Neuro-
2a (N2a), whose ODC gene was amplified by
40-fold, overproduced the ODC enzyme, and
contained very high levels of Put, Spd, and
Spm (Chen and Chen, 1991). Interestingly, the
treatment of DF-40 cells with dibutyryl cAMP
alone or combined with DFMO led to a sig-
nificant decrease in polyamine content (compa-
rable to undifferentiated N2a cells) but did not
induce cell differentiation. In contrast, serum-
deprivation induced full differentiation of DF-40
cells and polyamine content remained compa-
rable to undifferentiated N2a cells. Exogenous
addition of polyamines did not prevent serum-
deprivation induced differentiation, suggesting
that polyamine-regulated NB differentiation may
depend on the presence of serum factors (Chen
and Chen, 1991). In the mid 1980s Pösö and
colleagues established the Paju human NB cell
line from the pleural fluid of a 16-year old
female patient who had a wide-spread metastatic
tumor and received several cytostatic treatments
which did not alleviate tumor progression. They
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discovered that the Paju cell line was resistant
to 10 mM DFMO and found it contained ODC
that had an altered molecular structure with non-
identical subunits, and an unusual long half-life
in vivo (8 h compared to 36 min in human HL-60
cells) (Pösö et al., 1984).

Polyamine-Dependent Cell Signaling
and Cell Cycle Control

Amplification of the MYCN transcription factor
gene is found in 31% of advanced stage NB
(stages 3–4), which have very low chance of sur-
vival and is a dependable marker for poor prog-
nosis (Cohn et al., 2009; Maris, 2010; Modak and
Cheung, 2010). Since MYCN is a major onco-
genic contributor to NB malignancy, its down-
stream signaling pathways are research targets of
high significance. The MYCN and c-Myc pro-
teins have similar structures, share two highly
conserved domains characteristic of MYC pro-
teins, and recognize the same genomic target
sequences. Both are canonical oncoproteins that
enhance tumor cell proliferation and block dif-
ferentiation. Most importantly, both MYCN and
c-Myc can drive the over-expression of ODC and
thereby regulate polyamine biosynthesis, thus
suggesting that ODC is an alternative drug target
in NB (Fig. 9.2a).

The ODC gene is one of the best charac-
terized MYC target genes, and the MYC-ODC
connection has been extensively studied (Bello-
Fernandez et al., 1993; Lutz et al., 1996). In
NB, the ectopic expression of a MYCN transgene
in non-MYCN-amplified SH-EP cells increased
ODC gene expression and shortened the G1 phase
of the cell cycle (Lutz et al., 1996). Surprisingly,
despite the fact that this link between MYCN
and ODC was well known for many years
and provided a clear rationale for targeting NB
with polyamine inhibitors, this approach was
never seriously considered for therapeutic pur-
poses in the clinic, until February of 2010, when
Giselle Sholler and André Bachmann advanced
the well-established ODC inhibitor DFMO into
a Phase I clinical trial with relapsed NB
patients (see section “Ornithine Decarboxylase

as Target for Neuroblastoma Therapy” in this
chapter).

The hypothesis for this clinical trial with
DFMO/NB patients was first introduced by
Bachmann at the 2003 Gordon Research
Conference on Polyamines. He proposed to target
the polyamine pathway in NB with DFMO,
and also AdoMetDC-inhibitor SAM486A (CGP
48664; 4-(aminoiminomethyl)-2,3,-dihydro-1H-
one-diaminomethylenehydrazone). The primary
mission of this approach was to evaluate
and re-purpose the trypanosome drug DFMO
for a clinical trial with relapsed NB patients
(Bachmann, 2004), and a series of cell signaling
and mechanistic studies in NB followed from
2003–2010 to corroborate his initial hypothesis
(Geerts et al., 2010; Koomoa et al., 2008, 2009;
Wallick et al., 2005). In 2008, an insightful report
by Michael Hogarty’s group, and an independent
study led by John Cleveland’s group supported
the importance of the MYCN-ODC connec-
tion in NB by showing that DFMO treatment of
TH-MYCN transgenic mice prolonged tumor-free
survival without overt toxicity (Hogarty et al.,
2008; Rounbehler et al., 2009). In this elegant
animal NB model which was first described
by William Weiss at UCSF, the rat tyrosine
hydroxylase (TH) promoter directs expression of
the human MYCN transgene to migrating cells
of the neural crest during early development.
Expression was found in the adrenal gland
with marginal expression in brain, heart, testes
and spleen. The mice carrying this transgene are
predisposed to NB and show many of the features
of the human childhood disease. Importantly,
genomic analyses of tumors revealed an allelic
imbalance in chromosomal regions orthologous
to those found in human NB. The breeding of
TH-MYCN mice with polyamine transgenic or
knockout mice may be an additional step towards
studying the role polyamines in NB in vivo.
Hogarty and colleagues further demonstrated
that in 209 primary NB patients, the ODC expres-
sion was significantly elevated in the patients
with MYCN tumor amplification, compared to
the cases without MYCN tumor amplification and
they further showed that MYCN-amplified NBs
showed altered polyamine metabolism (Hogarty
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Fig. 9.4 Correlation of ODC gene expression with neu-
roblastoma patient survival prognosis. a Kaplan-Meier
graphs representing the survival prognosis of 88 neurob-
lastoma (NB) patients (MYCN amplified and MYCN non-
amplified) based on high or low expression levels of ODC.
The survival probability of NB patients with low ODC
expression is significantly higher than of patients with
high ODC expression. Statistical analysis was performed

with the log-rank test. b Kaplan-Meier graph represent-
ing the survival prognosis of 72 NB patients without
MYCN amplification, based on high or low expression
levels of ODC. The survival probability of NB patients
with low ODC expression is significantly higher than of
patients with high ODC expression, independent of MYCN
amplification. Data adapted from Geerts et al. (2010)

et al., 2008). These findings suggested that ODC
plays a significant role in NB tumor progression
and that disabling ODC function by pharmaco-
logical intervention may result in tumor abortion.
Interestingly, Geerts and Bachmann found that
ODC also contributes to NB tumorigenesis
independent of MYCN (Compare Fig. 9.4a and b)
(Geerts et al., 2010), in agreement with similar
finding by Hogarty’s group (Hogarty et al.,
2008). ODC levels in MYCN non-amplified high
stage 4 tumors were much higher than in lower
stage tumors (Geerts et al., 2010; Hogarty et al.,
2008; Rounbehler et al., 2009).

The role of polyamines in cell signaling has
been studied in various cell culture systems, but
only few reports exist on polyamine-promoted
signaling in NB. Bachmann’s lab revealed that
polyamine pool depletion with the ODC-inhibitor
DFMO inhibited NB cell proliferation (Fig. 9.2b)
and caused G1 cell cycle arrest in the p53-
deficient and MYCN-amplified LAN-1 and NMB-
7 human NB cell lines (Wallick et al., 2005). The
effect was antagonized by the addition of exoge-
nous polyamine Spd (10 μM) (Wallick et al.,
2005). DFMO induced cell cycle arrest through
the accumulation of cyclin-dependent kinase
inhibitor p27Kip1, and resulted in a substantial
drop in MYCN protein level. In addition, the
phosphorylation of retinoblastoma (Rb) protein at

residues Ser795 and Ser807/811 was prevented,
denying G1-S phase transition (Wallick et al.,
2005). Although SAM486A alone profoundly
altered polyamine levels, resulted in G1 arrest,
and reduced cell proliferation, it had a negligi-
ble or adverse effect on MYCN, p27Kip1, and Rb
(Wallick et al., 2005). In addition to the p27Kip1

increase, Bachmann’s group revealed that DFMO
treatment leads to the phosphorylation of p27Kip1

at Ser10 and Thr198 (involved in nuclear export
and protein stabilization, respectively), but not
Thr187 (involved in proteasomal degradation)
(Koomoa et al., 2008). While Bachmann’s stud-
ies explored the effects of DFMO in MYCN-
amplified, p53-mutant NB cell lines (Koomoa
et al., 2008; Wallick et al., 2005), the study led
by John Cleveland and colleagues on the effect
of DFMO in MYCN-amplified, p53-wildtype
NB cell lines and NB tumors from TH-MYCN
mice suggest that DFMO targets the expres-
sion of the p21Cip1, instead of the p27Kip1, Cdk
(cyclin-dependent kinase) inhibitor, (Rounbehler
et al., 2009). Studies to explore these differences
with regard to p53 are currently underway. So
far, the independent findings by Bachmann and
Cleveland suggest that DFMO can target different
CDK inhibitors, depending on the NB cell type
(Koomoa et al., 2008; Rounbehler et al., 2009;
Wallick et al., 2005).
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In NB, the Akt/protein kinase B (PKB) family
of serine/threonine kinases and their downstream
targets p21Cip1 and p27Kip1 are key components
that regulate cell survival pathways and there-
fore contribute to NB progression (Rounbehler
et al., 2009; Wallick et al., 2005). Bachmann’s
group also noticed an opposing effect of DFMO
by phosphorylation of the anti-apoptotic protein
Akt/PKB at Ser473 which contributes to the sur-
vival of DFMO-treated LAN-1 NB cells along
with the observed GSK-3β phosphorylation at
Ser9 (Koomoa et al., 2008). The activation of
the PI3K/Akt pathway by DFMO was unexpected
and may explain why DFMO-promoted G1 cell
cycle arrest in NB occurs in the absence of apop-
tosis. This may in part clarify why some DFMO
mono-therapy trials in the past in other types of
cancer were not successful, and strongly suggests
future clinical trials with DFMO in combina-
tion with other drugs, for example, Akt/PKB or
mTOR inhibitors.

Ornithine Decarboxylase and Other
Polyamine Metabolism Genes as
Prognostic Markers in Neuroblastoma

While high polyamine levels and ODC over-
expression are well-known, prognostically
important phenomena in NB, the significance
of other polyamine-metabolism genes is much
less clear. However, their relationships to
important clinical features of NB are vital to
understand the overall role of ODC/polyamine
metabolism in this tumor as well as to evaluate
the use of ODC/polyamine-targeting drugs.
Therefore, Bachmann’s group and others studied
the expression of the ODC-activity regulat-
ing genes antizymes (OAZ1-3) and antizyme
inhibitors (AZ-IN1-2) in human NB tumors
and correlated these with genetic and clinical
features of NB. Indeed, it was found that OAZ2,
which is involved in ODC activity repression,
had the highest expression in low-stage, non-
MYCN-amplified NB tumors. OAZ2 mRNA
expression correlated with increased survival
and with several favorable clinical NB char-
acteristics (Geerts et al., 2010; Hogarty et al.,
2008; Rounbehler et al., 2009). Indeed, high

ODC expression, combined with low OAZ2
expression, occurred in a very aggressive subset
of NB tumors. Also, data mining of Affymetrix
data in the public domain suggest high ODC
and low OAZ2 expression which is also typ-
ical for other tumor types. In noted contrast,
over-expression in high-stage, aggressive NBs
was found for the SRM, SMS, and AdoMetDC
(AMD1) genes, that like ODC are involved
in increasing the intracellular polyamine pool
(Hogarty et al., 2008; Rounbehler et al., 2009).
In addition, Geerts and Bachmann provided the
first evidence of a role for the MYCN-associated
transcription factors MAD2 and MAD7 in ODC
transcriptional activation, adding to the already
complex ODC activity regulation known (Geerts
et al., 2010). A review by Evageliou and Hogarty
recently summarized the current understanding
of polyamine homeostasis in NB (Evageliou and
Hogarty, 2009).

Ornithine Decarboxylase as Target
for Neuroblastoma Therapy

Overall, these preclinical studies suggest that
ODC/polyamines are critical in oncogenesis
and therefore present a therapeutic target for the
treatment and prevention of recurrence of NB
and other types of cancer (Casero and Marton,
2007; Gerner and Meyskens, 2004; Wallick et al.,
2005). In a collaborative effort, Giselle Sholler
and André Bachmann initiated the first clinical
trial with DFMO in patients with refractory or
relapsed NB in February of 2010. Based on a
strong rationale for the combination of DFMO
with etoposide provided by Eugene Gerner’s
team at the University of Arizona (Dorr et al.,
1986) this combination was tested in NB animal
studies for use in the clinical trial. Gerner’s
group showed that the anticancer agent etoposide
(VP-16), which produces DNA strand breakage
in tumor cells, combined with DFMO results
in synergistic cytotoxic effects in leukemic and
myeloma tumor cells and also in mice bearing
L1210 lymphocytic leukemia. Additionally,
etoposide in low dose therapy has been shown
effective in NB, and, therefore, this combination
was studied in the Sholler/Bachmann labs. The
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results revealed that DFMO and etoposide in
combination is more effective at killing NB cells
and NB mouse tumors than either drug alone
(Sholler et al., 2010).

The Phase I trial (NCT01059071) for patients
with refractory or relapsed NB with DFMO alone
and in combination with etoposide led by Sholler
and Bachmann is currently ongoing through
the Neuroblastoma and Medulloblastoma
Translational Research Consortium (NMTRC)
(http://www.nmtrc.org/phase-i-dfmo/). The pri-
mary endpoint of this trial is to determine the
safety, tolerability and maximum tolerated dose
of DFMO as a single agent and in combination
with etoposide in pediatric and young adult
patients with refractory or recurrent NB. The
secondary endpoints are to evaluate the activity
of DFMO as a single agent and in combination
with etoposide in these tumor types based on:
Progression free survival and overall response
rate and to evaluate the pharmacokinetics of
DFMO as single agent.

Alternative Polyamine Pathway
Targets

As it has become evident over the years that
DFMO mono-therapy is not likely a successful
strategy for effective cancer treatment, future
attention should also be given to the combination

of DFMO with alternative polyamine-inhibiting
drugs. Especially attractive would be the use of
drugs targeting the other rate-limiting enzyme
in polyamine biosynthesis, AdoMetDC (also
referred to as SAMDC or AMD1) (Pegg,
2009b). AdoMetDC has been shown to be highly
expressed in high-stage NB (Hogarty et al.,
2008; Rounbehler et al., 2009). In addition, its
expression has significant prognostic value for
patient death (unpublished studies by Geerts
and Bachmann; Fig. 9.5). The most potent,
second-generation inhibitor SAM486A seems
especially suited. It has been used success-
fully in Phase II clinical trials for adult can-
cer, e.g. Non-Hodgkin lymphoma (Pless et al.,
2004). Bachmann’s lab revealed that polyamine
pool depletion with the ODC-inhibitor DFMO
together with SAM486A caused more sustained
inhibition of NB cell proliferation and G1 cell
cycle arrest than DFMO alone (Wallick et al.,
2005). Although SAM486A alone also pro-
foundly altered polyamine levels, resulted in G1

arrest, and reduced cell proliferation, it had a neg-
ligible or adverse effect on MYCN, p27Kip1, and
Rb, suggesting its mechanism of action is differ-
ent than that of DFMO (Wallick et al., 2005).
Of note, after drug removal DFMO/SAM486A-
treated NB cells continued to proliferate at a
significantly slower rate compared to untreated
controls, suggesting that the inhibitory effects
are partially irreversible (Wallick et al., 2005).
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Most interestingly, SAM486A appeared to down-
regulate the anti-apoptotic action of Akt/PKB
signaling upon DFMO treatment, and was also
active in p53 wild type NB cells (Koomoa et al.,
2009). These results suggest that SAM486A
would be very useful in combination with
DFMO, and has preference over DFMO mono-
therapy trials.

In addition to AdoMetDC, several other
enzymes that regulate the complex polyamine
metabolism are potential targets and several
inhibitors and polyamine analogues are being
developed (Casero and Marton, 2007; Gerner
and Meyskens, 2004; Seiler, 2003; Wallace
and Niiranen, 2007). For example, the com-
bination of DFMO with polyamine transport
inhibitors (PTIs) has already shown exceptional
efficacy against cutaneous squamous cell carci-
nomas (SCC) in a transgenic ODC mouse model
of skin cancer (Burns et al., 2009) and bears
great promise in fortifying the overall effect on
polyamine depletion in NB tumors. The assess-
ment of novel polyamine inhibitor combina-
tions in NB tumors including PTIs are presently
under investigation in the Bachmann and Sholler
laboratories.

Conclusions
NB is an aggressive paediatric cancer and
the current lack of effective therapies for
relapsed/refractory patients calls for novel
biological targets and therapeutic approaches.
This review provides a summary of current
knowledge on ODC, the rate-limiting enzyme
in the biosynthesis of polyamines, and its
role in NB. While both ODC and NB
have been studied independently for many
years, the concept of specifically targeting
ODC in paediatric NB has only recently
been proposed (Bachmann, 2004; Wallick
et al., 2005) and is based on the principle
that MYCN-amplification in NB drives ODC
and polyamines and that polyamine deple-
tion strategies will block NB cell prolif-
eration, especially in aggressive, MYCN-
amplified tumors. Based on our own in
vitro and in vivo data which were supported

by two independent groups (Hogarty et al.,
2008; Rounbehler et al., 2009) Sholler and
Bachmann advanced DFMO, a low toxicity
drug with a high safety profile, combined
with etoposide into a Phase I clinical trial
with relapsed/refractory NB patients. This trial
(NCT01059071) opened in the U.S. nation-
wide in February of 2010. Of importance
in this novel drug combination approach is
the fact that both DFMO and etoposide are
orally available and can be taken in the com-
fort of the patient’s home, a feature that is
particularly relevant for children that have
already undergone numerous rounds of high-
dose chemotherapy in the hospital setting. The
goal is to further optimize novel polyamine-
based combination therapies to improve the
therapeutic outcome and long-term survival of
relapsed/refractory NB patients that currently
have little chance of survival. In this regard,
chemoprevention with low-dose DFMO in NB
patients with a high risk for relapse should be
considered, also in view of the dramatic suc-
cesses by Frank Meyskens and Eugene Gerner
in preventing sporadic colorectal adenomas
with DFMO/sulindac (Meyskens et al., 2008).
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Abstract
Neuroblastoma is a cancer of the sympathetic nervous system. This is a solid
malignant tumour which resides as an accumulation in the abdomen or around
the spinal cord in the neck, chest, or pelvis. Chemotherapy and radiation
are standard treatments for the neuroblastoma patients, however relapses are
common and more difficult to treat, making neuroblastoma one of the most
lethal of all childhood cancers. Furthermore, the application of these therapies
is restricted by dose-limiting toxicities and little tumour specificity. Recently,
there has been an increase in interest in the use of biological immune-based
therapies for patients with malignancies, including neuroblastoma. This has
been determined by a deeper understanding of the crosstalk between the host
immune system and malignant tumours, as well as a number of potential
advantages of immunotherapy – high specificity and less toxicity than stan-
dard approaches. The particular emphasis of this article is on the advantages
and current drawbacks of antibody-based immunotherapy for neuroblastoma.
This review discusses the issues with a view to inspiring the development of
new agents that could be useful for the treatment of neuroblastoma.
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Introduction

Neuroblastoma is a common childhood malig-
nant cancer of the sympathetic nervous sys-
tem, arising in sympathetic ganglia and adrenal
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medulla that are derived from neural crest stem
cells. At diagnosis some patients have localised
tumours confined to one organ or area (Stage I)
while others have tumours that have spread to
several organs or parts of the body (Stage IV).
However the presenting symptoms are varied and
often vague; hence, some 65% of neuroblastomas
are not diagnosed until the disease is widespread.
Standard treatment for these high-risk patients
includes surgery, myeloablative chemotherapy
with autologous stem cell transplantation, and
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radiation. Chemotherapy combined with the
differentiating agent 13-cis retinoic acid has been
shown to have some effect in a high percent-
age of patients with stage IV disease. However,
chemotherapy and radiation are constrained by
dose-limiting toxicities and little tumour speci-
ficity. Relapses are common and more difficult
to treat, making neuroblastoma one of the most
lethal of all childhood cancers. The 5-year sur-
vival rate for children (1–14 years) is approxi-
mately 30% (Spix et al., 2001).

Recently, there has been an increase in interest
in the use of biological or immune-based ther-
apies for patients with malignancies, including
neuroblastoma. This has been determined by a
deeper understanding of the crosstalk between
the host immune system and malignant tumours.
Immunotherapy is also attractive because it has
the potential of being highly specific and less
toxic than standard approaches, reducing the sys-
temic side effects observed with other forms of
treatment. Moreover, resistance to chemother-
apy does not necessarily mean a resistance
to immunotherapy. Thus, immunotherapy holds
promise as a new therapeutic approach for neu-
roblastoma.

Targets and Antibodies

Neuroblastomas express a wide variety of cell
surface antigens. Different antigens have been
used as targets for mAbs – the gangliosides GD2,
GD3 and GM3, and the glycoproteins CD56
(NCAM), L1-CAM, GP58 and GP95. GD2, a
disialoganglioside antigen, is the most exten-
sively used target of antibody recognition in
neuroblastoma. It is expressed on tumours of
neuroectodermal origin including neuroblastoma.
In normal tissues, GD2 expression is limited to
neurons, skin melanocytes, and peripheral nerve
pain fibres (Svennerholm et al., 1994). This
makes GD2 a very selective target for anti-tumour
immunotherapy. Another important feature of
GD2 is that this target remains on the surface
of neuroblastoma cells even when bound to anti-
body. This allows mAbs to persist on the cell
surface for extended periods and deliver sustained

attack. This attack is a result of the combined
actions of different mechanisms (Fig. 10.1). After
mAb binding, Fc domains can cluster to pro-
vide an optimal platform for the binding of
C1q, resulting in the activation of the classi-
cal complement pathway. Activation results in
the release of the anaphylatoxins C3a, C4a and
C5a, as well as C3-derived opsonins (i.e. C3b).
These products of complement activation pro-
mote phagocytosis and enhance the activation
status of effector cells (antibody-dependent cellu-
lar cytotoxicity, ADCC). Complement activation
can also lead to the generation of the membrane

Fig. 10.1 Schematic of the multiple modes of action of
therapeutic mAbs for treatment of neuroblastoma. After
mAb binding, the Fc domain mediates effector func-
tions, such as antibody-dependent cellular cytotoxicity
(ADCC) and complement-dependent cytotoxicity (CDC).
In ADCC, the Fc region of an antibody binds to Fc
receptors (FcγRs) on the surface of immune effector cells
such as natural killers and macrophages, leading to the
phagocytosis or lysis of the targeted cells. In CDC, the
antibodies kill the targeted cells by triggering the comple-
ment cascade at the cell surface. Fc domains can cluster
enabling binding of C1q, resulting in the activation of
the classical complement pathway. Activation results in
the release of anaphylatoxins (i.e. C3a, C5a), as well as
opsonins derived from C3 (i.e. C3b). These products of
complement activation promote phagocytosis and enhance
the activation status of effector cells which may improve
their therapeutic activity. Complement activation can also
lead to the generation of membrane attack complexes that
can enter the target cell membrane and cause lysis. In addi-
tion, some therapeutic mAbs can also initiate intracellular
signals in the target cell, potentially resulting in apoptosis
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attack complex (MAC) which can punch holes
in target cell membranes and cause lysis (com-
plement dependent cytotoxicity, CDC). Finally,
binding of some mAbs to the target antigen can
also initiate intracellular signals in the target cell,
potentially resulting in programmed cell death.
This last mechanism of killing neuroblastoma
tumours by targeting mAbs has not been studied
very well and certainly needs to be addressed in
future studies.

The first mAb tested in clinical trials was the
anti-GD2 mAb 3F8 (Yeh et al., 1991). This is
a murine IgG3 antibody that has demonstrated
selective localisation to tumours expressing GD2,
with very little nonspecific uptake in the liver or
spleen. 3F8 has been shown to activate tumour
cell destruction by both CDC and ADCC in vitro.
However, in the initial Phase I and Phase II tri-
als in patients with stage IV neuroblastoma, this
antibody showed no significant tumour killing on
bulky tumours.

Another murine anti-GD2 mAb of IgG3 iso-
type, named 14.18, was generated in an attempt
to improve tumour killing (Mujoo et al., 1987).
In order to enhance ADCC, a class switch variant
to IgG2a, called 14.G2a, was also prepared. The
14.G2a mAb activates complement and medi-
ates ADCC with monocytes, neutrophils, NK
cells and lymphokine-activated killer cells (Munn
and Cheung, 1987). This antibody has undergone
various clinical trials. Responses were variable
among all patients with notable side effects seen
in these trials (fever, diarrhoea, nausea, vomiting,
transient neuropathy, tachycardia, hypotension,
anaphylactoid reactions and pain); nevertheless,
14.G2a mAb did show encouraging results in
some groups, particularly in bone marrow and
microscopic bone disease. Unfortunately, most
patients developed anti-mouse antibodies during
or shortly after initial therapy, limiting the use
of the mAb. Chimaeric and humanised anti-GD2
antibodies, ch14.18 and hu14.18, were subse-
quently created to reduce the immunogenicity
associated with the murine antibody. These anti-
bodies have been shown to be less immunogenic
and more effective than 14.G2a in mediating lysis
of neuroblastoma cells with human effector cells
such as NK cells. Importantly, no anti-mouse

antibody responses were seen in any of the clini-
cal trials undertaken so far (Handgretinger et al.,
1995).

Conjugated Therapeutic Antibodies

Therapeutic antibodies have also been used in
conjugated forms to selectively deliver tox-
ins, chemotherapeutics, cytokines or radioiso-
topes to tumours. Toxins kill tumour cells via
antigen-directed internalisation of the toxin and
work independently of immune effector cells.
Several antibody–toxin pairs have been tested so
far. Anti-GD2 mAb has been linked to either
Pseudomonas exotoxin A or diphtheria toxin
(Thomas et al., 2002). Both agents have shown
cytotoxicity against GD2-positive neuroblastoma
cell lines under in vitro conditions, however, the
efficacy of this strategy in vivo has not yet been
proven and possible side effects of the toxins have
not been investigated thoroughly.

The cytotoxic effects of 3F8 anti-GD2 mAb
have been markedly increased through link-
age of the Fc fragment to cobra venom fac-
tor (CVF). CVF activates complement by bind-
ing to the complement protein factor B (fB) in
plasma resulting in cleavage of fB by factor D
(fD) and production of a stable C3 convertase.
Activation of the complement system in this man-
ner increases the contribution of the CDC and
ADCC mechanisms to tumour killing in vitro.
However, in experimental animals this effect does
not last very long because of rapid consumption
of plasma C3 resulting in lack of functional com-
plement (Bartolotti and Peters, 1978). Moreover,
after a week of treatment with the CVF conju-
gate, experimental animals develop neutralising
antibodies against CVF. Nevertheless, CVF has
provided useful proof-of-concept evidence for
the hypothesis that complement activation is of
relevance in treating this cancer.

Once the synergistic effect between therapeu-
tic mAbs and modulators of CDC and ADCC
was demonstrated, other immuno-modulatory
agents were also conjugated to anti-GD2 mAbs.
Interleukin 2 (IL-2) is a strong pro-inflammatory
cytokine with effects on both the innate and
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adaptive immune systems. IL-2 causes prolifer-
ation and activation of NK cells. Activated NK
cells bind the Fc portion of the mAb through
their FcγRIII and enact ADCC. IL-2 can also
stimulate antigen-specific T cells to kill tumours
(Mulé et al., 1987). However, systemic cytokine
administration has been limited by toxicity aris-
ing from the nonspecific activation of the inflam-
matory cascade, with no specific activity against
tumour cells (Sondel et al., 2003). To limit the
toxicity from the cytokine and harness its anti-
tumour activity, a new therapeutic agent was
developed that linked the cytokine to the Fc por-
tion of the ch14.18 mAb (ch14.18–IL2). The
advantage of this agent is that it can activate
cells without Fc receptors (i.e. a subpopula-
tion of cytotoxic NK cells). Local T cells may
also be activated through their IL-2 receptor
if the T-cell receptor (TCR) does not recog-
nise the tumour antigen initially (Gillies et al.,
1992). In severe combined immunodeficiency
(SCID) mice with metastatic human neuroblas-
toma, intravenous administration of ch14.18–IL2
significantly reduced tumour burden, whereas
animals that received ch14.18 and IL-2 as sep-
arate intravenous infusions showed no reduction
in tumor load. In animals depleted of NK cells,
the effect of ch14.18–IL2 was lost, while CD8+
T-cell depletion did not affect the antitumour
response (Lode et al., 1998). These experiments
suggested that the effect of this agent was depen-
dent on NK cells alone.

Therapeutic mAbs have been also used as
conjugates with chemotherapeutics or radioiso-
topes. Anti-GD2 fragments have been linked
to liposomes containing adriamycin and have
been demonstrated to yield significant cytotoxic-
ity in cultured GD2-positive neuroblastoma cell
lines (Ohta et al., 1993). Radioimmunotherapy
is attractive in neuroblastoma, as this tumour
type is usually radiosensitive. However, the
only extensively studied radiolabelled mAb
for treatment of neuroblastoma is 131I-labelled
3F8. Conjugation with either chemo- or radio-
therapeutics can help reduce the side effects
of systemic administration, especially in heav-
ily pre-treated patients, and can specifically
deliver agents which promote apoptosis to

neuroblastoma tumours. Unfortunately, because
these tumors readily develop resistance to stan-
dard chemo- and radio-therapies, this approach
may have limitations.

Membrane-Bound Complement
Regulators on Tumours – Role in
Tumour Progression and T-Cell
Responses

In light of the crucial role of the complement
system in many of the therapeutic strate-
gies described above, we shall further focus
on the mechanisms by which tumours escape
immune surveillance. Given that uncontrolled
complement activation could potentially lead to
widespread non-specific damage to self, several
regulatory mechanisms have evolved prevent-
ing self-destruction. Control is exerted either
through soluble regulatory proteins such as C1
inhibitor, C4b binding protein (C4bBP) and fac-
tor H, or through membrane-bound regulatory
proteins (mCReg) CD35, CD46, CD55, and
CD59 (Walport, 2001). On tumours the protec-
tion afforded by the presence of these mCReg
has been significantly heightened through their
overexpression (Fishelson et al., 2003).

The mechanisms leading to overexpression of
mCReg in tumour cells are not well understood.
It has been demonstrated that vascular endothe-
lial growth factor (VEGF) secreted by tumour
cells induces up-regulation of mCReg (Mason
et al., 2004). Cytokines such as TNF-α, IL-1β and
IL-6 can also upregulate CD55 and CD59 expres-
sion on heptocarcinoma (Spiller et al., 2000).
In colon cancers, prostaglandin E2 (PGE2) and
epidermal growth factor (EGF) are capable of up-
regulating CD55 expression (Holla et al., 2005).
A recent study has demonstrated that CD46
mRNA expression is induced by IL-6 and by acti-
vation of the signal transducers and activators
of transcription 3 (STAT-3) pathway (Buettner
et al., 2002). Previous studies have indicated that
STAT-3 is persistently activated in most can-
cer cells and primary tumour tissues by com-
parison with normal tissues or cells (Yu and
Jove, 2004). Thus, activation of STAT-3 could
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be a major cause of CD46 overexpression on
tumours.

Neuroblastoma tumours abundantly express
the mCReg complement receptor 1 (CR1), CD46,
CD55 and CD59 (Chen et al., 2000a). Of these,
only for CD59 have the mechanisms control-
ling overexpression been studied in any detail.
Several years ago, it was shown in an elegant
study (Chen et al., 2000b), that the comple-
ment inhibitor CD59 is involved in the control
of tumour growth in vivo. The human neurob-
lastoma cell line LAN-1 stably expressing rat
CD59 was inoculated into immune-deficient rats.
The onset and rate of tumour growth were sig-
nificantly enhanced compared with those of con-
trol transfected LAN-1 cells. Furthermore, the
growth in vivo was demonstrated to result in
up-regulation of CD55 on the surface of the
neuroblastoma cells and that the level of CD55
expression was further increased by the expres-
sion of CD59. These data show directly that the
expression of a complement inhibitor on neurob-
lastoma cells can promote tumour growth. Our
own studies have revealed that the tumour sup-
pressor protein 53 (p53) can enhance expression
of CD59 in neuroblastoma cells (Donev et al.,
2006). More recently, we uncovered a major
mechanism controlling the regulation of expres-
sion of CD59 in primary neuroblastoma tumours
and cell lines. These cells lack functional neu-
ral restrictive silencer factor (REST), a negative
regulator of CD59 expression, leading to the
overexpression of CD59 (Donev et al., 2008).

Several recent studies have suggested that
mCReg on the surface of antigen-presenting
cells (APCs) can also regulate adaptive T-cell
responses. The role of CD55 on T-cell immu-
nity was highlighted by the studies with CD55-
deficient mice (Liu et al., 2005). During pri-
mary T-cell activation, the absence of CD55
on APCs enhances T-cell proliferation and aug-
ments the induction of IFN-γ producing cells.
The effects are dependent upon factor D, and
at least in part, C5, indicating that local activa-
tion of the alternative pathway of complement
is essential. Furthermore, APC-expressed CD55
regulates local production/activation of C5a fol-
lowing cognate T cell/APC interactions. Through

binding to its receptor on APCs C5a up-regulates
IL-12 production, this in turn, contributes to
directing T cell differentiation toward an IFN-γ-
producing phenotype (Lalli et al., 2007). These
data implicate CD55 as an important regulator of
the T-cell driven anti-tumour responses.

Modulation of Membrane-Bound
Complement Regulators on Tumours
in Cancer Immunotherapy

Considering the above data on the critical role
of the mCReg in enhancing tumour growth
through the inhibition of complement-mediated
killing mechanisms such as CDC, ADCC and
modulation of effector T-cell responses, it is
likely that neutralising mCReg would markedly
improve anti-tumour effects of therapeutic mAbs.
Strategies to abrogate the effects of these mCReg
include using neutralising mAbs against mCReg,
small interfering RNAs or anti-sense oligos to
knockdown mCReg, or utilization of chemother-
apeutic drugs and/or cytokines to downregu-
late mCReg. We have recently proposed a new
approach for suppression of expression of genes
encoding mCReg.

Neutralising mAbs Against mCReg

Specific inhibition of mCReg activity has been
achieved in cell lines with neutralising mAbs
against CD46, CD55, and CD59. Human neurob-
lastoma cell lines that consisted predominantly of
a neuroblastic phenotype (N-type) were shown
to be significantly more susceptible to human
complement-mediated lysis than cell lines of
other cancer types (substrate-adherent Schwann–
like, S-type, or intermediate I-type) (Chen et al.,
2000a). Complement sensitivity of the differ-
ent neuroblastoma cell lines was correlated with
low levels of CD59, CD55 and CD46 expres-
sion. The cloned S-type neuroblastoma cells were
found to be much more resistant to complement-
mediated lysis than cloned N-type cells. The
increased complement resistance of S-type cells
was shown to be a direct effect of increased
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expression of mCReg, and CD59 was found to
be the single most important mCReg in provid-
ing S-type cells with protection from complement
lysis. Neutralising mAbs against either CD59 or
CD55 showed a significant effect on both N- and
S-type cells, increasing the CDC triggered by the
therapeutic anti-GD2 mAb 3F8. Blocking CD46
did not affect the CDC, perhaps because expres-
sion levels of CD46 in neuroblastoma are low,
since inhibition of CD46 mRNA expression sig-
nificantly increased complement-mediated lysis
in other types of tumours (Buettner et al., 2007;
Zell et al., 2007). Unfortunately, these in vitro
studies on neuroblastoma lines have not been fol-
lowed by in vivo experiments in animal models in
order to address further the complete mechanism
for increased tumour killing. However, similar
studies using mCReg neutralising mAbs, carried
out on other tumour types, might shed light on
these important issues.

In a recent study (Macor et al., 2007), an
in vivo model of human CD20+ B-lymphoma
was established in SCID mice to test the abil-
ity of human neutralising mini-antibodies to
CD59 and CD55 (MB59 and MB55) to enhance
the therapeutic effect of rituximab, a therapeu-
tic anti-CD20 antibody. MB55 and MB59 tar-
geted to tumour cells were found to increase
the ability of rituximab to eradicate established
B-lymphoma xenografts enhancing both CDC
and ADCC. Interestingly, the results obtained
with human PBMC as effector cells showed that
MB55 and MB59 were able to cause cell cytotox-
icity only when used together. These encouraging
data demonstrate the need for similar studies on
neuroblastoma tumours. However, one concern
regarding the use of anti-mCReg mAb blockade
in animal models or humans is the widespread
expression of mCReg on normal tissues or cells,
including red blood cells (Lublin and Atkinson,
1989). Un-targeted blockade or downregulation
of all mCRegs could potentially lead to hemolytic
or vascular disease as a result of increased com-
plement activation on normal cells or targeting by
ADCC. One suggestion to overcome this was the
use of bi-specific mAbs against both the tumour
antigen and the mCReg. The part of the mAb
against the tumour antigen would be selected to

have a high affinity while that against the mCReg
would have low affinity (Harris et al., 1997). A
previous study has demonstrated that this strat-
egy could specifically target tumour cells in vitro
with minimal binding to normal cells (Gelderman
et al., 2006). However, there is still a lack of in
vivo data to confirm the efficacy of this strategy
in humans.

RNA Interference

Since the in vivo neutralisation of mCReg with
mAbs could cause undesirable adverse effects,
novel strategies to block mCReg on tumours
have been developed. Small interfering RNA
(siRNA) technology or anti-sense phosphoroth-
ioate oligonucleotides (S-ODNs) (Buettner et al.,
2007; Zell et al., 2007) have been proposed as
alternative approaches. A number of in vitro stud-
ies have demonstrated the viability of these two
techniques through the knockdown of expres-
sion of mCReg and increasing immunoclearance
of different tumour types via CDC triggered by
therapeutic mAbs. A recent study investigated
the consequences of down-regulating tumour cell
mCReg on the inductive and effector phases of
the immune response (Varela et al., 2008). Stable
siRNA–mediated knockdown of Crry, a rodent-
specific mCReg, on murine bladder cancer cells
increased their susceptibility to therapeutic mAb
and CDC in vitro. In a syngeneic model of
metastatic cancer, the down-regulation of Crry
on injected bladder cancer cells was associated
with a significant decrease in tumour burden
and an increased survival of challenged mice.
Down-regulation of Crry on tumour cells also
resulted in an enhanced antitumor T-cell response
in challenged mice. Deficiency of C3 abrogated
the effect of Crry down-regulation on the sur-
vival of tumour-challenged mice, indicating a
complement-dependent mechanism. These data
indicate that complement inhibitors expressed on
a tumour cell can suppress a T-cell response
and that enhancing complement activation on a
tumour cell surface can promote protective T-cell
immunity.
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Although siRNA and S-ODNs have not been
used to knock-down expression of mCReg in neu-
roblastoma cells, the ubiquity of these approaches
strongly suggests that mCReg on the surface
of this tumour would be knocked-down leading
to sensitisation of the tumour to CDC and/or
ADCC. However, there are several major chal-
lenges preventing the use of this approach in
vivo – including delivery into cells in vivo, spe-
cific delivery into tumour cells, the faded silenc-
ing effect due to the high proliferation rate of
tumours and immunogenicity of these reagents.
Therefore, further extensive in vivo studies are
needed to test the efficiency and potency of this
strategy.

Peptide Inhibitors of mCReg Gene
Expression

Recently we proposed a new strategy aimed at
decreasing the expression of mCReg on tumour
cells by targeting the transcriptional regulators
which control mCReg gene expression (Donev
et al., 2006, 2008). As described above we found
that in neuroblastoma primary tissues and cul-
tured cell lines an alternative splice variant of
REST, which lacks the DNA-binding capacity of
this transcriptional repressor, was demonstrated
to orchestrate expression of CD59 (Brennan
et al., 2008; Donev et al., 2008). Based on this
novel finding, a small protein (approx. 9 kDa) that
binds to the REST-binding site in the CD59 pro-
moter and sequestrates transcriptional activators
was designed. This REST-derived protein sup-
pressed expression of CD59 and sensitised neu-
roblastoma cells to complement-mediated killing
in vitro triggered by a therapeutic anti-GD2 mAb.
Very importantly, the data indicate that this pro-
tein agent does not affect expression of CD59
in cells predominantly expressing the full-length
REST, which is the situation in non-malignant tis-
sues. Due to the novelty of this approach, as yet
no in vivo studies have been carried out; however
there are a number of viable strategies for effi-
cient delivery of peptides into cells, which could
be used for in vivo targeting of neuroblastoma
tumours with peptides that suppress expression of
mCReg.

Downregulation of mCReg by
Chemotherapeutic Drugs

It has been reported that some chemotherapeutics
can modulate expression of mCReg. For example
fludarabine downregulates CD55 expression on
lymphoma tumour cells (Di Gaetano et al., 2001).
This may well explain the synergistic cytotoxi-
city of fludarabine and anti-CD20 mAb (ritux-
imab) in follicular lymphoma. We also showed
that inhibitors of PI3 kinase, cdc2 and PKCξ

kinases suppress expression of CD59 in malig-
nant melanoma. These inhibitors do not affect
CD59 expression in neuroblastoma cells that
express the truncated REST, however, they syn-
ergise with the REST-derived peptide resulting
in much stronger suppression of the CD59 gene
and greater sensitisation of neuroblastoma cells
to immunotherapy (our unpublished data). The
exact mechanism for the suppression of CD59
is under investigation; however the data we have
so far suggests that chemotherapeutics affect
activation status of certain transcription factors
involved in regulation of expression of the CD59
gene. These findings are potentially very impor-
tant since many anti-tumour mAbs are used in
combination with chemotherapeutic drugs. Thus,
furthering our understanding of the mechanisms
that regulate expression of mCReg would allow
the right combination of drugs leading to the
maximum therapeutic impact.

Concluding Remarks

There is a growing body of evidence that
antibody-based immunotherapy for neuroblas-
toma has a great potential in killing the tumour.
The complement system takes a central place
as the effector mediating the immunoclearance
triggered by therapeutic mAbs. However, overex-
pression of mCReg on neuroblastoma increases
tumour growth and inhibits activation of com-
plement, diminishing the therapeutic efficacy
mediated by anti-tumour mAbs. Such impedi-
ments may be overcome by the co-administration
of neutralising anti-mCReg mAbs, siRNAs or
anti-sense oligos, chemotherapeutic drugs, or
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peptides that inhibit expression of the mCReg
genes. Indeed, many in vitro studies have demon-
strated the synergistic effect of the above strate-
gies when used with anti-tumour mAb. However,
the in vivo efficacy and particularly the appli-
cability of these approaches for suppression of
mCReg need to be further investigated. We
believe that targeting both the mCReg gene
expression and the stability of synthesised RNA
will significantly decrease the expression of
mCReg on the tumour surface. In combination
with existing therapeutics, we contend that this
approach will dramatically increase the efficiency
of immune-mediated tumour destruction.
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Abstract
The majority of children with high-risk neuroblastoma eventually relapse
with disease refractory to treatment. Conventional chemotherapeutic
approaches to high-risk neuroblastoma are at or approaching their toler-
ance limits, implying that future improvements in outcome for these patients
are likely to come from more targeted therapies, including those that either
bypass or reverse multidrug resistance. To achieve this aim, additional
insights into drug resistance mechanisms are essential. Significant advances
in our understanding of multidrug resistance in neuroblastoma have recently
come through a combination of comprehensive patient sample studies, realis-
tic mouse genetic models, and the development of small molecule inhibitors
targeting resistance mechanisms. These combined approaches are outlined
here for the drug efflux pump MRP1 and for the p14ARF-MDM2-p53
pathway.
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Introduction

Neuroblastoma is a solid tumour of embryonal
neural crest origin and is the most common solid
tumour of early childhood, accounting for 15%

J.I. Fletcher (�)
Children’s Cancer Institute Australia for Medical
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e-mail: jfletcher@ccia.unsw.edu.au

of all cancer related deaths in children (Maris
et al., 2007). Patients diagnosed over 1 year of
age often have disseminated, metastatic disease,
often with amplification of the MYCN oncogene.
While neuroblastomas typically respond to ini-
tial therapy regardless of risk group (Brodeur
and Maris, 2006), the majority of patients with
high-risk disease eventually relapse with tumours
refractory to treatment, and there are currently
no salvage regimens known to be curative for
these patients (Maris, 2010). The acquisition of
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multidrug resistance or the selection and expan-
sion of pre-existent multidrug resistant tumour
clones seems highly likely in relapsed tumours.
As the chemotherapeutic intensity for high-risk
neuroblastoma is already at or approaching the
limits of tolerance, substantial future improve-
ments in patient outcomes are likely to come from
more targeted therapeutic approaches, including
those that either bypass or reverse multidrug
resistance. Further insights into drug resistance
mechanisms are therefore essential, however the
difficulties in obtaining large numbers of matched
patient samples before and after chemother-
apy have placed some constraints on our
understanding of drug resistance from clinical
samples.

Multidrug resistance in tumours, either
acquired or intrinsic, is frequently multifacto-
rial and the underlying mechanisms fall into
three distinct classes (Szakacs et al., 2006): (i)
decreased uptake of water soluble drugs which
require members of solute carrier (SLC) families
to enter cells; (ii) increased energy-dependent
drug efflux by members of the ATP-binding
cassette (ABC) transporter family; and (iii) alter-
ations affecting the ability of drugs to kill cells,
including increased drug metabolism activity,
increased DNA repair capacity, alterations to the
cell cycle, and increased resistance to apoptosis
(Szakacs et al., 2006). This chapter will focus on
multidrug resistance in neuroblastoma mediated
by drug efflux pumps and resistance to apoptosis.
Two particular examples will be highlighted
where insights from patient samples and mouse
genetic models of neuroblastoma combined with
the development of small molecule inhibitors
have led to advances in our understanding of
drug resistance mechanisms and have brought
clinical targeting of multidrug resistance a step
closer. The first example highlights the likely role
of drug efflux by Multidrug Resistance Protein 1
(MRP1, ABCC1) and the development of
inhibitors targeting this pump, while the second
highlights the role of the p14ARF-MDM2-
p53 pathway and the potential for therapeutic
approaches that reactivate p53.

Drug Uptake and Efflux Mechanisms

ABC Transporters and Solute Carriers
in Drug Resistance

The net uptake of drugs into cells is regu-
lated by both import and export mechanisms,
mediated by solute carriers (SLCs) and ABC
transporters respectively. The role of ABC trans-
porters in chemoresistance has been intensively
studied for several decades, and is compre-
hensively reviewed previously (Szakacs et al.,
2006). Amongst the ABC transporter family,
p-glycoprotein (Pgp, MDR1, ABCB1) stands out
for conferring the most extensive resistance to
the broadest range of compounds (Szakacs et al.,
2006). At least a dozen other family mem-
bers also efflux chemotherapeutics and mediate
chemoresistance in vitro, however compelling
evidence for a clinically relevant role in mul-
tidrug resistance has only been demonstrated for
MDR1, and to a lesser extent, MRP1. In con-
trast to ABC-transporter mediated export mech-
anisms, the role of SLCs in drug uptake has
received far less attention as a contributor to mul-
tidrug resistance, however an increasing aware-
ness of their role is likely to alter this in the
future.

Prognostic Value of ABC Transporters
in Neuroblastoma

Early studies of the prognostic significance of
MDR1 in neuroblastoma gave inconsistent or
inconclusive results, due in part to the limita-
tions of small sample size and semi-quantitative
techniques. More recently however, MDR1 lev-
els have been assessed in a large, prospectively
accrued patient cohort using quantitative rtPCR
techniques and MDR1 expression has been shown
not to be predictive of outcome in primary,
untreated neuroblastoma (Haber et al., 2006). The
role of MDR1 in acquired drug resistance is less
certain, but remains an important consideration,
as MDR1 effluxes a range of cytotoxic drugs cen-
tral to neuroblastoma therapy, including etopo-
side, vincristine, doxorubicin and irinotecan and
MDR1 is highly upregulated in neuroblastoma
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cell lines selected for drug resistance in vitro
(Flahaut et al., 2009). Several studies suggest that
MDR1 may be expressed at a higher level in sam-
ples obtained after chemotherapy than in those
obtained prior (e.g. (Goldstein et al., 1990)) and
a recent study comparing matched pairs of pre-
and post-treatment tumour samples suggests that
MDR1 expression is increased in post-treatment
samples from relapsed patients but not from those
who did not relapse (Flahaut et al., 2009). These
results remain equivocal however, as the sam-
ple sizes are very small. Definitive studies will
require far larger sample numbers.

In contrast to MDR1, high expression of
MRP1 is clearly predictive of both event-free and
overall survival in primary untreated neuroblas-
toma (Haber et al., 2006). Furthermore, MRP1
retained prognostic significance in multivariate
models that included the established prognos-
tic indicators of age at diagnosis, tumour stage,
and MYCN amplification status (Haber et al.,
2006) and has also been observed to be prognos-
tic for outcome in an independent cohort of 251
primary neuroblastomas from a recent microar-
ray study (Oberthuer et al., 2006; Porro et al.,
2010). MRP1 is also a direct transcriptional tar-
get of the MYCN oncogene (Porro et al., 2010),
and as a consequence, is highly expressed in
MYCN amplified neuroblastoma. Like MDR1,
MRP1 effluxes a range of cytotoxic drugs used in
induction therapy for neuroblastoma (Table 11.1)
and can mediate resistance to these drugs in a
mouse model of neuroblastoma (Burkhart et al.,
2009) (see below). It is currently not known
whether MRP1 levels are further elevated at
relapse.

Unexpectedly, MRP4 has also proven to be
predictive of event-free and overall survival
in primary untreated neuroblastoma, and like
MRP1, retains prognostic significance in mul-
tivariate models that included established prog-
nostic indicators (Norris et al., 2005; Henderson
et al., 2011). The significance of this finding is
unclear, as no known MRP4 substrates were sub-
sequently used to treat the patients in these stud-
ies arguing that any potential impact MRP4 levels
may have on outcome in this cohort is indepen-
dent of drug efflux. However, MRP4 can mediate
in vitro resistance to topotecan, and to SN-38,
the active metabolite irinotecan, suggesting that
as these agents become more frequently used in
routine neuroblastoma therapy, the importance
of MRP4 as a drug resistance mechanism may
become more apparent. Finally, MRP4 is also
a direct transcriptional target of MYCN (Porro
et al., 2010), and is expressed at high levels in
MYCN-amplified tumours.

ABC Transporter-Deficient Mouse
Neuroblastoma Models

MDR1, MRP1 and MRP4 efflux a range of
chemotherapeutics that form the backbone of
conventional chemotherapy for neuroblastoma
(Table 11.1) or are part of ongoing clinical tri-
als. While strong associations between ABC
transporter expression in clinical samples and
neuroblastoma outcome are well established, it
is important to ascertain whether there is a
causative link between their expression and clini-
cal multidrug resistance. If so, it is then critical

Table 11.1 MDR1, MRP1
and MRP4 substrates in
routine neuroblastoma
treatment

Transporter Cytotoxic drug

Induction and consolidation Relapsed/refractory

MDR1 Etoposide Irinotecan

Vincristine

Doxorubicin

MRP1 Etoposide Irinotecan

Vincristine

Doxorubicin

MRP4 Topotecan Irinotecan

Topotecan
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to establish whether inhibition of ABC trans-
porters can either reverse drug resistance, or
allow a broader therapeutic window for drugs that
are at or approaching their maximum tolerated
dose. While establishing causation in patients is
particularly difficult, direct evidence for ABC
transporters mediating multidrug resistance in
neuroblastoma is emerging from studies using the
TH-MYCN transgenic mouse, a standard model
for preclinical testing in neuroblastoma. In this
model, targeted expression of the MYCN trans-
gene to neuroectodermal tissue by use of a tyro-
sine hydroxylase promoter results in the spon-
taneous development of neuroblastoma which
closely resembles the primary human disease
(Weiss et al., 1997). The existence of a realis-
tic mouse genetic model provides opportunities
to formally assess the role of ABC transporters in
drug sensitivity, particularly as viable knockouts
for several important ABC transporters already
exist.

To formally assess the contribution of MRP1
to drug resistance in neuroblastoma, we crossed
mice deficient in the Mrp1 gene (Mrp1–/–)
(Lorico et al., 1997) with TH-MYCN transgenic
mice (Burkhart et al., 2009). Critically, Mrp1-
deficient mice develop normally and have no
overt phenotype, indicating that this transporter
is dispensable for normal cells (Lorico et al.,
1997; Wijnholds et al., 1997). Tumours were har-
vested from Mrp1+/+ or Mrp1–/– mice homozy-
gous for the MYCN transgene and injected sub-
cutaneously into nude mice. The response of
tumours to two cytotoxic drugs known to be
MRP1 substrates (vincristine and etoposide) and
two non-substrate drugs (cisplatin and cyclophos-
phamide) was monitored. In tumours lacking
Mrp1, the response to both vincristine and etopo-
side was significantly enhanced, with a 2–3
fold delay in tumour growth (Burkhart et al.,
2009). In contrast, response to cisplatin and
cyclophosphamide, neither of which are effluxed
by MRP1, was unaffected by Mrp1 status.
Furthermore, a potent small molecule inhibitor
of MRP1 substantially increased survival times in
TH-MYCN mice when used in combination with
the MRP1 substrate drugs vincristine or etopo-
side, but not when used in combination with the
non-substrate drug cyclophosphamide (discussed

below). These data provide both the first direct
evidence that MRP1 mediates chemoresistance
in vivo, and proof of principle that MRP1 inhi-
bition is a an effective approach to enhancing
chemosensitivity in a preclinical mouse cancer
model.

As MRP4 expression is also highly predic-
tive of outcome in neuroblastoma, and effluxes
the camptothecins irinotecan and topotecan, we
are currently extending our studies to an Mrp4-
deficient TH-MYCN transgenic mouse model
through crosses with an Mrp4–/– mouse strain
(Leggas et al., 2004). As with Mrp1-deficient
mice, Mrp4-deficient mice lack an overt pheno-
type and develop normally (Leggas et al., 2004).

While mouse models indicate that neither
MRP1 nor MRP4 are essential for normal
development, health and fertility, the roles of
ABC transporters in drug biodistribution remains
an important consideration for the develop-
ment of therapeutics. Mrp1–/– mice display an
increased sensitivity to etoposide at very high
doses (60 mg/kg), although bone marrow toxi-
city, which limits the maximum tolerated dose
in humans, was not altered between Mrp1–/–

and Mrp1+/+ mice (Wijnholds et al., 1997).
Sensitivity to the Mrp1-substrate drug vincristine
was also not altered in Mrp1–/– mice, poten-
tially as a result of effective efflux by other
ABC transporters (Wijnholds et al., 1997). Mrp4
deficiency substantially alters the pharmacokinet-
ics of topotecan, consistent with the high renal
expression of Mrp4 and the renal elimination
of this drug (Leggas et al., 2004). Furthermore,
Mrp4 restricts the entry of topotecan into the cen-
tral nervous system (CNS) (Leggas et al., 2004),
a particularly interesting observation as the CNS
can be a sanctuary site for metastatic tumours.
In neuroblastoma, CNS recurrence has been esti-
mated to occur in approximately 8% of patients
with Stage 4 disease, and in many cases is the
sole site of recurrence (Matthay et al., 2003).

Development of ABC Transporter
Inhibitors

In order to develop inhibitors of MRP1, we
screened a selected compound library using
an MRP1 overexpressing cell line containing
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Fig. 11.1 MRP1 small molecule inhibitor screen. In
MRP1 overexpressing cells, the DNA damaging agent
doxorubicin is actively effluxed, limiting its intracellu-
lar accumulation (a). Consequently, p53 is activated at
basal levels, and a p53-responsive LacZ reporter gene is
expressed at low levels. In the presence of an effective

small molecule inhibitor (SMI) of MRP1 (b), drug efflux
is reduced, allowing intracellular accumulation of doxoru-
bicin and the induction of DNA damage. p53 is activated,
elevating transcription of the LacZ reporter gene, which
can be measured using a β-galactosidase assay

a p53-responsive reporter to detect the DNA
damage response (Fig. 11.1). These cells were
treated with doxorubicin, a DNA damaging agent
and MRP1 substrate, to identify compounds
that specifically potentiate the effects of this
drug. Amongst the compounds identified, the
pyrazolopyrimidine-based compound CBL4H10,
or Reversan, was prioritized for more detailed
characterization (Burkhart et al., 2009). In vitro,
Reversan was able to sensitize drug resistant
MCF7 cells to the MRP1 substrates vincristine,
etoposide and doxorubicin, but not to the non-
substrates cisplatin and paclitaxel. Importantly,
Reversan showed no adverse effects when admin-
istered to mice and its efficacy could therefore
be assessed in vivo using the TH-MYCN mouse
neuroblastoma model. In this model, Reversan
in combination with vincristine or etoposide sig-
nificantly prolonged the progression-free survival
time of mice compared with either drug used as
a single agent, when administered after palpa-
ble tumor development (average progression-free
survival = 4.9 ± 0.49 days for saline control,
16.2 ± 0.89 days for vincristine alone, 36.5 ±
4.4 days for vincristine and Reversan, 11 ± 0.67
days for etoposide and 16 ± 0.56 days for etopo-
side and Reversan). Furthermore, Reversan did
not significantly alter the toxicity profile of vin-
cristine or of etoposide and showed no toxicity

at the clinically relevant doses of these com-
pounds. In contrast, the combination of Reversan
and the non-substrate drug cyclophosphamide did
not significantly delay progression compared to
cyclophosphamide alone (Burkhart et al., 2009).

Drug Uptake by Solute Carrier Proteins

While the efflux of cytotoxic drugs by ABC trans-
porters has been the subject of intense study
for many years, far less focus has been given
to transporter-mediated drug uptake mechanisms.
The solute carriers (SLCs) are a group of 40 fami-
lies comprising more than 300 genes that mediate
the uptake of a vast array of substrates, includ-
ing chemotherapeutics. Cellular uptake by these
transporters is particularly important for water-
soluble drugs that cannot otherwise enter the cell,
such as cisplatin, which is taken up by the cop-
per transporter CTR1 (SLC31A1). However, it
also enhances the uptake of hydrophobic drugs
which are able to diffuse across the plasma mem-
brane (Huang and Sadee, 2006), as has recently
been demonstrated for doxorubicin uptake by
SLC22A4 (Okabe et al., 2008). Not surprisingly,
down-regulation of SLCs has been observed to
be associated with drug resistance in cell lines
(Okabe et al., 2008). While a down-regulated
protein may seem a less tractable therapeutic
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target than the ABC transporters, a recent study
in ovarian tumours demonstrating enhanced cis-
platin uptake with a copper chelator (Ishida
et al., 2010) suggests that enhancing the activ-
ity of SLCs to partly overcome drug resistance
is achievable. Little is currently known about the
expression of SLCs in neuroblastoma, however
this is likely to be an important consideration
for a more complete understanding of drug resis-
tance in this disease. Interestingly, low expression
of SLC22A4 is strongly prognostic for outcome
in an independent cohort of 251 primary neu-
roblastomas from a publicly available microarray
database (Oberthuer et al., 2006) (J.I.F, unpub-
lished observations).

Resistance to Apoptosis

Targeting the p14ARF-MDM2-p53 Axis

The tumour suppressor p53 plays a fundamental
role in the defence against cellular transforma-
tion and is deleted or mutated, and thus inactive,
in approximately 50% of human tumours. In the
remaining 50%, reduced p53 function is com-
mon, either via abnormalities in p53 regulation or
defective p53 signalling (Vogelstein et al., 2000).
Deregulation of MYCN promotes cell prolifer-
ation and p53-dependent apoptosis (Fig. 11.2),
however despite the high frequency of MYCN
amplification, neuroblastoma is almost uniformly
p53 wild-type at diagnosis, with mutations seen
in <2% of cases (Tweddle et al., 2001). p53 muta-
tions are however acquired during chemother-
apy in a significant proportion of cases, and
recent evidence suggests that this occurs in about
15% of relapsed tumours (Carr-Wilkinson et al.,
2010). Upstream defects in the p14ARF-MDM2-
p53 pathway, particularly through MDM2 ampli-
fication and p14ARF methylation or deletion, are
far more common and account for at least 35% of
all cases and are often present at diagnosis (Carr-
Wilkinson et al., 2010). Consistent with these
observations, MDM2 haploinsufficiency extends
tumour latency and reduced tumour incidence in
TH-MYCN mice (Chen et al., 2009). In addi-
tion, elevated levels of ARF inhibitors, including

MDM2

p53miR-125-b
miR-350-5p

antagomirs?

Oncogenic stress (eg MYCN)

TWIST-1

DNA damaging
agents

nutlin-3a

Senescence Apoptosis

p14ARF

Fig. 11.2 The p14ARF-MDM2-p53 axis. The p14ARF-
MDM2-p53 axis is central to the cellular response to DNA
damaging agents and oncogenic stress, both of which
activate p53, driving senescence and apoptosis. p53 is neg-
atively regulated by MDM2, which is in turn negatively
regulated by p14ARF. Numerous additional levels of reg-
ulation have potentially important roles in neuroblastoma,
including negative regulation of p14ARF by TWIST-1, and
regulation of p53 expression by miR-125-b and miR-350-
5p. Therapeutic opportunities for reactivation or upreg-
ulation of p53 included the nutlins, which inhibit the
MDM2-p53 interaction, and antagomirs targeting miRNA
regulation of p53

TWIST1, are seen in MYCN amplified tumours,
and may substantially inhibit the p53 pathway
(Valsesia-Wittmann et al., 2004). As a wide range
of chemotherapeutic drugs function through p53
(Vogelstein et al., 2000), its suppression would be
expected to play an important role in mediating
chemotherapy resistance in neuroblastoma, par-
ticularly in relapsed disease. Consistent with this
possibility, p53 inactivation and loss of p53 func-
tion confer multidrug resistance in neuroblastoma
cells (Keshelava et al., 2001; Xue et al., 2007)
and p53 haploinsufficiency leads to a reduction
in tumour sensitivity to cyclophosphamide in the
TH-MYCN mouse neuroblastoma model (Chesler
et al., 2008).

In neuroblastoma with wild-type p53 (the vast
majority), restoration of p53 activity is a poten-
tially attractive therapeutic approach (Fig. 11.2).
One of the most promising approaches for p53
“re-activation” is targeting its negative regulator
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MDM2 which normally binds and inactivates
p53 and targets it for proteosomal degradation
(Vassilev, 2007). Amongst the most promis-
ing compounds are the Nutlins, small molecule
inhibitors of the MDM2-p53 interaction which
are able to stabilize p53 and thus activate the
p53 pathway (Vassilev, 2007). Nutlin-3a has been
shown to stabilize p53 and induce apoptosis in
neuroblastoma cells lines and to sensitize cells
to apoptosis induced by cisplatin and etoposide
(Barbieri et al., 2006). Furthermore, Nutlin-3a
inhibits tumour growth in mouse xenograft mod-
els using both parental human neuroblastoma
cells and drug-resistant clones (Van Maerken
et al., 2009), however further pre-clinical studies
will be needed to determine whether Nutlin-3a
is effective in combination with chemotherapy
in xenograft and genetic mouse neuroblastoma
models.

In addition to the p14ARF-MDM2-p53 axis,
p53 levels are also regulated by miRNAs. In neu-
roblastoma cell lines, miR-125-b and miR-380-
5p both suppress p53 expression (Fig. 11.2), and
miR-380-5p expression correlates with outcome
in patient tumours (Le et al., 2009; Swarbrick
et al., 2010). These observations suggest that in
tumours with wild-type p53, restoration of the
p53 pathway might eventually be achieved with
antagomir-based therapies and indeed a miR-380
antagonist was shown to inhibit the growth of
orthotopic tumours in a mouse neuroblastoma
model (Swarbrick et al., 2010).

BH3-Only Protein Mimetics

While p53 reactivation is potentially an attrac-
tive therapeutic strategy in a large proportion
of tumours, strategies that more directly activate
programmed cell death pathways may provide
alternative approaches that do not depend on
p53 status. A range of potential approaches to
targeting apoptotic pathways in neuroblastoma
has been previously reviewed (Goldsmith and
Hogarty, 2005). In particular, BH3 mimetics offer
the possibility of directly targeting the Bcl-2 fam-
ily proteins, the key gatekeepers to mitochondrial
damage. Initial testing by the Pediatric Preclinical

Testing Program (Houghton et al., 2007) found
ABT-263, small molecule inhibitor of Bcl-2,
Bcl-xL and Bcl-w, to be of very limited efficacy
in a small panel of neuroblastoma xenografts as a
single agent (Lock et al., 2008). However, other
recent studies suggest that the Bcl-2 homolog
Mcl-1, which is not targeted by ABT-263, may be
the predominant pro-survival protein contributing
to neuroblastoma chemoresistance (Lestini et al.,
2009) and increased Mcl-1 expression mediates
insensitivity to ABT-737, an analog of ABT-263
(Konopleva et al., 2006). Mcl-1 may therefore
be a viable therapeutic target either through the
development of BH3 mimetics that specifically
target this protein, or by exploiting its short half-
life (Schwickart et al., 2010).

Concluding Remarks

Multidrug resistance is a complex and multifac-
torial phenomenon, and while inroads have been
made in understanding the underlying mecha-
nisms in neuroblastoma, many of our assump-
tions remain to be validated in realistic biological
systems. Ultimately, detailed understanding of
drug resistance in this disease will rely largely
on the study of preclinical mouse models and
information gathered from relapse samples. For
at least two mechanisms, drug efflux by MRP1
and drug insensitivity mediated by defects in
the p14ARF-MDM2-p53 pathway, the analysis of
both patient samples and model systems has led
to important insights, and the development of
small molecule inhibitors targeting each of these
mechanisms holds promise.
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Abstract
Interleukin (IL)-21, the lastly discovered member of the IL-2 family, is a
pleiotropic cytokine produced by CD4+ T cells. IL-21 has shown anti-tumour
activity in several pre-clinical tumour models. In addition, clinical phase I-II
trials have shown that IL-21 has an acceptable toxicity and induces immune-
activation resulting in some clinical responses in patients with metastatic
melanoma and renal carcinoma. Stage 4 neuroblastoma (NB) is frequently an
incurable disease and it is assumed that immunotherapy (IT) may complement
existing treatments. We developed a syngeneic mouse model of Neuro2a NB
resembling human stage 4 disease to test different therapies. IT with a cellular
vaccine consisting of IL-21-transduced NB cells (Neuro2a/IL-21) cured about
one third of syngeneic mice bearing disseminated NB, through a CD8+ T cell-
dependent response. NB may induce immune-regulatory mechanisms, which
may limit the efficacy of IT. The co-administration of an anti-CD25 mono-
clonal antibody (mAb), targeting immune-suppressive CD4+CD25+FoxP3+
regulatory T (Treg) cells, slightly augmented the efficacy of IL-21-based IT.
However, an anti-CD4 mAb combined with the vaccine produced an even
higher cure rate (80%). The potent synergistic effect achieved by the anti-
CD4 mAb was related to a complete depletion of CD4+CD25+FoxP3+ Treg
cells and possibly of other tumour-conditioned CD4+ T cell subsets. Mice
receiving the IL-21-releasing vaccine+anti-CD4 mAb recovered their CD4+
T cell counts in 90 days and developed immunity to NB. Preliminary data
indicate that the administration of recombinant (r) IL-21 may have limited
effects but that anti-CD4 mAb co-treatment strongly augmented IL-21 IT.
These data open new perspectives for the use of IL-21-based immunotherapy
in conjunction with CD4+ lymphodepletion in human stage 4 NB.
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Introduction

Neuroblastoma (NB) is an extracranial tumour of
childhood, which derives from progenitor cells of
the sympathetic nervous system. NB has a broad
spectrum of clinical presentations, varying from
an aggressive disease (stage 4) to cases showing
spontaneous maturation of the neuroblasts and
tumour regression (stage 4S) (Maris et al., 2007).
Prognosis depends on age and stage, as well as on
genetic features such as MYCN amplification and
ploidy (Park et al., 2010). Conventional therapy
for Stage 4 NB patients, based on chemotherapy,
surgery and autologous hematopoietic stem cell
transplantation, allows survival rates of approx-
imately 20% at 5 years (Spix et al., 2006).
Although the prognosis of disseminated stage
4 NB is still poor, current therapies frequently
achieve a substantial debulking of the tumour and
produce a minimal-residual disease condition,
which, however, is often followed by relapses and
fatal outcome.

It is generally assumed that alternative thera-
peutic strategies such as bio- or immunotherapy
may complement existing treatments. Some con-
trasting results have been obtained by the use
of anti-GD2 monoclonal Antibody (mAb) alone
(Osenga et al., 2006; Simon et al., 2004) or
in combination with GM-CSF (Kushner et al.,
2001; Ozkaynak et al., 2000). The presence of the
disialoganglioside GD2 on nervous cells, how-
ever, is the cause of anti-GD2-mAb neurotoxic-
ity, which limits its dosage. Conjugation of the
humanized anti-GD2 mAb to interleukin (IL)-2
(Hank et al., 2009) is expected to increase its
efficacy. Treatment of NB patients with recom-
binant IL-2 demonstrated expansion and activa-
tion of T cells and Natural Killer (NK) cells
(Pession et al., 1998). To increase efficacy and
reduce toxicity, genetically engineered autolo-
gous NB cells secreting IL-2 alone (Russell
et al., 2008) or in combination with lymphotactin
(Russell et al., 2007) have been tested in phase I
trials demonstrating the induction of cellular and

antibody immunity together with some clinical
responses. Although IL-2 is sometime effec-
tive in cancer immunotherapy its use appears
paradoxical in view of its primary role in
immune-regulation (Malek and Bayer, 2004). IL-
2, in fact mediates “activation-induced cell death”
of effector T cells (Refaeli et al., 1998) and
supports immune-suppressive regulatory T (Treg)
cell survival and function (Bayer et al., 2005).
At least two subsets of CD4+CD25+FoxP3+
Treg cells mediate strong immune-suppressive
activity. Naturally occurring Treg cells originate
in the thymus and control peripheral tolerance
to self antigens, thus preventing autoimmunity
(Sakaguchi et al., 2006). A second subset of
Treg cells derives from peripheral CD4+CD25-
FoxP3- precursors in response to tumor-derived
factors, such as TGFβ (Valzasina et al., 2006) or
prostaglandin (PG) E2 (Baratelli et al., 2005).

IL-21 is a novel member of the IL-2 family
produced by different subsets of CD4+ T cells,
including T helper (Th)1, Th2, Th17 and NK-T
cells. IL-21 interacts with a specific high affinity
IL-21 Receptor (IL-21R), which shares structural
similarities with the IL-2Rβ chain (Parrish-Novak
et al., 2000), and interacts with the common
γ chain for signalling through the Jak/STAT
pathway. IL-21 stimulates activated T, B and
NK cell proliferation and functions in vitro. In
addition, IL-21 induces the expansion of high
affinity Cytotoxic T Lymphocytes (CTL) in vivo
(Moroz et al., 2004), suggesting its involvement
in the transition from innate immunity to adap-
tive immune response (Kasaian et al., 2002).
Differently from IL-2, IL-21 is unable to support
the proliferation of activated Treg cells (Comes
et al., 2006). Since the Treg cell pool is fre-
quently expanded in presence of tumours, IL-21
appears more suitable than IL-2 to induce effec-
tive anti-tumour immunity. Indeed, data obtained
in different mouse tumour models indicate that
recombinant (r)IL-21 or IL-21-secreting tumour
cells mediate anti-tumour effects, through the
induction of NK and/or CTL responses (Comes
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et al., 2006; Croce et al., 2008; Wang et al.,
2003) or of anti-tumour antibodies (Daga et al.,
2007). Moreover, phase I and IIa clinical tri-
als in patients with metastatic renal cancer and
melanoma demonstrated that treatment with rIL-
21 induces immune system activation and some
clinical responses with an acceptable toxicity
(Davis et al., 2009; Thompson et al., 2008).

On these bases we studied the potential ther-
apeutic effects of IL-21 secreting NB cells or
of rIL-21 in a syngeneic model of disseminated
NB. We then exploited the combination of IL-
21-based therapy with monoclonal antibodies
depleting Treg cells to enhance its efficacy.

Development of a Metastatic NB
Model for the Study of Il-21-Based
Immunotherapy: Methodology

Neuro2a Model of Disseminated NB

We developed a syngeneic model of NB using
the Neuro2a mouse NB cells (CCL131, ATCC,
Rockville, MD, USA). Initially, Neuro2a cells
were injected into the syngeneic A/J mice
(Charles River Brescia, Italy) using different

routes. Mice were injected either subcuta-
neously (s.c.), intravenously (i.v.) or retroperi-
toneally (r.p.) with 1×106 Neuro2a parental cells
(Neuro2a/pc) in a volume of 100 μl of serum-free
medium. Mice were monitored for disease symp-
toms every other day, starting from 2-weeks after
tumour challenge. All terminated mice were then
subjected to necropsy and organs were anal-
ysed by histopathology. All the experiments were
performed according to the National Regulation
and were approved by the Institutional Ethical
Committee for Animal Experimentation.

All i.v. or r.p. injected mice developed
NB within 30 days, while s.c. injection pro-
duced localized tumorus in about 50–60% of
mice. Following r.p. injection, mice developed
a localized tumour mass (Corrias et al., 2002),
while i.v. injection produced tumours with undif-
ferentiated NB phenotype in different organs
(adrenal glands, liver, kidney, bone and bone
marrow), resembling the wide metastatic distri-
bution observed in human stage 4 NB (Fig. 12.1).
Bone marrow infiltration by Neuro2a/pc cells was
also detected in all NB-bearing mice by RT-PCR
analysis for tyrosine hydroxylase (TH) mRNA
expression (Fig. 12.1).

Adrenal gland kidney

Tyrosine hydroxylase

M.W. CTR     BM

RT-PCR

A

B

bone and bone marrowliver

Fig. 12.1 Syngeneic model
of disseminated NB.
a Histological analysis of
adrenal gland, kidney, liver
and bone marrow from mice
injected i.v. with Neuro2a/pc
revealed the presence of
metastatic NB nodules
(arrows) at 15 days from
injection. b RT-PCR analysis
of murine tyrosine
hydroxylase expression
performed with bone marrow
RNA from a representative
uninjected mouse (CTR) or a
NB-bearing mouse
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RT-PCR analysis was performed on total RNA
extracted from bone-marrow cells flushed from
femurs or from cultured Neuro2a cells using
the RNeasy extraction kit (Qiagen, Cologne,
Germany). After reverse transcription of one μg
of RNA, cDNA was amplified in a final volume
of 25 μl with 1.25 IU Taq (Gold Polymerase,
Applied Biosystem, Foster City, CA), dNTPs and
TH or β-actin specific primers as described (Lode
et al., 1998).

Development and Immunogenicity
of Genetically Engineered Neuro2a
Cells Secreting IL-21

To study the potential effect of IL-21 on NB
immunogenicity, Neuro2a/pc were transfected
with the plasmid pmuIL-21IRES1neo (Di Carlo
et al., 2004) or with the empty vector pIRES1neo,
as negative control, using the FuGENE© trans-
fection system (Roche Biochemicals, Milano,
Italy). After selection in culture medium contain-
ing G418 (Roche) transfected cells were cloned
by limiting dilution. A clone (Neuro2a/IL-21)
producing about 50 ng/ml of IL-21 in sub-
confluent cultures was then selected for the
in vivo experiments together with a clone of
Neuro2a cells transfected with the empty plasmid
(Neuro2a/neo).

Neuro2a/IL-21, Neuro2a/neo and Neuro2a/pc
cells displayed similar growth kinetics in vitro.
However, when injected s.c into syngeneic A/J
mice Neuro2a/IL-21 cells failed to produce
tumour growth, in contrast to Neuro2a/pc and
Neuro2a/neo that showed 50–60% tumour take.
The rejection of Neuro2a/IL-21 cells was an
immune-mediated phenomenon because these
cells produced tumours when injected s.c. in
immunodeficient NOD-SCID mice. In addition,
some of the A/J mice that had rejected
Neuro2a/IL-21 survived to an i.v. challenge with
Neuro2a/pc cells. Together these data indicate
that Neuro2a/IL-21 cells, injected s.c. in A/J
mice, are immunogenic and induce protective
immunity. Therefore we used Neuro2a/IL-21
cells as a vaccine in a therapeutic setting by s.c.

administration of 106 cells starting 3 days after
the induction of disseminated NB in A/J mice.

Antibody Depletion Studies

To assess the role of CTLs or NK cells as effec-
tors in immunotherapy, depletion studies were
performed by intraperitoneal (i.p.) injection of
NK-depleting rabbit anti asialo-GM1 antiserum
(Wako Chemicals GmH, Düsseldorf, Germany)
or anti-CD8 (24.3) rat mAb (ATCC, Rockville,
MD). As negative control, the rat mAb LO-
DNP-11 (GeneTex Inc, San Antonio, TX) or
non-specific rabbit IgG were used.

Other experiments were aimed to potenti-
ate the vaccine immunotherapy by removal of
potentially immunosuppressive CD4+ tumour-
conditioned T cells or Treg cells. To this end we
administered anti-CD25 (PC61) or anti-CD4 (GK
1.5) (ATCC, Rockville, MD) rat mAbs according
to previously reported schedules of administra-
tion (Comes et al., 2006; Croce et al., 2008).

Statistical Analysis

Survival curves were constructed by using
the Kaplan-Meier method and the generalized
Wilcoxon log-rank test (Peto) was used to com-
pare the curves. A P value of less than 0.05
was considered statistically significant. Statistical
analyses were performed using the Statsdirect
software (Statsdirects Ltd, Cheshire, UK).

IL-21-Based Immunotherapy
of Murine NB

Genetically Engineered Neuro2a/IL-21
Cells for Immunotherapy of
Disseminated NB

The above-described model of disseminated NB,
resembling the human stage 4 disease, was
used to exploit IL-21-based therapies. First, we
compared the efficacy of a single or multiple
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s.c. injections of a whole cell vaccine consist-
ing of Neuro2a/IL-21 cells (106 per dose) in
mice where NB was induced 3 days prior to
therapy. A single injection of Neuro2a/IL-21
vaccine increased the tumour-free mean survival
time (43 versus 22 days; P = 0.001), and
14% of mice showed no sign of disease for
more than 100 days. The administration of
two or three doses of Neuro2a/IL-21 vaccine
further increased the mean survival time, reach-
ing 33% of disease-free mice at 100 days with
the three dose regimen (Fig. 12.2a). Moreover,
long-term surviving mice were cured as assessed
by histopathological analysis and by RT-PCR for
TH expression. In experimental control groups,
treated in parallel, the injection of irradiated
Neuro2a/pc or Neuro2a/neo had no therapeutic

effect (Fig. 12.2a). In addition, 54% of mice
cured by the Neuro2a/IL-21 vaccine showed no
NB tumour growth when they were re-challenged
with a tumourigenic dose of Neuro2a/pc, indi-
cating that Neuro2a/IL-21 cell therapy induces
immunity to NB antigens in about one half of the
cured mice.

Involvement of CTLs in Neuro2a/IL-21
Cell Vaccine Therapy of NB

In pre-clinical tumour models, other than NB,
IL-21 induces anti-tumour effects through the
activation of NK, T or B cell responses,
depending on the different type of tumour. In
the Neuro2a/IL-21 vaccine therapy of NB, the
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Fig. 12.2 a Neuro2a/IL-21 is effective as a s.c., whole
cell vaccine in the therapy of disseminated NB. The three
s.c.-dose schedule prolonged mean survival time of treated
mice and cured 33% of them from disseminated NB. The
usage of Neuro2a/neo instead of Neuro2a/IL-21 cells had
no effect on mean tumour-free time and did not cure any
mice. Data are displayed as mean tumour-free survival
times + SD; numbers above bars indicate the percent-
age of mice that were disease-free at 100 days from NB
induction. b The curative effect of Neuro2a/IL-21 is medi-
ated by CD8+ T cells. Depletion studies, using anti-CD8
mAb or anti-NK antibodies in mice treated by the IL-21
secreting cell vaccine showed the requirement of CD8+

T cells for efficacy, since all CD8-depleted mice died
for disseminated disease. Treatments with the irrelevant
control or anti-NK antibodies did not inhibit vaccine IT.
c The administration of an anti-CD25 mAb only slightly
augments the effect of IL-21-based vaccine IT. d The
transient depletion of the whole CD4+ T cell population
by an anti-CD4 mAb strongly potentiates the effect of
Neuro2a/IL-21. The combined treatment significantly pro-
longed mice mean survival time and cured 80% of them
from disseminated NB. The anti-CD4 mAb alone had only
a slight effect on improving mean survival time of mice.
The use of Neuro2a/neo in combination with anti-CD4
mAb had no effect
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involvement of B cell responses was excluded
because cured mice had low titers of anti-NB
antibodies, mainly of the IgM isotype. The
therapeutic efficacy of the Neuro2a/IL-21 vaccine
was dramatically reduced in mice treated with
repeated injections of a cell-depleting anti-CD8
mAb, indicating an important role of CD8+ CTLs
in this model (Fig. 12.2b). Conversely NK cell
depletion by an anti-asialo GM1 anti-serum did
not inhibit immunotherapy, suggesting that NK
cells play an ancillary role, if any.

The use of an in vivo cell transfer assay fur-
ther confirmed the important role of CTLs. CD8+
T cells isolated by immunomagnetic cell-sorting
from the spleen of cured mice, in fact, completely
prevented the growth of Neuro2a/pc cells co-
injected s.c. into immunodeficient NOD-SCID
mice. Neuro2a/pc express the pan-tumour anti-
gen survivin, a relevant CTL target in human
NB (Coughlin et al., 2004). We therefore ana-
lyzed whether splenocytes from mice cured by
Neuro2a/IL-21 vaccine were capable to respond
to synthetic epitopes of mouse survivin. Our
data indicated that a Kk-restricted survivin epi-
tope (GWEPDDNPI) induced IFN-γ secretion,
whereas a control unrelated peptide did not, thus
indicating a role for survivin as one of the pos-
sible CTL-defined antigen in our model of NB
immunotherapy (Croce et al., 2008).

Disseminated NB Induces CD4+
T Cell-Mediated Immune Regulation

Several tumor-derived factors have been
involved in immune-suppression. Neuro2a/pc
also expressed some potentially immune sup-
pressive molecules, which may hamper the
efficacy of Neuro2a/IL-21 vaccination. Indeed,
RT-PCR analyses showed that Neuro2a/pc
express TGF-β and COX-1 genes, suggesting
that conversion of CD4+CD25- precursors into
CD4+CD25+FoxP3+ Treg cells may be induced
by NB tumour growth in vivo. In addition,
Neuro2a/pc express IL-10, an inducer of type1
regulatory T cells (Tr1) (Roncarolo et al., 2006).

In fact, in the lymphoid organs of NB-bearing
mice the CD4+CD25+FoxP3+ Treg cell pool

was expanded in comparison to that of naïve
mice. Moreover, CD4+CD25+ cells, sorted by
an immunomagnetic cell-separation system from
the spleen of NB-bearing mice, suppressed syn-
geneic T lymphocyte proliferation induced by
alloantigens. Altogether these data indicate that
the development of disseminated NB in syn-
geneic mice causes an expansion of immune
suppressive Treg cells, as also reported in differ-
ent tumour models (Comes et al., 2006; Valzasina
et al., 2006).

Anti-CD4 Antibody Treatment
Augments Neuro2a/IL-21
Immunotherapy More than
Anti-CD25 mAb

In the attempt to eliminate immune suppressive
Treg cells and potentiate the immune response
driven by the Neuro2a/IL-21 cellular vaccine,
we co-administered an anti-CD25 mAb (Comes
et al., 2006). However this combined treatment
only marginally improved the efficacy of IT (from
33 to 50% of tumour-free mice, Fig. 12.2c). The
administration of anti-CD25 mAb alone, slighlty
increased the tumour-free survival of NB bear-
ing mice, but all mice finally developed NB
(Fig. 12.2c).

Immunofluorescence analyses showed a clear-
cut reduction of CD4+CD25+ lymphocytes in the
spleen of anti-CD25 mAb-treated mice. However,
when Foxp3 was examined, a residual popula-
tion of CD4+CD25-Foxp3+ cells was evident
and accounted for about 50% of the Foxp3+ cell
population present in untreated tumour-bearing
mice. The persistence of such population may
depend on the down-regulation of CD25 surface
molecule induced by anti-CD25 mAb on some
Treg cells, which may then escape from deple-
tion. In addition, it is possible that precursors
of Treg cells, which undergo conversion to Treg
cells under the influence of tumour-derived fac-
tors, may have a Foxp3+CD25low phenotype and
therefore resist to mAb depletion.

Thus, to more efficiently remove immune
suppressive CD4+CD25-FoxP3+ Treg cells
and possibly other tumour-conditioned immune
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suppressive CD4+ T cells, such as Tr1 cells, we
combined the Neuro2a/IL-21 vaccine with an
anti-CD4 mAb able to deplete all CD4+ T cells.
We supposed that IL-21, a T-helper cytokine,
released by the vaccine would allow the develop-
ment of a CD8+ CTL response even in absence
of CD4+ cells. Indeed, treatment with the
Neuro2a/IL-21 cellular vaccine combined with
anti-CD4 mAb cured 80% of mice (Fig. 12.2d),
and more than 90% CD4+ T cells, including
CD4+FoxP3+ cells, were depleted. Of note,
all cured mice showed long-lasting immunity
against Neuro2a/pc, as none of the cured mice
developed NB following a second Neuro2a/pc
re-challenge. This long-lasting immunity was
possible because the CD4+ T cell depletion was
transient, as the CD4+ T cell counts completely
recovered within 90 days after the beginning
of anti-CD4 mAb administration (Croce et al.,
2010).

Monotherapy with anti-CD4 mAb increased
mice survival, but no mouse was cured
(Fig. 12.2d), thus suggesting that the com-
bination of the Neuro2a/IL-21 vaccine with
anti-CD4 mAb depletion has a synergistic effect,
rather than an additive one. In addition, the
combination of anti-CD4 mAb with Neuro2a/neo
vaccine had no effects.

Combined immunotherapy of metastatic
NB by anti-CD4 mAb+Neuro2a/IL-21 vaccine
required the activity of CD8+ T cells, because
depletion of these effector cells completely abro-
gated the therapeutic effect. Several evidences
also suggested a role for IFN-γ produced by
CD8+ CTLs in mediating the effect of combined

IT: (i) IFN-γ mRNA was up-regulated in the
spleen of treated mice, (ii) immunoreactive
IFN-γ increased in their sera and (iii) two-color
immunofluorescence analysis showed that IFN-γ
was mainly produced by CD8+ T cells isolated
from cured mice (Croce et al., 2010).

Preliminary Studies of Combined
Therapy Using Anti-CD4 mAb
and Recombinant IL-21

The use of gene-transduced syngeneic NB cells
as vaccine is a convenient approach in murine
tumour models. However, the use of genetically
modified autologous NB cells as vaccine in
humans, though feasible (Russell et al., 2007,
2008), is laborious, costly and its clinical usage
is difficult due to current regulatory issues.
Certainly the use of rIL-21 protein, instead of
Neuro2a/IL-21 IT, may be more easily translated
to a clinical setting. It must be noted that in
the IL-21-secreting cellular vaccine experiments
the efficacy was strictly dependent on IL-21, as
experimental controls using Neuro2a/neo mock-
transfected cells showed no efficacy. On this basis
we tested whether monotherapy with rIL-21 or
its combination with anti-CD4 mAb could be
effective in our pre-clinical model of NB.

Preliminary data indicated that treatment with
rIL-21 had a limited effect on tumour-free
survival of NB-bearing mice, as only 16%
of mice remained tumour-free until 100 days
after injection of Neuro2a/pc cells. However,
the combination of rIL-21 with anti-CD4 mAb
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Fig. 12.3 Recombinant IL-21 combined with transient CD4 T cell depletion significantly prolongs mice tumour-free
survival and cures 70% of them from disseminated NB (P = 0.01 vs untreated or rIL-21 + irrelevant antibody)
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induced a significant increase of the tumour-free
survival time to 70% at 100 days (Fig. 12.3).

Altogether these findings suggest that rIL-21
therapy, though of limited efficacy when used
in monotherapy, might be potentiated by the
co-administration of a cell-depleting anti-CD4
mAb.

Discussion

In our studies we show that IT with a whole
cell NB vaccine genetically modified to secrete
IL-21 increases the survival of syngeneic mice
bearing disseminated NB and cures about one
third of them. Several evidences indicate that
the efficacy of the IL-21-releasing vaccine is
dependent on a CTL response, in a similar fash-
ion as in other syngeneic models of IL-21 IT
(Comes et al., 2006; Moroz et al., 2004). First,
Neuro2a/IL-21 vaccine therapy is ineffective in
mice treated with an anti-CD8 cell-depleting
antibody. Second, CD8+ T cells isolated from
immune mice cured by the IL-21-based cell vac-
cine suppress tumour growth when co-injected
with NB cells into immunodeficient NOD-SCID
mice. Third, recognition of a synthetic survivin
epitope triggers IFN-γ secretion by CTLs isolated
from cured mice (Croce et al., 2008). Survivin,
a member of the inhibitor of apoptosis protein
family, is involved in NB progression (Islam
et al., 2000) and is considered as a suitable target
for CTL-based therapies in NB as well as in
several other tumours (Coughlin et al., 2004).

Several evidences indicate that tumor-related
immune suppression may limit the efficacy of
active IT (Berzofsky and Terabe, 2008). Tumour-
derived factors, such as TGFβ (Valzasina et al.,
2006) or PGE2 (Baratelli et al., 2005) may
directly inhibit T cell responses or induce
the differentiation of CD4+ cells into immune
suppressive subsets of cells, such as the
CD4+CD25+FoxP3+ Treg cells. The finding that
Neuro2a/pc cells express TGFβ and COX1, and
that mice harbouring systemic NB show an
expanded Treg cell pool suggests that peripheral
conversion of Treg cells may occur in this tumour
model.

To limit the negative impact of Treg cells
on the efficacy of IL-21-based IT, we first
attempted to use an anti-CD25 mAb, which
efficiently targets Treg cells. The same anti-
body was previously shown to potentiate the
effect of an IL-21-engineered breast adenocar-
cinoma whole cell vaccine, leading to the cure
of most mice bearing adenocarcinoma metastases
(Comes et al., 2006). However, in the NB model
the same schedule and dose of anti-CD25 mAb
only marginally enhances Neuro2a/IL-21 IT. This
diverse immune-enhancing effect may relate on
different biological characteristics of the two
tumour models and/or on murine genetic back-
ground. In addition, Neuro2a cells express IL-10,
an immune suppressive cytokine, involved in the
differentiation of CD4+ cells into immune sup-
pressive Tr1 cells (Roncarolo et al., 2006), which
may be not effectively recognized by the anti-
CD25 mAb.

The finding that an anti-CD4 cell-depleting
antibody potently enhances the effect of
Neuro2a/IL-21 cell vaccine may relate to the
possible elimination of CD4+CD25-negative
tumour-conditioned immune suppressive cells.
Besides Tr1 cells, also a subset of CD4+ NKT
cells play an immune regulatory role in different
syngeneic tumour models and limit the induction
of an anti-tumour immune response (Berzofsky
and Terabe, 2008). Moreover, in our experimen-
tal setting, the administration of the anti-CD4
mAb allows an almost complete removal of
FoxP3+ T cells, which could not be achieved
by the anti-CD25 mAb (Croce et al., 2010).
Some CD4+FoxP3+ Treg cells may persist after
anti-CD25 mAb depletion due to Ab-mediated
down modulation of surface CD25 antigen. In
addition, CD4+CD25lowFoxp3+ cells, which
may represent CD4+CD25-FoxP3- precursors
undergoing conversion into Treg cells, may also
escape from anti-CD25 mAb treatment.

Previous studies indicated that the efficacy
of adoptive CD8+ T cell therapy + IL-2 is
potentiated by a concomitant lymphodepletion,
which may act by removing “cytokine sinks”
competing for IL-2 (Gattinoni et al., 2005).
Thus, it is conceivable that, besides eliminat-
ing immune suppressive cells, the CD4+ T cell



12 Neuroblastoma: Perspectives for the Use of IL-21 in Immunotherapy 133

depletion may synergize with IL-21-based ther-
apies also because of the removal of CD4+IL-
21R+ cells, which may compete with CD8+
effectors for IL-21. The efficacy of the com-
bined anti-CD4 mAb and Neuro2a/IL-21 vaccine
IT was dependent on IFN-γ-producing CD8+
T cells, as depletion of CD8+ cells completely
prevents NB cure. The concept that CD4+ T
cell depletion potentiates an anti-NB CD8+ CTL
response appears somehow paradoxical, as CTL
responses require cytokines produced by CD4+
T-helper cells. However, in our model CD8+ CTL
precursors become efficient CTL effector cells
due to the helper cytokine IL-21 secreted by the
cellular vaccine that may substitute for CD4+ T-
helper cells. In fact, the combination of anti-CD4
mAb with Neuro2a/neo showed no therapeutic
effects, pointing out to an essential role of IL-
21 in this model. This observation raised the
question whether the genetically modified cellu-
lar vaccine was really necessary in this treatment
or if the administration of rIL-21 protein could
also be active, particularly when combined to
anti-CD4 mAb. Indeed, clinical phase I and IIa
studies have recently shown that IL-21 therapy is
feasible in cancer patients and that it can result
in the activation of the immune system (Davis
et al., 2009; Thompson et al., 2008). However,
only a limited fraction of patients with melanoma
or renal cancer showed partial or complete objec-
tive responses. In a preliminary experiment, also
in our NB model, rIL-21 monotherapy showed
a limited efficacy. However, the combination of
the same rIL-21 regimen with anti-CD4 mAb
allowed the cure of 70% of NB-bearing mice,
suggesting that this combination should be fur-
ther exploited in pre-clinical models. If the results
will be confirmed, this combined IT could be
tested in NB patients. In this context, it is impor-
tant to note that the repeated administration of
anti-CD4 mAb produces a profound but transient
CD4+ T cell depletion, as mice rapidly recovered
their CD4+ T cell counts and achieve normal lev-
els within 90 days. Thus, it is expected that CD4+
T cell depletion in patients would not result in
a permanent immune-deficiency and that CD8+
T cell function during CD4-depletion would be
supported by the concomitant rIL-21 treatment,

thus preventing the development of opportunistic
infections or EBV-related malignancies, typical
of immuno compromised patients.

In conclusion, our data indicate that a transient
depletion of CD4+ T cells by means of anti-
CD4 mAbs enhances IL-21-based immunother-
apy of neuroblastoma in a relevant pre-clinical
model and open new perspectives for the
immunotherapy of NB patients in minimal resid-
ual conditions.

Acknowledgements This study was supported in part
by Italian Neuroblastoma Foundation, AIRC (Italian
Association for Cancer Research) and Italian Ministry of
Health. MC is recipient of fellowships awarded by the
Italian Neuroblastoma Foundation.

References

Baratelli F, Lin Y, Zhu L, Yang SC, Heuze-Vourc’h
N, Zeng G, Reckamp K, Dohadwala M, Sharma S,
Dubinett SM (2005) Prostaglandin E2 induces FOXP3
gene expression and T regulatorycell function in
human CD4+ T cells. J Immunol 175:1483–1490

Bayer AL, Yu A, Adeegbe D, Malek TR (2005) Essential
role for interleukin-2 for CD4(+)CD25(+) T regulatory
cell development during the neonatal period. J Exp
Med 201:769–777

Berzofsky JA, Terabe M (2008) NKT cells in tumor immu-
nity: opposing subsets define a new immunoregulatory
axis. J Immunol 180:3627–3635

Comes A, Rosso O, Orengo AM, Di Carlo E, Sorrentino
C, Meazza R, Piazza T, Valzasina B, Nanni P, Colombo
MP, Ferrini S (2006) CD25+ regulatory T cell deple-
tion augments immunotherapy of micrometastases
by an IL-21-secreting cellular vaccine. J Immunol
176:1750–1758

Corrias MV, Bocca P, Anelli E, Cilli M, Occhino M,
Pistoia V, Gambini C (2002) A novel syngeneic murine
model for thoracic neuroblastoma obtained by intra-
mediastinal injection of tumor cells. Cancer Detect
Prev 26:468–475

Coughlin CM, Vance BA, Grupp SA, Vonderheide
RH (2004) RNA-transfected CD40-activated B cells
induce functional T-cell responses against viral and
tumor antigen targets: implications for pediatric
immunotherapy. Blood 103:2046–2054

Croce M, Meazza R, Orengo AM, Fabbi M, Borghi M,
Ribatti D, Nico B, Carlini B, Pistoia V, Corrias MV,
Ferrini S (2008) Immunotherapy of neuroblastoma
by an Interleukin-21-secreting cell vaccine involves
survivin as antigen. Cancer Immunol Immunother
57:1625–1634

Croce M, Corrias MV, Orengo AM, Brizzolara A, Carlini
B, Borghi M, Rigo V, Pistoia V, Ferrini S (2010)



134 M. Croce et al.

Transient depletion of CD4(+) T cells augments
IL-21-based immunotherapy of disseminated neurob-
lastoma in syngeneic mice. Int J Cancer 127(5):
1141–1150

Daga A, Orengo AM, Gangemi RM, Marubbi D, Perera
M, Comes A, Ferrini S, Corte G (2007) Glioma
immunotherapy by IL-21 gene-modified cells or by
recombinant IL-21 involves antibody responses. Int J
Cancer 121:1756–1763

Davis ID, Brady B, Kefford RF, Millward M, Cebon
J, Skrumsager BK, Mouritzen U, Hansen LT, Skak
K, Lundsgaard D, Frederiksen KS, Kristjansen PE,
McArthur G (2009) Clinical and biological efficacy
of recombinant human interleukin-21 in patients with
stage IV malignant melanoma without prior treatment:
a phase IIa trial. Clin Cancer Res 15:2123–2129

Di Carlo E, Comes A, Orengo AM, Rosso O, Meazza
R, Musiani P, Colombo MP, Ferrini S (2004) IL-21
induces tumor rejection by specific CTL and IFN-
gamma-dependent CXC chemokines in syngeneic
mice. J Immunol 172:1540–1547

Gattinoni L, Finkelstein SE, Klebanoff CA, Antony PA,
Palmer DC, Spiess PJ, Hwang LN, Yu Z, Wrzesinski
C, Heimann DM, Surh CD, Rosenberg SA, Restifo
NP (2005) Removal of homeostatic cytokine sinks by
lymphodepletion enhances the efficacy of adoptively
transferred tumor-specific CD8+ T cells. J Exp Med
202:907–912

Hank JA, Gan J, Ryu H, Ostendorf A, Stauder MC,
Sternberg A, Albertini M, Lo KM, Gillies SD,
Eickhoff J, Sondel PM (2009) Immunogenicity of
the hu14.18-IL2 immunocytokine molecule in adults
with melanoma and children with neuroblastoma. Clin
Cancer Res 15:5923–5930

Islam A, Kageyama H, Takada N, Kawamoto T, Takayasu
H, Isogai E, Ohira M, Hashizume K, Kobayashi H,
Kaneko Y, Nakagawara A (2000) High expression of
survivin, mapped to 17q25, is significantly associated
with poor prognostic factors and promotes cell survival
in human neuroblastoma. Oncogene 19:617–623

Kasaian MT, Whitters MJ, Carter LL, Lowe LD, Jussif
JM, Deng B, Johnson KA, Witek JS, Senices M,
Konz RF, Wurster AL, Donaldson DD, Collins M,
Young DA, Grusby MJ (2002) IL-21 limits NK cell
responses and promotes antigen-specific T cell acti-
vation: a mediator of the transition from innate to
adaptive immunity. Immunity 16:559–569

Kushner BH, Kramer K, Cheung NK (2001) Phase II
trial of the anti-G(D2) monoclonal antibody 3F8 and
granulocyte-macrophage colony-stimulating factor for
neuroblastoma. J Clin Oncol 19:4189–4194

Lode HN, Xiang R, Dreier T, Varki NM, Gillies SD,
Reisfeld RA (1998) Natural killer cell-mediated eradi-
cation of neuroblastoma metastases to bone marrow by
targeted interleukin-2 therapy. Blood 91:1706–1715

Malek TR, Bayer AL (2004) Tolerance, not immunity,
crucially depends on IL-2 (review). Nat Rev Immunol
4:665–674

Maris JM, Hogarty MD, Bagatell R, Cohn. SL (2007)
Neuroblastoma. Lancet 369:2106–2120

Moroz A, Eppolito C, Li Q, Tao J, Clegg CH, Shrikant
PA (2004) IL-21 enhances and sustains CD8+ T cell
responses to achieve durable tumor immunity: compar-
ative evaluation of IL-2, IL-15, and IL-21. J Immunol
173:900–909

Osenga KL, Hank JA, Albertini MR, Gan J, Sternberg AG,
Eickhoff J, Seeger RC, Matthay KK, Reynolds CP,
Twist C, Krailo M, Adamson PC, Reisfeld RA, Gillies
SD, Sondel PM, Children’s Oncology Group (2006)
A phase I clinical trial of the hu14.18-IL2 (EMD
273063) as a treatment for children with refractory
or recurrent neuroblastoma and melanoma: a study
of the Children’s Oncology Group. Clin Cancer Res
12:1750–1759

Ozkaynak MF, Sondel PM, Krailo MD, Gan J, Javorsky
B, Reisfeld RA, Matthay KK, Reaman GH, Seeger RC
(2000) Phase I study of chimeric human/murine anti-
ganglioside G(D2) monoclonal antibody (ch14.18)
with granulocyte-macrophage colony-stimulating fac-
tor in children with neuroblastoma immediately after
hematopoietic stem-cell transplantation: a Children’s
Cancer Group Study. J Clin Oncol 18:4077–4485

Park JR, Eggert A, Caron H (2010) Neuroblastoma: biol-
ogy, prognosis, and treatment. Hematol Oncol Clin
North Am 24:65–86

Parrish-Novak J, Dillon SR, Nelson A, Hammond A,
Sprecher C, Gross JA, Johnston J, Madden K, Xu W,
West J, Schrader S, Burkhead S, Heipel M, Brandt C,
Kuijper JL, Kramer J, Conklin D, Presnell SR, Berry
J, Shiota F, Bort S, Hambly K, Mudri S, Clegg C,
Moore M, Grant FJ, Lofton-Day C, Gilbert T, Rayond
F, Ching A, Yao L, Smith D, Webster P, Whitmore T,
Maurer M, Kaushansky K, Holly RD, Foster D (2000)
Interleukin-21 and its receptor are involved in NK
cell expansion and regulation of lymphocyte function.
Nature 408:57–63

Pession A, Prete A, Locatelli F, Pierinelli S, Pession
AL, Maccario R, Magrini E, De Bernardi B, Paolucci
P, Paolucci G (1998) Immunotherapy with low-dose
recombinant interleukin 2 after high-dose chemother-
apy and autologous stem cell transplantation in neu-
roblastoma. Br J Cancer 78:528–533

Refaeli Y, Van Parijs L, London CA, Tschopp J,
Abbas AK (1998) Biochemical mechanisms of IL-
2-regulated Fas-mediated T cell apoptosis. Immunity
8:615–623

Roncarolo MG, Gregori S, Battaglia M, Bacchetta R,
Fleischhauer K, Levings MK (2006) Interleukin-10-
secreting type 1 regulatory T cells in rodents and
humans. Immunol Rev 212:28–50

Russell HV, Strother D, Mei Z, Rill D, Popek E, Biagi
E, Yvon E, Brenner M, Rousseau R (2007) Phase
I trial of vaccination with autologous neuroblastoma
tumor cells genetically modified to secrete IL-2 and
lymphotactin. J Immunother 30:227–233

Russell HV, Strother D, Mei Z, Rill D, Popek E, Biagi
E, Yvon E, Brenner M, Rousseau R (2008) A phase
1/2 study of autologous neuroblastoma tumor cells
genetically modified to secrete IL-2 in patients with
high-risk neuroblastoma. J Immunother 31:812–819



12 Neuroblastoma: Perspectives for the Use of IL-21 in Immunotherapy 135

Sakaguchi S, Ono M, Setoguchi R, Yagi H, Hori S,
Fehervari Z, Shimizu J, Takahashi T, Nomura T (2006)
Foxp3 + CD25 +CD4 + natural regulatory T cells
in dominant self-tolerance and autoimmune disease
(review). Immunol Rev 212:8–27

Simon T, Hero B, Faldum A, Handgretinger R, Schrappe
M, Niethammer D, Berthold F (2004) Consolidation
treatment with chimeric anti-GD2-antibody ch14.18 in
children older than 1 year with metastatic neuroblas-
toma. J Clin Oncol 22:3549–3557

Spix C, Pastore G, Sankila R, Stiller CA, Steliarova-
Foucher E (2006) Neuroblastoma incidence and sur-
vival in European children (1978–1997): report from
the Automated Childhood Cancer Information System
project. Eur J Cancer 42:2081–2091

Thompson JA, Curti BD, Redman BG, Bhatia S, Weber
JS, Agarwala SS, Sievers EL, Hughes SD, DeVries
TA, Hausman DF (2008) Phase I study of recombinant
interleukin-21 in patients with metastatic melanoma
and renal cell carcinoma. J Clin Oncol 26:2034–2039

Valzasina B, Piconese S, Guiducci C, Colombo MP
(2006) Tumor-induced expansion of regulatory T cells
by conversion of CD4 + CD25-lymphocytes is thy-
mus and proliferation independent. Cancer Res 66:
4488–4495

Wang G, Tschoi M, Spolski R, Lou Y, Ozaki K, Feng
C, Kim G, Leonard WJ, Hwu P (2003) In vivo anti-
tumor activity of interleukin 21 mediated by natural
killer cells. Cancer Res 63:9016–9022



13Neuroblastoma: Role of Hypoxia
and Hypoxia Inducible Factors
in Tumor Progression

Erik Fredlund, Alexander Pietras, Annika Jögi,
and Sven Påhlman

Abstract
Solid tumors are poorly oxygenated due to insufficient blood supply. Despite
that the majority of cells in solid tumor are hypoxic, they both survive and
grow under hypoxic conditions. Thus, tumor cells have the ability to adapt to
hypoxia, which highly affects the phenotype as well as behavior of distinct
cells and the tumor as a whole. Instrumental in this adaptation process, which
also occurs in non-transformed cells, are the hypoxia inducible transcription
factors HIF-1 and HIF-2 and their oxygen sensitive alpha subunits. In neuro-
blastoma, a tumor derived from sympathetic nervous system precursor cells,
HIF signaling is particularly important as HIF-2α is a marker of unfavorable
disease and as it turns out, also of immature neural crest-like, neuroblastoma
cells, which is in line with the temporal embryonal expression of HIF-2α

during discrete periods of sympathetic nervous system development. Here we
review the general mechanisms by which tumor cells adapt to hypoxia and
in particular, the role of HIF-2α in aggressive neuroblastoma disease, which
primarily is not linked to hypoxic stabilization of HIF-2α, but rather appears
to be an inherent property of immature neuroblastoma cells.
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Introduction

Solid tumors are less well oxygenated than the
surrounding normal tissue (Vaupel and Hoeckel,
1999). The growing mass of oxygen-consuming
cancer cells in combination with malformed
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and poorly functioning tumor-induced vessels
are key reasons for tumor hypoxia. Oxygen-
carrying microvessels can supply five to ten
cell layers in tissues, and a gradient in oxy-
gen pressure depending on the cellular oxygen
consumption will be established, giving rise to
increasing hypoxia with distance to blood cir-
culation. Glucose diffuses more readily in the
interstitial fluid, but the concentration is declining
depending on cellular demand. Interestingly, a
proportion of hypoxic tumor cells will have
sufficient access to glucose to survive and divide.
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Consequently, oxygen and nutrient limitations
are factors affecting tumor cells early in the pro-
cess of tumor progression, and might thus be
important conditions that promote tumorigenesis.

Tissue hypoxia is functionally defined as the
level of oxygenation where the normal function
of organs, tissues and cells cannot be sustained
and cellular production of energy (ATP) is insuf-
ficient. Thus, the actual oxygen level at which
this occurs will vary between different cells and
tissues. In several studies cut-off values in the
vicinity of 7–10 mmHg (∼1 kPa) correspond-
ing to approximately 1% oxygen pressure have
been used as an estimate to distinguish between
hypoxic tumors and less hypoxic tumors when
demonstrating that tumor hypoxia is associated
with worse outcome (Vaupel and Hoeckel, 1999).
In comparison, the normal end-capillary oxygen
pressure is between 45 and 50 mmHg (∼6%),
with considerable inter-organ variations (Vaupel
and Hoeckel, 1999).

Low oxygen levels in solid tumors have been
shown to correlate to poor outcome in several
cancer forms, including squamous carcinoma of
the head and neck, cervical cancer and breast
cancer (Semenza, 2003; Vaupel and Hoeckel,
1999). The effects of hypoxia on outcome of
cancer disease have been linked both to inher-
ent tumor progression and to treatment failure.
The efficiency of anti-tumor radiotherapy and
the chemotherapeutic agents acting via free rad-
icals is compromised by tumor hypoxia through
several routes some of which are direct such
as decreased production of oxygen-derived free
radicals and loss of oxygen-induced fixation of
DNA damage. Other effects are secondary such
as effects on cell cycle status, cell differentiation,
and apoptosis/survival signaling.

Adaptation to Hypoxia – Cellular
Mechanisms

Hypoxia Inducible Factors

Hypoxic stress induces a large number of bio-
logical responses, the most studied and pivotal
for cell survival include the switch to anaerobic

glucose metabolism, induction of angiogenesis
and induction of programs for cell survival.
The main molecular regulators of the cellu-
lar hypoxic response are the hypoxia inducible
factors (HIFs) that belong to the basic Helix-
Loop-Helix (bHLH) family of transcription fac-
tors and the subgroup denoted PAS (Per, ARNT,
Sim) factors (Löfstedt et al., 2007; Semenza,
2003). These factors operate as heterodimers of
one α and one β subunit. Three HIF-α units
have been described, HIF-1α (MOP), HIF-2α

(EPAS1, MOP2, HLF) and HIF-3α (IPAS), and
they all dimerize with the β-subunit ARNT/HIF-β
(Löfstedt et al., 2007; Semenza, 2003). Three
structurally similar human HIF β-subunits are
described, ARNT, ARNT2, and ARNT3. HIF-
1α and HIF-2α are highly homologous pro-
teins encompassing an N-terminal bHLH region
mediating DNA-binding and dimerization with
HIF β and two transcription activating domains
(Fig. 13.1). HIF-3α lacks these transactivating
domains and has been proposed to act as a dom-
inant negative inhibitor by sequestering either
HIF-α or ARNT from forming transcriptionally
active dimeric factors. Splice variants of all HIF-
α subunits exists, including HIF-1α and HIF-2α

forms lacking one or both transcription activating
domains. Overcoming redox and hypoxic stress
was an early hurdle to life and HIFs exist and are
conserved among species from fruit fly to human.
In the human genome HIF-1α is encoded on the
long arm of chromosome 14 and HIF-2α on the
short arm of chromosome 2.

Protein levels of HIF-1α and HIF-2α are
mainly regulated post-translationally and in
response to hypoxia they increase several fold,
mediated by a dramatical increase in protein
stability. In the presence of oxygen, prolyl
hydroxylases (PHDs) transfer hydroxyl (-OH)
groups to HIF-α proline-residues (HIF-1α;
Pro402 and Pro564, HIF-2α; Pro405 and Pro531)
(Kaelin, 2005) (Fig. 13.1a), a process directly
dependent on dimeric oxygen. The proline-
hydroxylated forms of HIF-1α and HIF-2α

are recognized and bound by the ubiquitin
E3-ligase containing von Hippel-Lindau factor
(pVHL) that mediates polyubiquination of
the HIF-α subunits and thereby destine them
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Fig. 13.1 a Schematic presentation of the HIF-a subunit
depicting regions important for transcriptional regula-
tion, including the following; the basic domain (B), the
helix-loop-helix (HLH) region, the Per/ARNT/Sim (PAS)
domain, the N- and C-terminal transcriptional activation
domains (TAD), and the inhibitory (ID) domain. The
oxygen dependent degradation depend on a region har-
boring the two prolines that can be hydroxylated by the
PHDs, this region overlaps with the N-terminal TAD.

b HIFα proteins are constitutively translated in normoxic
as well as hypoxic cells, however, rapidly degraded in
an oxygen dependent process involving PHDs, FIH and
the VHL complex during conditions of sufficient oxygen.
At hypoxia, HIFα proteins are rapidly accumulated, enter
the nucleus, complex with HIFβ and form transcriptional
complexes that activate transcription from HREs in HIF
downstream target genes

for proteosomal degradation (Kaelin, 2005).
When oxygen is in shortage the PHDs cannot
mediate hydroxylation and the HIF-α subunits
remain undetected by pVHL and accumulate,
translocate to the nucleus, and associate with
HIF-β. Dimeric HIF binds via the basic regions
of the α and β subunits to specific regions in
the genomic sequence, the core bases of the

binding site are denoted the hypoxia responsive
element (HRE). The consensus HRE for both
HIF-1α and HIF-2α is 5′-BACGTSSK-3′ where
B=G/C/T; S=G/C; K=G/T (Kvietikova et al.,
1995). Functional HREs have with time been
identified in many gene promoters regulating
expression of proteins involved in functions such
as glucose metabolism (GLUT1, HK2, PGK
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etc), angiogenesis (VEGFA), and erythropoiesis
(EPO). HIF-1α and HIF-2α induce transcrip-
tion by recruiting transcriptional co-activators
CBP/p300 to their transcription activation
domains (Fig. 13.1b). The HIF-mediated tran-
scriptional activation can be modulated by factor
inhibiting HIF (FIH) that binds HIF-α and
recruits histone deacetylases as well as prevents
co-activator recruitment (Löfstedt et al., 2007;
Semenza, 2003). The FIH regulation is also
guided by a hydroxylation process, in this case
of an aspargine-residue in the C-terminal tran-
scription activation domain (HIF-1α; Asp803,
HIF-2α; Asp831).

Proline Hydroxylases

The oxygen dependent proline hydroxylation of
HIF-α subunits essentially constitute the cel-
lular oxygen sensing switch and four human
prolyl hydroxylases have been described, PHD1
(EGLN2), PHD2 (EGLN1), PHD3 (EGLN3),
and PHD4. Despite that PHD1-3 all are able
to hydroxylate HIF-1α and HIF-2α only gene
silencing of PHD2, and not of PHD1 and PHD3,
resulted in increased HIF-1α levels (Chan and
Giaccia, 2010; Kaelin, 2005). In line with these
results, mice homozygously lacking the PHD2
gene had increased HIF-1α and HIF-2α lev-
els and died between embryonic day 12.5 and
14.5 with vascular defects of the heart and pla-
centa. Contrary, PHD1–/– and PHD3–/– mice were
born in the expected Mendelian fraction and had
normal appearances (Chan and Giaccia, 2010;
Kaelin, 2005). Mice lacking both PHD1 and
PHD3 had accumulation of HIF-2α, but not HIF-
1α, in the liver suggesting a preferential reg-
ulation of HIF-2α by PHD1 and PHD3 (Chan
and Giaccia, 2010; Kaelin, 2005). In vitro stud-
ies have suggested a preferential hydroxylation
of HIF-1α by PHD2 (Chan and Giaccia, 2010;
Kaelin, 2005). Conditional knock down of the
PHDs in the endothelial compartment led to vas-
cular effects only in the case of PHD2 (Chan and
Giaccia, 2010; Kaelin, 2005) and not in the case
of single knock down of PHD1 or PHD3. The
less pronounced effect of loss of PHD3 may also
relate to the fact that it can only hydroxylate one

of the two proline-residues in HIF-1α and most
likely also in HIF-2α (Kaelin, 2005).

The involvement of PHDs in cancer has not
been rigorously studied, but a high frequency
of mutations in PHD2 in endometrial tumors
(Chan and Giaccia, 2010; Kaelin, 2005) and
reduced expression of PHD3 in colorectal tumors
(Chan and Giaccia, 2010; Kaelin, 2005) indi-
cate that the prolyl hydroxylases can contribute
to tumorigenesis. In addition, PHD2 has a HIF-
independent role in tumor angiogenesis shown
by decreased growth and vascularization of xeno-
transplanted tumors after silencing of PHD2
also in HIF(1α)-deficient cells and this HIF-
independent effect of PHD2 on vasculature was
mediated via IL-8 and ANG. (Chan and Giaccia,
2010). Clearly, the HIF-α regulation by prolyl-
hydroxylation is complex and may also vary
between different cell types and between physi-
ological and pathological settings such as cancer
and further adding to this complexity is the HIF
driven transcriptional regulation of PHD2 and
PHD3.

Additional Posttranslational
Modifications of HIFs

In addition to the three amino acid-residue
hydroxylations, other posttranslational modifica-
tions to the HIF-α subunits have been described.
Acetylation of an N-terminal lysine-residue con-
served between HIF-1α and HIF-2α has been
proposed to enhance pVHL-binding, though
a later study challenges this finding. Specific
deacetylation of this lysine-residue in HIF-
2α has been reported to occur at hypoxia
by the stress-responsive deacetylase sirtuin-1
leading to increased stability and transcrip-
tional activity of HIF-2α. The HIF-α can also
be phosphorylated by mitogen-activated protein
kinase (MAPK/ERK) and possibly also by c-Jun
N-terminal kinase (JNK) (reviewed in (Dimova
and Kietzmann, 2010)) promoting HIF transcrip-
tion activity. Transcription and translation of
HIF-α is also positively regulated via the phos-
phatidylinositol 3-kinase (PI3K)/Akt cascade and
mammalian target of rapamycin (mTOR) inde-
pendent of oxygen conditions.
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Genetic Targeting of HIFs

Genetic targeting of HIF-1α in mice results in
severe developmental malformations and embry-
onal death at mid-gestation (Löfstedt et al.,
2007). Both HIF-1α knockout mice display
severe vascular malformations, although VEGF
levels are not lowered compared to wildtype lit-
termates, hypoxia inducibility was lost. Loss of
neural crest cells at embryonic day 8, prior to
manifest effects on the vascular system was fur-
ther reported, indicating a specific role for HIF-
1α in embryonal neural crest cell survival. Also,
the embryos lacking HIF-1α had severely dis-
turbed somite and neural fold development and
increased hypoxia.

Genetic targeting of HIF-2α in mice has
been performed independently by a number of
researchers resulting in somewhat dissimilar find-
ings. McKnight and co-workers found that HIF-
2α is expressed in developing sympathetic gan-
glia and in sympathetic paraganglia including
the main embryonal and fetal catecholamine
synthesizing structure, Organ of Zuckerkandl
(Tian et al., 1998). In accordance, HIF-2α null
mice had low catecholamine levels and died
from bradycardia between embryonal day 12.5
and 15.5, and at this time no defects in vas-
culogenesis or angiogenesis of the embryo or
placenta was found. Supplementation of cate-
cholamine analogues to the pregnant females
could partially rescue the HIF-2α null embryos
until birth (Tian et al., 1998) further suggesting
that the cause of embryonal death was physio-
logical rather than developmental. HIF-2α null
mice generated later by other laboratories dis-
played vascular defects of both the placenta
and the embryo and loss of EPO production
(Löfstedt et al., 2007; Pietras et al., 2010),
and impaired VEGF-dependent lung maturation
(Löfstedt et al., 2007). Interestingly, although
bradycardia in the HIF-2α deficient embryos was
not detected, an increased (but not statistically
significant) fraction of mice survived until birth
when mothers were given catecholamine pre-
cursor. The role of HIF-2α in development of
the sympathetic nervous system is of specific
interest in the setting of the childhood tumor

neuroblastoma that originate from the developing
sympathetic nervous system, as discussed below.

Most tumor cell lines express both HIF-1α and
HIF-2α in vitro and accumulation of both factors
take place at hypoxia. Within the organism the
picture seems to be somewhat different in that
the expression of HIF-α subunits and especially
HIF-2α is more restricted. Most metazoan cells
seem able to accumulate HIF-1α in response to
oxygen deprivation whereas HIF-2α buildup in
the adult organism has been reported mainly in
endothelial cells, the lung and the carotid body
of the autonomous nervous system. In embryonal
development gene transcription via HIFs induced
by diminishing oxygen levels, and probably also
oxygen independent mechanisms, is involved for
example in regulation of vasculogenesis, deve-
lopment of the neural tube and erythropoiesis.

HIFs in Cancer Cells

A large proportion of the investigated tumor
derived cell lines constantly express mRNA of
both HIF-1α and HIF-2α in vitro, but have very
low or undetectable protein levels due to the route
of post translational protein regulation described
above that allows for prompt accumulation of
HIFs upon oxygen deficiency. In cancer derived
cells from both breast cancer and neuroblas-
toma we have seen divergent patterns of HIF-1α

and HIF-2α accumulation, HIF-1α protein lev-
els raised very fast upon oxygen withdrawal
whereas HIF-2α levels responded more slowly,
but remained high after 72 h of hypoxia, while
HIF-1α protein levels had begun to decline at
this time (Helczynska et al., 2008; Holmquist-
Mengelbier et al., 2006). This was also reflected
in the expression patterns of target genes pro-
posed to be selectively induced by either HIF-1α

or HIF-2α, as discussed below.
Increased HIF levels have been detected in

many tumor specimens, in transformed cells and
in cells of the stromal compartment. The role of
HIFs in tumor growth and progression appears
complex since correlation between HIF-levels
and disease progression often are disparate (see
below). This may at least in part reflect technical
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problems such as antibody integrity and tissue
sample preparation. Loss of HIF-1β (i.e. loss of
both HIF-1 and HIF-2 activity) gave decreased
tumor forming ability in transplantation studies
primarily attributed to inability to adjust glucose
metabolism to low oxygen conditions. Teratomas
generated from HIF-1α negative ES-cells were
smaller, but without significant difference in
vascularization (Semenza, 2010) suggesting that
HIF-1α is a positive factor in tumor growth.
Contrary to this finding others have found HIF-
1α to negatively affect tumor growth (Semenza,
2010) by interfering with apoptosis regulation.
HIF-1α levels in patient tumor materials have
been reported to correlate with progressive
disease and poor outcome while other studies
speak against such correlations exemplified by
breast cancer and neuroblastoma (Helczynska
et al., 2008; Noguera et al., 2009). Later studies
have shown HIF-2α to be associated with disease
progression and poor outcome in a variety of
solid tumors including neuroblastoma and glioma
(Helczynska et al., 2008; Holmquist-Mengelbier
et al., 2006; Li et al., 2009).

Neuroblastoma

Neuroblastoma Clinic

Neuroblastoma is a childhood tumor originating
from the emerging sympathetic nervous system.
The median age at diagnosis is 22 months and
the vast majority of patients are younger than
10 years at the time of diagnosis, and intra-
uterine detection of neuroblastoma occurs. No
etiological factor has been linked to neuroblas-
toma incidence and only a few percent of neu-
roblastoma cases are inherited. Neuroblastoma
accounts for 8–10% of all malignancies in chil-
dren, with an annual rate of approximately ten
diagnoses per million in the population younger
than 15 years (Maris et al., 2007) making this
tumor form the most common extra cranial solid
tumor in children. The outcome of neuroblastoma
varies widely from spontaneous differentiation
into benign tumor forms to progressive disease

resulting in metastasis and patient loss despite
extensive therapy, and this seemingly inexplica-
ble tumor-behavior has brought about extensive
research on this tumor form. The concept of cell
differentiation has been well explored in neuro-
blastoma and a wide array of marker genes for
different stages of sympathetic neuronal differen-
tiation have been identified and compared to their
normal expression during embryonal/childhood
development of the sympathetic nervous system.
Generally speaking, a low differentiation status
of neuroblastoma tumor cells is associated with
aggressive disease and poor prognosis (Fredlund
et al., 2008).

Neuroblastoma tumors are classified accor-
ding to the International Neuroblastoma Staging
System (INSS) (Maris et al., 2007) that divide
tumors into four stages based on the localization
of the primary tumor, lymph node involvement,
and the existence and pattern of metastasis. The
INSS stage and patient age at diagnosis are the
most indicative clinical variables in predicting
disease outcome. A frequently occurring genetic
variation in neuroblastoma linked to poor progno-
sis is amplification of the MYCN proto-oncogene
seen in 20–25% of the tumors. In addition, loss of
genetic material on the distal part of the short arm
of chromosome 1 has a frequency of 20–40% of
primary tumors, and like a gain on the long arm of
chromosome 17 correlate to progressive disease
(Maris et al., 2007).

Neuroblastoma and the Developing
Sympathetic Nervous System

Screening for neuroblastoma in infants resulted in
an increase in incidence of neuroblastoma in situ,
but failed to decrease the number of cases of high-
stage neuroblastoma in older children. In studies
of infant victims of fatality, microscopic residues
resembling neuroblastoma cells were found in
a large proportion compared to the incidence
of clinically diagnosed neuroblastoma (Beckwith
and Perrin, 1963). Taken together, these find-
ings imply that such neuroblastoma-like cells
rarely give clinical symptoms and regress and/or
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differentiate during development. Low-stage neu-
roblastomas lacking MYCN amplification and
chromosome 1 deletions possess a high frequency
of spontaneous regression or differentiation into
benign ganglioneuromas (Maris et al., 2007).
These features of neuroblastoma may be seen in
context of the substantial remodeling of the sym-
pathetic nervous system during infancy. During
embryogenesis and early infancy catecholamine
levels are maintained by sympathetic paragan-
glia, the most prominent being the Organ of
Zuckerkandl. These structures situated adjacent
to the embryonal/fetal aorta emit catecholamines
into the blood stream. During infancy the cate-
cholamine production is successively taken over
by the sympathetic cells in sympathetic gan-
glia proper and the medullar cells of the adrenal
glands, while the paraganglia become inconspic-
uous remnants. The diminution of the sympa-
thetic paraganglia in childhood has been viewed
as a physiological parallel to the spontaneous
regression sometimes seen in low-stage or 4S
neuroblastoma.

Of particular interest in the context of this
review is the expression and accumulation of
HIF-2α protein during discrete periods of sym-
pathetic development (Tian et al., 1998). Both
HIF-2α mRNA and protein are expressed dur-
ing murine development in sympathetic ganglia
at embryonal (E) days E10.5-12.5 and in para-
ganglia at E14.5-16. As there are no indications
that these structures experience transient phases
of hypoxia during normal development, the high
HIF-2α protein levels appear to be regulated by
non-hypoxic mechanisms. HIF-2α protein is also
expressed at high levels during human sympa-
thetic development as demonstrated in fetal week
8.5 paraganglia of the trunk (Pietras et al., 2010).

Effects of Hypoxia in Neuroblastoma

Clinical Implications of HIFs
in Neuroblastoma

Our previous analyses of protein expression in
clinical neuroblastoma specimens have shown
that while high HIF-2α levels correlate to high

stage aggressive disease and poor patient out-
come (Holmquist-Mengelbier et al., 2006), HIF-
1α rather shows the opposite relationship with
an increased expression in low stage tumors
and thus a connection to less aggressive disease
(Noguera et al., 2009). As both HIF-1α and HIF-
2α are known to be induced by hypoxia (Löfstedt
et al., 2007) the divergent implications on patient
survival might at first seem puzzling, however
there are plausible explanations. As discussed
above, the HIF-α subunits are differentially reg-
ulated with respect to both time at and rate of
hypoxia. This is evident when assaying cell lines
(Holmquist-Mengelbier et al., 2006) and trans-
fers partly into the in vivo situation as differential
subunit expression is observed when staining
neuroblastoma tumor samples using immuno-
histochemistry (Noguera et al., 2009). Acting
as a likely marker for hypoxia, HIF-1α protein
expression was present in poorly vascularized,
presumably hypoxic, tumor areas (Noguera et al.,
2009), including peri-necrotic tumor zones (Jögi
et al., 2002; Pietras et al., 2010). Consequently,
there was a negative correlation to vascular den-
sity (Noguera et al., 2009). In contrast, we
have extensively reported on the broad HIF-2α

expression pattern with presence also in seem-
ingly well-vascularized tumor areas (Holmquist-
Mengelbier et al., 2006; Noguera et al., 2009;
Pietras et al., 2008). However, and in line with a
semi-concordant stabilization of the HIF-α sub-
units at hypoxia (Holmquist-Mengelbier et al.,
2006), HIF-1α and HIF-2α expression showed a
weak correlation in neuroblastoma tumor sam-
ples and HIF-2α protein levels could be high both
in poorly and highly vascularized areas (Noguera
et al., 2009). Thus HIF-2α, as is known for HIF-
1α (Semenza, 2003), seems to be able to stabilize
in response to stimuli other than hypoxia, such
as for instance aberrant growth factor signaling
(Löfstedt et al., 2007) and (AP, SP, unpublished
observations).

The disparate expression patterns at least
partly explain the opposite clinical correlations
for HIF-1α and HIF-2α to patient outcome, and
importantly, this trend is not neuroblastoma spe-
cific but has been observed for several other can-
cer forms, including breast and colorectal cancer
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(Pietras et al., 2010). Furthermore, there is strong
evidence that development of clear cell renal car-
cinoma, resulting from loss of the VHL tumor
suppressor, is related to non-hypoxic stabilization
of HIF-2α but not HIF-1α (Pietras et al., 2010).
However, significant correlations between poor
patient outcome and high HIF-1α protein levels
or HIF-1α specific downstream targets have been
reported for other cancer forms as exemplified by
endometrial cancer (Pietras et al., 2010).

Clinical Implications of HIF Downstream
Targets

One possible contribution to clinical outcome,
acting directly downstream of HIF-α subunit sta-
bilization, is induction of specific HIF-1α and
HIF-2α target genes. Even though the two HIF-α
subunits are highly homologous transcription fac-
tors and most likely share affinity for a majority
of target gene promoters, some differential target
genes have been reported. For instance HIF-1α

has been suggested to shunt cellular metabolism
away from the oxygen dependent mitochon-
drial pathway and into glycolysis via induction
of pyruvate dehydrogenase kinase 1 (PDK1)
(Papandreou et al., 2006). Another target gene
suggested to be HIF-1α specific is the apoptosis-
related gene BNIP3 (Raval et al., 2005). This
result is in concordance with our findings in
neuroblastoma where the expression of BNIP3
was virtually unaffected by HIF-2α knock-down
(Holmquist-Mengelbier et al., 2006). HIF-2α on
the other hand has been reported to be the exclu-
sive hypoxia mediated regulator of the stem
cell marker Oct-4 (POU5F1) (Covello et al.,
2006) and also for inducing transcription from
the cyclin D1 (CCND1) gene (Raval et al.,
2005).

Perhaps the most prominent HIF-target gene
in relation to tumor progression and disease
aggressiveness is the vascular endothelial growth
factor (VEGF) (Ferrara and Kerbel, 2005). The
cytokine VEGF will upon secretion into the inter-
stitium, e.g. by hypoxic cells, both stimulate
neo-angiogenesis and attract newly formed ves-
sels along the gradient of release accordingly

leading to increased vascularization and oxy-
genation of the tumor bed. As some degree of
vascularization is a prerequisite for any tissue
growth there is substantial interest in VEGF as
a pro-tumorigenic factor (Ferrara and Kerbel,
2005) and high relative abundance of transcripts
from this gene has been reported as prognostic
also in neuroblastoma (see refs. and discussion in
(Noguera et al., 2009). However, in our analyses
using immunhistochemical evaluation of tumor
samples representing 93 children with neuroblas-
toma VEGF protein expression did not correlate
to high stage disease nor decreased patient out-
come (Noguera et al., 2009). Furthermore, when
investigating VEGF gene expression in microar-
ray data representing 251 neuroblastoma patients
(Oberthuer et al., 2006) a correlation between
high expression and decreased survival could not
be identified (Fig. 13.2). The protein and gene
expression results regarding VEGF suggests that
hypoxia mediated transcription, when assayed on
the gross tumor tissue level, does not correlate
to survival. Further investigations of the HIF-
1α and HIF-2α specific target genes CCND1,
BNIP3 and PDK1 showed no significant corre-
lations to clinical co-variates such as INSS stage
(data not shown) or patient survival (Fig. 13.2),
thus corroborating the previous observation.
However, high transcript levels of other cyclins
like CCNA1, CCNB1, CCNB2, CCNE1 showed
strong correlations to poor prognosis (data not
shown and (Oberthuer et al., 2006)), evidencing
that high proliferation, presumably activated by
Myc-family proteins (Fredlund et al., 2008), can
be a trait of aggressive neuroblastomas.

It should be mentioned that the results regard-
ing HIF downstream targets in Fig. 13.2, as well
as the above referenced analyses of HIF protein
expression, were all performed using surgically
removed primary tumor specimens. Thus, for
reasons discussed in the introductory section, a
tumor promoting role for hypoxia and conse-
quent HIF-1α expression cannot be excluded in
tumor progression, e.g. via angiogenesis, of early
microscopic neuroblastoma lesions. However,
since neither the HIF-2α specific target gene
CCND1, the HIF-1α specific genes PDK1 and
BNIP3, nor the joint target gene VEGF correlate
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Fig. 13.2 Expression of HIF target genes does not cor-
relate to patient prognosis. Using gene expression data
representing 251 children with neuroblastoma (Oberthuer

et al., 2006), patients were dichotomized based on expres-
sion above or below the median of the interrogated gene.
P-values represent log-rank tests

to neuroblastoma patient prognosis, we can only
conclude that the explanation to HIF-mediated
effects on disease aggressiveness lies elsewhere
than in general tumor cell induction of angiogenic
factors, modulation of apoptosis or modulation of
metabolism.

Oxygen-Independent HIF-2ααα Effects
in Cancer Stem Cells

As discussed above, immunohistochemical stain-
ings of HIF-1α and HIF-2α proteins in human
neuroblastoma specimens revealed high levels of
HIF-1α almost exclusively in peri-necrotic and
apparently hypoxic tumor regions, whereas HIF-
2α protein appears more widespread (Noguera
et al., 2009; Pietras et al., 2008). Strikingly,
HIF-2α expressing cells are frequently found
as small subpopulations of cells located on

the border between tumor bulk and stroma in
well-vascularized (i.e. presumably non-hypoxic)
tumor regions (Pietras et al., 2008). One of
the most puzzling observations from the tissue
microarray study on HIF-2α in neuroblastoma
described previously is that the presence of cells
staining intensely positive for HIF-2α, rather than
a large number of positive cells, correlated with
aggressive disease. Although it is not trivial to
interpret the biological background to this find-
ing, these data may indicate that intense staining
for HIF-2α serves as a marker for particularly
aggressive tumor cells. In pursuit of this hypoth-
esis, we investigated the expression of sympa-
thetic neuronal differentiation markers and neural
crest/stem cell markers in this subset of neurob-
lastoma cells, as it is well established that less dif-
ferentiated neuroblastomas are more aggressive
than highly differentiated ones (Fredlund et al.,
2008). Indeed, we found that the perivascular
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cells expressing high levels of HIF-2α consis-
tently lacked expression of neuronal markers,
while expressing high levels of neural crest-
and stem cell-associated proteins (Pietras et al.,
2008).

The perivascular localization of these cells
in combination with the immature phenotype
is of particular interest in light of recent find-
ings that brain tumor stem cells – as defined by
their multi-lineage differentiation capacity, high
tumorigenicity and self-renewal, or more practi-
cally by surface expression of CD133 – reside
in a perivascular niche (Calabrese et al., 2007;
Hambardzumyan et al., 2008). Interestingly, it
was recently described that CD133+ glioma stem
cells, like the bone marrow-derived neuroblas-
toma TICs, express HIF2A and HIF-2α protein
at significantly higher levels than CD133- cells,
indicating that HIF-2α may mark cancer stem
cells also in brain tumors (Li et al., 2009).

The mechanisms underlying the high expres-
sion of HIF-2α protein at normoxia in tumor
cells like those described above remain poorly
understood. However, both HIF-α subunits can
be induced by growth factor-induced signaling
and most prominently via activation of the PI3K
and mTOR pathways. Several receptor tyrosine
kinases, including c-Kit and Ret, were recently
shown to induce both HIF-1α and HIF-2α pro-
tein in cultured neuroblastoma cells upon stim-
ulation with their respective ligands (Nilsson
et al., 2010). Notably, VEGFR-1 stimulation
alone resulted in increased levels of HIF-2α. As
HIF-2α is a main driver of VEGF in neuroblas-
toma cells (Holmquist-Mengelbier et al., 2006),
these data suggest that a positive feedback loop
regulates HIF expression via VEGF receptors in
human neuroblastoma.

HIF-2ααα as a Regulator of
Neuroblastoma Stem Cell
Maintenance

Data discussed above established HIF-2α, partic-
ularly under non-hypoxic conditions, as a marker
of undifferentiated and aggressive cancer stem
cells. However, given the transient expression of

HIF-2α during for instance sympathetic neuronal
development, it was unclear whether or not HIF-
2α played an active role in maintaining the undif-
ferentiated state. Particularly in the sympathetic
nervous system, no obvious role for HIF-2α dur-
ing development has been established, although
HIF2A knockout mice frequently suffer from a
defective sympathetic nervous system (Tian et al.,
1998). Furthermore, HIF-2α has been shown to
induce expression of some genes that may be
involved in sympathetic neuronal differentiation
such as TRKB (Martens et al., 2007), however,
also the role of TRKB during early stages of
SNS development remains unclear (Straub et al.,
2007).

Several clues in the literature suggested that
HIF-2α might indeed be directly involved in
maintaining the stem cell state in neuroblastoma
and brain tumor stem cells. In both sympathetic
and central nervous system differentiation, Notch
signaling appears to play an important role in
keeping stem cells immature and undifferenti-
ated. During sympathetic development, activation
of Notch results in an increase in the SOX10
positive progenitor population and conversely,
Notch inhibition diminishes the progenitor pop-
ulation and results in a greater number of SCG10
positive neurons, indicating that the progenitor
pool is maintained by active Notch (Tsarovina
et al., 2008). Furthermore, inhibition of Notch by
the gamma-secretase inhibitor DAPT resulted in
induced differentiation as measured by increased
neurite outgrowth and expression of the neu-
ronal marker GAP43 in SH-SY5Y cells (Pietras
et al., 2010). Conversely, neuroblastoma cells
transfected to overexpress intracellular Notch fail
to undergo induced differentiation (Pietras et al.,
2010). A function for Notch in maintaining SNS
neural progenitors and neuroblastoma cells undif-
ferentiated is further supported by the estab-
lished role of the Notch downstream target gene
HES1 to repress transcription of the ASCL1 gene
(Pietras et al., 2010). ASCL1 is the first pro-
neural gene involved in neural crest progenitor
differentiation towards the sympathetic neuronal
lineage, and repression of ASCL1 impairs neu-
rogenesis (Pietras et al., 2010). There are sev-
eral layers of interplay described between the
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hypoxia/HIF and Notch pathways. Specifically, a
direct interaction between intracellular Notch and
HIF-alpha subunits resulting in increased expres-
sion of Notch pathway downstream target genes
appear to be of importance to maintain an undif-
ferentiated state of CNS neurons (Pietras et al.,
2010). Increased expression of Notch pathway
components was previously described in neurob-
lastoma cells cultured at hypoxia (Jögi et al.,
2002), as part of an overall dedifferentiated and
stem-like phenotype with loss of expression of
neuronal markers accompanied by an increased
expression of neural crest progenitor markers.

Apart from the Notch pathway, HIF-2α was
recently shown to transcriptionally activate other
key genes involved in maintaining stem cell-
states. Simon and colleagues demonstrated that
HIF-2α activates expression of the pluripotency
factor OCT4 during embryogenesis (Covello
et al., 2006). Furthermore, HIF-2α was demon-
strated to induce expression of the drug efflux
pump gene ABCG2 in cardiac side-population
cells (Martin et al., 2008).

Supporting a general role for hypoxia-
inducible factors and specifically HIF-2α in
maintaining cancer stem cell states, similar data
were recently obtained in several independent
studies of brain tumor stem cells. Li et al. ele-
gantly demonstrated that CD133+ glioma stem
cells expressed high levels of HIF-2α regard-
less of oxygen tensions, and that knockdown of
HIF-2α (and HIF-1α) resulted in diminished self-
renewal and tumorigenicity of these aggressive
tumor cells (Li et al., 2009), and further studies
have since confirmed their findings (Pietras et al.,
2010). Furthermore, like in neuroblastoma (Jögi
et al., 2002), hypoxic growth of non-stem-like
glioma cells resulted in induced expression of
stem cell markers and an overall dedifferentiated
phenotype (Heddleston et al., 2009).

HIF-2ααα in Tumor Vascularization
and Stromal Recruitment

HIF regulation of angiogenesis is mainly orches-
trated by increased production and secretion of
soluble growth factors from hypoxic cells that

stimulate the recruitment, growth and differenti-
ation of vascular endothelial cells. Several com-
mon target genes of both HIF-1α and HIF-2α

are central players in the process of vascular-
ization and tumor angiogenesis. Genes that are
rapidly induced transcriptionally under hypoxia
in a HIF-dependent manner (with defined HREs)
include VEGFA (Semenza, 2003). As a conse-
quence, tumor angiogenesis is frequently affected
in experimental tumors upon targeting of either
HIF-1α or HIF-2α, resulting in necrotic tumor
tissue and reduced overall tumor burden. There
are several examples of this in the literature on
neuroblastoma: Inhibition of HIF via topotecan
resulted in decreased VEGF levels and inhi-
bition of angiogenesis in experimental neurob-
lastomas (Beppu et al., 2005; Puppo et al.,
2008), and Favier and colleagues demonstrated
that inactivation of HIF-2α in neuroblastoma
xenografts resulted in hampered tumor vascular-
ization (Favier et al., 2007). Finally, our initial
observation that HIF-2α together with VEGF is
present in well vascularized areas of neuroblas-
toma specimens (Holmquist-Mengelbier et al.,
2006; Pietras et al., 2008) and that VEGF expres-
sion primarily is driven by HIF-2α in cultured
neuroblastoma cells also suggested an important
role of HIF-2α in the neuroblastoma vasculariza-
tion process.

Conclusions
In neuroblastoma, both HIF-1 and HIF-2 con-
tribute to tumor behavior and tumor angio-
genesis. However, HIF-2 is active at compar-
atively high oxygen tensions and even under
normoxic conditions in stem cell-like neurob-
lastoma cells. Although high HIF-2α levels
associate with aggressive disease in neurob-
lastoma and other tumor forms, the high HIF-
2α expression in neuroblastoma could not be
linked to general hypoxia-induced events like
increased glucose metabolism, angiogenesis
or cell survival as discussed here. Instead, pub-
lished data including our own findings suggest
that HIF-2α expression regulates critical steps
during development and maintenance of an
immature state in tumor (stem) cells. Based
on these observations, we conclude that one
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important effect of down-regulating HIF-2α

in neuroblastoma and glioma tumor initiating
cells is induced tumor cell differentiation into
bulk tumor-cell phenotypes. We propose that
de-activation of HIF-2 would be a novel and
promising approach to treat disseminated neu-
roblastoma disease, by converting immature
stem cell-like tumor cells into treatable bulk
tumor cells.
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14Neuroblastoma: Role of GATA
Transcription Factors

Victoria Hoene and Christof Dame

Abstract
GATA transcription factors, important for cell differentiation and prolifer-
ation, have been detected in various normal tissues, but also in neoplasia.
Deregulation or mutation of transcription factors might be crucial for the for-
mation of neuroblastoma, a tumor deriving from the developing sympathetic
nervous system. While GATA-2, -3, -6 and FOG-2 have been described in
the central and peripheral nervous system with GATA-2 and -3 being essen-
tial for the development of sympathetic neurons, GATA-4 is not expressed in
the normal developing or adult brain nor in the sympathetic nervous system.
Microarray analyses of a large cohort of primary neuroblastoma specimens
(n = 251) confirmed GATA-4 expression in this malignancy with higher
mRNA levels in MYCN-amplified (n= 32) vs. MYCN-nonamplified (n= 218)
tumors. In contrast, GATA-2, -3, -6 and FOG-2 were highly expressed in
tumors with low-risk features, as in MYCN-nonamplified tumors, tumors of
localized stages and of stage 4S, tumors of younger patients and those with
a lower risk according to a highly accurate gene-expression based classifier
(PAM algorithm). Together, the data provide further evidence that proteins
which are essential for the development of the sympathetic nervous system
are downregulated in aggressive but not in favorable neuroblastoma. First
functional data recently indicated that GATA-3 regulates cellular proliferation
of neuroblastoma cells by activating Cyclin D1. In contrast, GATA-4 appears
to be induced during tumorigenesis and might contribute to neuroblastoma
pathogenesis. Thus, future studies will elucidate the implication of GATA
factors and FOG-2 in neuroblastoma biology.
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Introduction

Neuroblastoma is the most common extracra-
nial solid tumor in childhood and accounts for
about 8% of all childhood malignancies. The
tumors arise from neural crest-derived precur-
sors of the sympathetic nervous system and are
clinically and biologically very heterogeneous.
While younger patients with localized or stage
4S tumors have a good prognosis with frequent
spontaneous regressions, older patients with dis-
seminated disease have a poor outcome. The
events leading to malignant transformation are
not fully understood. Transcription factors such
as MYCN and other proteins involved in the
differentiation of neural crest cells are likely to
play a crucial role in that process. Presumably,
an early developmental stop during neural crest
differentiation leads to a tumor with unfavorable
prognosis, while prognostically favorable tumors
arise from more differentiated neuroblasts (Maris
et al., 2007).

GATA transcription factors, in vertebrates a
highly conserved group of six zinc finger pro-
teins, are essential for cell proliferation and dif-
ferentiation during normal development of many
organs. GATA proteins bind to the DNA con-
sensus sequence “T/AGATAG/A”. According to
their expression patterns and sequence homolo-
gies they can be subdivided into two groups:
One subgroup comprises GATA-1, -2 and -3
with all three being important regulators of
hematopoiesis. In addition, GATA-2 and -3 have
important functions in other organs, particularly
in the nervous system, the kidney and the uro-
genital tract as revealed by transgenic mice with
homozygous deletions of the Gata-2 and -3
genes. During development of the nervous sys-
tem, GATA-2 and -3 are expressed in neurons of
the brainstem and the spinal cord, and both pro-
teins are essential for the neuronal specification
and differentiation of the sympathetic nervous
system (Pandolfi et al., 1995; Tsarovina et al.,
2004; Zhou et al., 2000). The other subgroup
comprises GATA-4, -5 and -6 which are pre-
dominantly expressed in tissues of mesodermal
and endodermal origin, e.g. heart, liver, lung,

gut and gonads. In the nervous system, Gata-4
has been identified in migrating gonadotropin-
releasing hormone-secreting neurons. These neu-
rons migrate from the olfactory placode outside
the central nervous system (CNS) to the hypotha-
lamus. They only express Gata-4 during migra-
tion and not upon arrival at the CNS (Lawson
and Mellon, 1998). By careful examination of
embryonic, fetal and adult mouse tissues, we con-
firmed that Gata-4 is not expressed on mRNA
and protein levels in the nervous system, neither
in central nor in peripheral parts (Hoene et al.,
2009). GATA-6 expression has been detected
by Northern blot analysis in various areas of
the adult human and murine brain, including
the cerebral cortex, hippocampus, brainstem, and
the cerebellum. Furthermore, GATA-6 protein is
localized in neurons, astrocytes, choroid plexus
epithelial cells and the endothelial lining of cere-
bral blood vessels (Kamnasaran and Guha, 2005).
During development, Gata-6 protein has been
detected by immunohistochemistry in the neural
tube and in the brain cortex, where its expres-
sion colocalized with Fog-2. Furthermore, Gata-6
expression has been reported in cranial neural
crest cells, head mesenchyme and the adrenal
medulla (Nemer and Nemer, 2003).

The Friend-of-GATA proteins (FOG-1 and
FOG-2) are important cofactors for the GATA
transcription factors. Assumedly, they cannot
bind to DNA themselves and perform their reg-
ulatory function via protein-protein-interactions.
In vitro, FOG-2 can interact with all GATA fac-
tors by binding to their amino-terminal zinc fin-
ger (Cantor and Orkin, 2005). However, the inter-
action with GATA-4 is the best-analyzed one.
FOG-2 can act as a coactivator or corepressor
depending on the cell type and the downstream
target gene (Holmes et al., 1999). During devel-
opment, Fog-2 expression has been identified in
many tissues including the heart, the brain and
ganglia of the peripheral nervous system (Cantor
and Orkin, 2005). We recently detected Fog-2
protein in the nuclei of migrating neural crest
cells and in the medial portion of the facio-
acoustic ganglion during mouse development.
However, spinal and sympathetic ganglia were
Fog-2-negative (Hoene et al., 2009). In human
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adults, FOG-2 is primarily expressed in the heart,
the brain and the testis (Holmes et al., 1999).

Notably, GATA factors have also been asso-
ciated with tumors. They have been identified
both as tumor suppressors and as oncogenes. For
instance, GATA-1 and -2 have been implicated in
leukemia (Ayala et al., 2009), and GATA-2 medi-
ates androgen-induced prostate cancer cell prolif-
eration in vitro (Wang et al., 2007). Oncogenic
potential has also been ascribed to Gata-3 in
thymic lymphoma (van Hamburg et al., 2008).
In contrast, high GATA-3 expression correlates
with low tumor grade and slow proliferation rates
in breast cancer, suggesting its role as a tumor
suppressor (Usary et al., 2004). GATA-3 also
triggers breast cancer cells to reverse epithelial-
mesenchymal transition and thereby inhibits
metastases (Yan et al., 2010). First evidence link-
ing GATA-4 to tumors came from adrenocortical
tumors that express GATA-4, although normal
adrenal gland tissue is GATA-4-negative (Kiiveri
et al., 1999). While GATA-4 and -5 have been
suggested as tumor suppressors in colorectal and
gastric cancer (Akiyama et al., 2003), GATA-
4 may promote growth of granulosa and theca
cell tumors by limiting apoptosis (Laitinen et al.,
2000), probably involving activation of the anti-
apoptotic protein B-cell CLL/lymphoma (Bcl)-
2 (Kyrönlahti et al., 2008). GATA-6 has been
proposed as a tumor suppressor gene in astrocy-
toma, since loss of Gata-6 promoted the in vitro
transformation of astrocytes (Kamnasaran et al.,
2007). In addition, induced expression of GATA-
6 in a human glioblastoma multiforme cell line
led to a decrease of vascular endothelial growth
factor (VEGF) expression, a critical angiogenic
protein in gliomas (Kamnasaran et al., 2007).
FOG-2 expression has been identified in ovarian
granulosa and theca cell tumors (Laitinen et al.,
2000), yet without functional implication. Thus,
repression or activation of GATA proteins and/or
their cofactors can be an important mechanism in
cancerogenesis.

In our studies we aimed at investigating
the expression of GATA and FOG proteins in
neuroblastoma compared to the developing sym-
pathetic nervous system. We found that GATA-
2, -3, -4 and FOG-2 are expressed in human

neuroblastoma with distinctive expression pat-
terns in clinical subtypes (Hoene et al., 2009).
We further extended the research to GATA-6.
Based on these results, the function of GATA pro-
teins and FOG-2 in neuroblastoma is currently
being investigated. In parallel, recent work by
others already revealed a functional implication
for GATA-3 in human neuroblastoma (Molenaar
et al., 2010).

Methodology

In order to analyze expression patterns of
GATA and FOG proteins in different clini-
cal subtypes of neuroblastoma, microarray anal-
yses of 251 neuroblastoma specimens were
performed as described (Hoene et al., 2009),
using customized 11 K oligonucleotide microar-
rays (Oberthuer et al., 2006) produced by
Agilent Technologies (Waldbronn, Germany).
RNA samples of the patients enrolled in the
German Neuroblastoma Trials NB90-NB2004
were obtained from the neuroblastoma tumor
repository of the German Competence Net
Pediatric Oncology and Hematology. Informed
consent was obtained from all patients. Biopsy
specimens were taken prior to cytotoxic treat-
ment, and the samples had a tumor cell content of
at least 60%. MYCN-nonamplified vs. -amplified
tumors, localized stages vs. stage 4 vs. stage 4S,
patients below 1 vs. above 1 year and high risk
vs. low risk tumors according to a highly accu-
rate gene expression-based classifier using the
PAM algorithm (Oberthuer et al., 2006) were
compared.

GATA Transcription Factors
in Neuroblastoma

The expression of GATA transcription factors
in neuroblastoma tissue as well as cell lines
has been described by several groups: GATA-2
and -3 proteins have been detected in human
and murine neuroblastoma cell lines (Minegishi
et al., 2005; Wallach et al., 2009; Yang et al.,
1994). Our own studies revealed their expression
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in human neuroblastoma tissue (Hoene et al.,
2009). GATA-4 nuclear localization was shown
in the human neuroblastoma cell line SH-SY5Y
(Wallach et al., 2009) as well as in neuroblastoma
tissue (Hoene et al., 2009). Preliminary results
also suggested GATA-4 and -6 expression in neu-
roblastoma cell lines (Aoyama et al., 2005). In
addition, we detected the cofactor FOG-2 in the
cell nuclei of human neuroblastoma tissue and
of SH-SY5Y neuroblastoma cells (Hoene et al.,
2009 and unpublished results).

Since GATA-2, -3, -4 and FOG-2 are all
expressed in human neuroblastoma but show
distinct expression patterns in the developing
nervous system, we were interested in their
expression profiles in different clinical subtypes
of neuroblastoma (Hoene et al., 2009). In addi-
tion, we analyzed expression patterns of GATA-6.

In the large cohort of 251 neuroblastoma
specimens microarray analyses were performed.
GATA-2 and GATA-3 showed highest expres-
sion values in neuroblastoma with favorable
characteristics. Both proteins were more highly
expressed in tumors of localized stages (vs.
stage 4; Fig. 14.1b (P= 0.048) and 14.1f
(P= 0.039)), tumors of younger patients
(Fig. 14.1c (P < 0.001) and 14.1g (P= 0.027))
and low-risk neuroblastomas (Fig. 14.1d
(P < 0.001) and 14.1h (P= 0.001)). GATA-2
also showed significant associations for higher
expressions in the more favorable MYCN-
nonamplified vs. MYCN-amplified tumors
(Fig. 14.1a (P < 0.001)) and in tumors of stage
4S (vs. stage 4; Fig. 14.1b (P= 0.019)).

GATA-6 as well as FOG-2 showed similar
expression patterns to GATA-2 and -3. They
were both more highly expressed in the more
favorable MYCN-nonamplified neuroblastomas
(Fig. 14.2e, i (P < 0.001)), in tumors of younger
patients (Fig. 14.2g, k (P < 0.001)) and in those of
stage 4S (vs. stage 4; Fig. 14.2f (P= 0.003) and
14.2j (P < 0.001)). Additionally, localized tumors
had higher FOG-2 transcript levels than stage
4 tumors (Fig. 14.2j (P < 0.001)) and low-risk
tumors showed higher FOG-2 expression values
than high-risk tumors (Fig. 14.2l (P < 0.001)).

In contrast, GATA-4 was more highly
expressed in MYCN-amplified tumors (Fig. 14.2a

(P= 0.001)), and high-risk neuroblastomas
(Fig. 14.2d (P= 0.001)). In addition, tumors of
stage 4 tended to have higher expression values
than localized tumors or those of stage 4S.

In conclusion, all five proteins are expressed
in human neuroblastoma. While GATA-2, -3, -6
and FOG-2 are more highly expressed in neurob-
lastomas of favorable clinical subtypes, GATA-4
shows highest expression levels in MYCN-
amplified neuroblastomas.

Discussion

GATA transcription factors are important cel-
lular regulators in a variety of tissues. Their
deregulation or mutation, however, can cause
malignancies. Since neuroblastoma is an embry-
onal tumor derived from the developing sympa-
thetic nervous system, the relationship between
expression patterns of GATA proteins during
development of the nervous system and neu-
roblastoma deserves closer attention. GATA-2
and -3 were more highly expressed in neu-
roblastoma of favorable subtype. That included
localized tumors (vs. stage 4), younger patients
and tumors with favorable PAM prediction. Our
microarray-based detailed studies confirm earlier
analyses in which GATA-2 or both GATA-2 and
GATA-3 were identified as prognostically favor-
able genes in neuroblastoma (Ohira et al., 2005;
Wilzen et al., 2009). GATA-6 showed a similar
expression pattern with higher expression values
in MYCN-nonamplified tumors, tumors of stage
4S (vs. stage 4) and younger patients. To our
knowledge, this is the first report on GATA-6
expression patterns in different neuroblastoma
subtypes. Similar to GATA-2, -3 and -6, FOG-2
also showed higher expression values in neu-
roblastomas of favorable subtype with highly
significant differences in expression levels for
all associations analyzed. This study confirms an
earlier analysis in which FOG-2 was identified
as one of many differentially expressed genes
with higher expression values in prognostically
favorable neuroblastoma (Ohira et al., 2003). In
contrast, GATA-4 was more highly expressed in
the prognostically unfavorable MYCN-amplified
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Fig. 14.1 Relative expression levels of GATA-2 and
-3 according to microarray analyses in a large cohort
of human neuroblastoma specimens. a–d GATA-2 and
e–h GATA-3. a and e MYCN-nonamplified (n= 218)
vs. MYCN-amplified (n= 33). b and f Localized stages
(n= 153) vs. stage 4 (n= 67) vs. stage 4S (n= 31). c
and g Patients below 1 year (n= 94) vs. above 1 year
(n= 157). d and h High risk (HR; n= 82) vs. low risk
(LR; n= 169) tumors according to the PAM classification.
Expression values are given in log ratios (sample versus

reference RNA). Data are presented as box plots. Boxes:
median expression values (horizontal line) and 25th and
75th percentiles; whiskers: distances from the end of the
box to the largest and smallest observed values that are
<1.5 box lengths from either end of the box; open circles:
outlying values; asterisks: extreme values. ∗ : p < 0.05; ∗∗ :
p < 0.01; ∗∗∗ : p < 0.001 according to the nonparametric
Mann-Whitney test. This figure is reproduced from Hoene
et al. (2009), with permission from the Br J Cancer
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Fig. 14.2 Relative expression levels of GATA-4, GATA-
6 and FOG-2 according to microarray analyses in a
large cohort of human neuroblastoma specimens. a–d
GATA-4, e–h GATA-6 and i–l FOG-2. a, e and i MYCN-
nonamplified (n= 218) vs. MYCN-amplified (n= 32 for
GATA-4; n= 33 for GATA-6 and FOG-2). b, f and j
Localized stages (n= 153) vs. stage 4 (n= 67) vs. stage
4S (n= 31). c, g and k Patients below 1 year (n= 94) vs.

above 1 year (n= 157). d, h and l High risk (HR; n= 82)
vs. low risk (LR; n= 169) tumors according to the PAM
classification. Expression values are given in log ratios
(sample versus reference RNA). Box plots represent data
as in Fig. 14.1. ∗∗ : p < 0.01; ∗∗∗ : p < 0.001 according to the
nonparametric Mann-Whitney test. This figure is modified
and partially reproduced from Hoene et al. (2009), with
permission from the Br J Cancer
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neuroblastomas and those with a high risk
according to the PAM classification. Expression
differences were smaller than those of GATA-2,
-3, -6 and FOG-2; however, it was striking that
the trend of GATA-4 was always opposite to the
other GATA genes and FOG-2. Interestingly, a
parallel genome and proteome analysis of stage
4 neuroblastoma with MYCN-amplification (4+)
compared with those of stage 1 without MYCN-
amplification indicated that GATA-4 might be
involved in the regulation of 4+-tumors (Chen
et al., 2010).

Several studies have shown that genes of neu-
ronal differentiation and markers of mature neu-
ronal cells are upregulated in neuroblastomas of
favorable subtype. In contrast, genes involved
in DNA replication and cell cycle are prefer-
ably active in unfavorable neuroblastomas (Chen
et al., 2010; Fischer et al., 2006; Ohira et al.,
2003). The fact that Gata-2 and -3 are expressed
in sympathetic ganglia during embryonic devel-
opment (Tsarovina et al., 2004) and are asso-
ciated with favorable neuroblastoma confirms
the hypothesis that processes of normal devel-
opment are intact in this subtype of neuroblas-
toma. In addition, overexpression of GATA-2
in the human neuroblastoma cell line SK-N-
BE(2) leads to cellular differentiation (Kaneko
et al., 2006) and in the murine neuroblastoma
cell line NB2a to an arrest of proliferation, yet
without influence on differentiation (El Wakil
et al., 2006). Of note, retroviral overexpression
of Gata-3 induces cellular differentiation in a
mouse model of breast cancer (Kouros-Mehr
et al., 2008). Unexpectedly, in neuroblastoma
it was recently demonstrated that GATA-3 reg-
ulates cellular proliferation by transcriptionally
activating Cyclin D1 (Molenaar et al., 2010).
The siRNA-mediated knockdown of GATA-3
in the human neuroblastoma cell line IMR-32
causes a decrease in Cyclin D1 protein, together
with a reduced proliferation and morphologi-
cal evidence of neuronal differentiation. Since
our microarray analyses only included neuro-
blastoma, analyses of ganglioneuroblastoma and
ganglioneuroma might be helpful to elucidate the
role of GATA transcription factors and FOG-2 in
more differentiated neuroblastic tumors in vivo.

In addition, it needs to be considered that there is
a huge variety of neuroblastoma cell lines, each
with unique molecular and phenotypic features.
Therefore, it cannot be ruled out yet that GATA-
3 has a different effect in a particular cell line.
Thus, the in vivo implication of GATA transcrip-
tion factors and FOG-2 needs to be confirmed in
mouse models of neuroblastoma.

Preliminary data indicate Gata-6 expression in
the developing sympathetic nervous system, e.g.
the murine developing adrenal medulla, but there
is a lack of detailed expression analysis (Nemer
and Nemer, 2003). Together with its expression in
favorable neuroblastoma, the downregulation of
GATA-6 in aggressive neuroblastoma suggests its
function as a tumor suppressor as in astrocytoma
(Kamnasaran et al., 2007).

The detection of Fog-2 in migrating neural
crest cells and its enhanced expression in all
favorable neuroblastoma subtypes (Hoene et al.,
2009) again reinforces the hypothesis that genes
of normal neuronal differentiation are intact in
these subtypes. In breast cancer, Fog-2 is asso-
ciated with a good prognosis and thought to be
essential in maintaining the differentiated state
of the breast epithelium. Fog-2 probably func-
tions as a cofactor for Gata-3 and is thereby
possibly involved in the regulation of estrogen
receptor α (Esr1) and forkhead box A1 (Foxa1)
(Manuylov et al., 2007). However, it remains
to be elucidated whether FOG-2 contributes to
spontaneous regression by maintaining differen-
tiation in neuroblastoma. Our data indicate that
FOG-2 might interact with GATA-2, -3 or -6 in
neuroblastoma, while the interaction with GATA-
4 is impaired. However, FOG-2 can also function
independently of GATA proteins. It was shown
that FOG-2 can bind to the regulatory subunit
(p85α) of phosphatidylinositol 3-kinase (PI3K)
in the cytoplasm, inhibiting the activity of PI3K
(Hyun et al., 2009). In neuroblastoma, PI3K is
thought to be involved in oncogenic signaling.
Therefore, inhibition of some PI3K has been pro-
posed for treatment (Spitzenberg et al., 2010).
Although speculative, it may be worth analyzing
whether FOG-2 functions in favorable neuroblas-
toma by inhibiting PI3K.
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GATA-4 is not expressed in the develop-
ing sympathetic nervous system, but induced
in neuroblastoma with a tendency in favor of
more aggressive tumor subtypes (Hoene et al.,
2009). The higher GATA-4 expression levels in
MYCN-amplified tumors might reflect their more
immature character. It was shown that proteins
of embryonal and neuronal stem cells are signifi-
cantly more highly expressed in 4+-tumors (neu-
roblastoma of stage 4 with MYCN-amplification),
compared with tumors of stage 1 without MYCN-
amplification (Chen et al., 2010). Neurospheres
derived from primitive neural stem cells express
Gata-4 while definitive neural stem cells do not
(Hitoshi et al., 2004), supporting this hypothesis.

In conclusion, GATA-2, -3, -6 and FOG-2 are
all more highly expressed in neuroblastoma of
favorable subtype while GATA-4 expression lev-
els correlated with MYCN-amplification and a
higher risk. While the former are expressed in
neural crest-derivatives, GATA-4 is not expressed
in the nervous system, indicating its unique-
ness and possible involvement in neuroblastoma
pathogenesis. So far, first functional data indi-
cate that GATA-2 induces differentiation of neu-
roblastoma cells. Moreover, GATA-3 regulates
proliferation of neuroblastoma cells by transcrip-
tional activation of Cyclin D1. Considering the
increasing data on GATA transcription factors
and FOG-2 in cancer, future studies will also
elucidate their pivotal function in neuroblastoma.

Acknowledgment We thank PD Dr. Matthias Fischer
(Department of Pediatric Oncology and Hematology
and Center for Molecular Medicine Cologne (CMMC),
University of Cologne) for the discussion on the biol-
ogy of GATA transcription factors in neuroblastoma. Our
experimental work on GATA transcription factors in neu-
roblastoma has been supported by grants from the Fritz-
Thyssen-Stiftung, the Berliner Krebsgesellschaft e.V. and
the Verein für Frühgeborene Kinder an der Charité e.V.

References

Akiyama Y, Watkins N, Suzuki H, Jair KW, van Engeland
M, Esteller M, Sakai H, Ren CY, Yuasa Y, Herman
JG, Baylin SB (2003) GATA-4 and GATA-5 tran-
scription factor genes and potential downstream anti-
tumor target genes are epigenetically silenced in

colorectal and gastric cancer. Mol Cell Biol 23:
8429–8439

Aoyama M, Ozaki T, Inuzuka H, Tomotsune D, Hirato J,
Okamoto Y, Tokita H, Ohira M, Nakagawara A (2005)
LMO3 interacts with neuronal transcription factor,
HEN2, and acts as an oncogene in neuroblastoma.
Cancer Res 65:4587–4597

Ayala RM, Martinez-Lopez J, Albizua E, Diez A,
Gilsanz F (2009) Clinical significance of Gata-1, Gata-
2, EKLF, and c-MPL expression in acute myeloid
leukemia. Am J Hematol 84:79–86

Cantor AB, Orkin SH (2005) Coregulation of GATA fac-
tors by the Friend of GATA (FOG) family of multitype
zinc finger proteins. Semin Cell Dev Biol 16:117–128

Chen QR, Song YK, Yu LR, Wei JS, Chung JY, Hewitt
SM, Veenstra TD, Khan J (2010) Global genomic
and proteomic analysis identifies biological pathways
related to high-risk neuroblastoma. J Proteome Res
9:373–382

El Wakil A, Francius C, Wolff A, Pleau-Varet J, Nardelli
J (2006) The GATA2 transcription factor negatively
regulates the proliferation of neuronal progenitors.
Development 133:2155–2165

Fischer M, Oberthuer A, Brors B, Kahlert Y, Skowron
M, Voth H, Warnat P, Ernestus K, Hero B, Berthold
F (2006) Differential expression of neuronal genes
defines subtypes of disseminated neuroblastoma with
favorable and unfavorable outcome. Clin Cancer Res
12:5118–5128

Hitoshi S, Seaberg RM, Koscik C, Alexson T, Kusunoki
S, Kanazawa I, Tsuji S, van der Kooy D (2004)
Primitive neural stem cells from the mammalian
epiblast differentiate to definitive neural stem cells
under the control of Notch signaling. Genes Dev 18:
1806–1811

Hoene V, Fischer M, Ivanova A, Wallach T, Berthold
F, Dame C (2009) GATA factors in human neu-
roblastoma: distinctive expression patterns in clinical
subtypes. Br J Cancer 101:1481–1489

Holmes M, Turner J, Fox A, Chisholm O, Crossley M,
Chong B (1999) hFOG-2, a novel zinc finger protein,
binds the co-repressor mCtBP2 and modulates GATA-
mediated activation. J Biol Chem 274:23491–23498

Hyun S, Lee JH, Jin H, Nam J, Namkoong B, Lee G,
Chung J, Kim VN (2009) Conserved MicroRNA miR-
8/miR-200 and its target USH/FOG2 control growth
by regulating PI3K. Cell 139:1096–1108

Kamnasaran D, Guha A (2005) Expression of GATA6 in
the human and mouse central nervous system. Brain
Res Dev Brain Res 160:90–95

Kamnasaran D, Qian B, Hawkins C, Stanford WL, Guha
A (2007) GATA6 is an astrocytoma tumor suppres-
sor gene identified by gene trapping of mouse glioma
model. Proc Natl Acad Sci USA 104:8053–8058

Kaneko M, Yang W, Matsumoto Y, Watt F, Funa K (2006)
Activity of a novel PDGF beta-receptor enhancer dur-
ing the cell cycle and upon differentiation of neurob-
lastoma. Exp Cell Res 312:2028–2039

Kiiveri S, Siltanen S, Rahman N, Bielinska M, Lehto VP,
Huhtaniemi IT, Muglia LJ, Wilson DB, Heikinheimo



14 GATA Transcription Factors in Neuroblastoma 159

M (1999) Reciprocal changes in the expression of
transcription factors GATA-4 and GATA-6 accompany
adrenocortical tumorigenesis in mice and humans. Mol
Med 5:490–501

Kouros-Mehr H, Bechis SK, Slorach EM, Littlepage LE,
Egeblad M, Ewald AJ, Pai SY, Ho IC, Werb Z (2008)
GATA-3 links tumor differentiation and dissemination
in a luminal breast cancer model. Cancer Cell 13:
141–152

Kyrönlahti A, Rämö M, Tamminen M, Unkila-Kallio
L, Butzow R, Leminen A, Nemer M, Rahman
N, Huhtaniemi I, Heikinheimo M, Anttonen M
(2008) GATA-4 regulates Bcl-2 expression in
ovarian granulosa cell tumors. Endocrinology 149:
5635–5642

Laitinen MP, Anttonen M, Ketola I, Wilson DB, Ritvos
O, Butzow R, Heikinheimo M (2000) Transcription
factors GATA-4 and GATA-6 and a GATA family
cofactor, FOG-2, are expressed in human ovary and
sex cord-derived ovarian tumors. J Clin Endocrinol
Metab 85:3476–3483

Lawson MA, Mellon PL (1998) Expression of GATA-
4 in migrating gonadotropin-releasing neurons of the
developing mouse. Mol Cell Endocrinol 140:157–161

Manuylov NL, Smagulova FO, Tevosian SG (2007)
Fog2 excision in mice leads to premature mammary
gland involution and reduced Esr1 gene expression.
Oncogene 26:5204–5213

Maris JM, Hogarty MD, Bagatell R, Cohn SL (2007)
Neuroblastoma. Lancet 369:2106–2120

Minegishi N, Suzuki N, Kawatani Y, Shimizu R,
Yamamoto M (2005) Rapid turnover of GATA-2
via ubiquitin-proteasome protein degradation pathway.
Genes Cells 10:693–704

Molenaar JJ, Ebus ME, Koster J, Santo E, Geerts D,
Versteeg R, Caron HN (2010) Cyclin D1 is a direct
transcriptional target of GATA3 in neuroblastoma
tumor cells. Oncogene 29:2739–2745

Nemer G, Nemer M (2003) Transcriptional activation of
BMP-4 and regulation of mammalian organogenesis
by GATA-4 and -6. Dev Biol 254:131–148

Oberthuer A, Berthold F, Warnat P, Hero B, Kahlert
Y, Spitz R, Ernestus K, Konig R, Haas S, Eils
R, Schwab M, Brors B, Westermann F, Fischer
M (2006) Customized oligonucleotide microarray
gene expression-based classification of neuroblastoma
patients outperforms current clinical risk stratification.
J Clin Oncol 24:5070–5078

Ohira M, Morohashi A, Inuzuka H, Shishikura T,
Kawamoto T, Kageyama H, Nakamura Y, Isogai E,
Takayasu H, Sakiyama S, Suzuki Y, Sugano S, Goto T,
Sato S, Nakagawara A (2003) Expression profiling and
characterization of 4200 genes cloned from primary
neuroblastomas: identification of 305 genes differen-
tially expressed between favorable and unfavorable
subsets. Oncogene 22:5525–5536

Ohira M, Oba S, Nakamura Y, Isogai E, Kaneko S,
Nakagawa A, Hirata T, Kubo H, Goto T, Yamada S,
Yoshida Y, Fuchioka M, Ishii S, Nakagawara A (2005)
Expression profiling using a tumor-specific cDNA
microarray predicts the prognosis of intermediate risk
neuroblastomas. Cancer Cell 7:337–350

Pandolfi PP, Roth ME, Karis A, Leonard MW, Dzierzak
E, Grosveld FG, Engel JD, Lindenbaum MH (1995)
Targeted disruption of the GATA3 gene causes severe
abnormalities in the nervous system and in fetal liver
haematopoiesis. Nat Genet 11:40–44

Spitzenberg V, König C, Ulm S, Marone R, Röpke L,
Müller JP, Grün M, Bauer R, Rubio I, Wymann MP,
Voigt A, Wetzker R (2010) Targeting PI3K in neurob-
lastoma. J Cancer Res Clin Oncol 136:1881–1890

Tsarovina K, Pattyn A, Stubbusch J, Müller F, van
der Wees J, Schneider C, Brunet JF, Rohrer H
(2004) Essential role of Gata transcription factors in
sympathetic neuron development. Development 131:
4775–4786

Usary J, Llaca V, Karaca G, Presswala S, Karaca M, He X,
Langerod A, Karesen R, Oh DS, Dressler LG, Lonning
PE, Strausberg RL, Chanock S, Borresen-Dale AL,
Perou CM (2004) Mutation of GATA3 in human breast
tumors. Oncogene 23:7669–7678

van Hamburg JP, de Bruijn MJ, Dingjan GM, Beverloo
HB, Diepstraten H, Ling KW, Hendriks RW (2008)
Cooperation of Gata3, c-Myc and Notch in malignant
transformation of double positive thymocytes. Mol
Immunol 45:3085–3095

Wallach I, Zhang J, Hartmann A, van Landeghem FKH,
Ivanova A, Klar M, Dame C (2009) Erythropoietin-
Receptor gene regulation in neuronal cells. Pediatr Res
65:619–624

Wang Q, Li W, Liu XS, Carroll JS, Janne OA, Keeton
EK, Chinnaiyan AM, Pienta KJ, Brown M (2007) A
hierarchical network of transcription factors governs
androgen receptor-dependent prostate cancer growth.
Mol Cell 27:380–392

Wilzen A, Nilsson S, Sjoberg RM, Kogner P, Martinsson
T, Abel F (2009) The Phox2 pathway is differentially
expressed in neuroblastoma tumors, but no mutations
were found in the candidate tumor suppressor gene
PHOX2A. Int J Oncol 34:697–705

Yan W, Cao QJ, Arenas RB, Bentley B, Shao R (2010)
GATA3 inhibits breast cancer metastasis through the
reversal of epithelial-mesenchymal transition. J Biol
Chem 285:14042–14051

Yang Z, Gu L, Romeo PH, Bories D, Motohashi H,
Yamamoto M, Engel JD (1994) Human GATA-3
trans-activation, DNA-binding, and nuclear localiza-
tion activities are organized into distinct structural
domains. Mol Cell Biol 14:2201–2212

Zhou Y, Yamamoto M, Engel JD (2000) GATA2 is
required for the generation of V2 interneurons.
Development 127:3829–3838



15Neuroblastoma: Role
of MYCN/Bmi1 Pathway
in Neuroblastoma

Takehiko Kamijo

Abstract
Neuroblastomas (NBs) are neuro-ectodermal tumors of embryonic neural
crest-derived cells. The neural crest in normal development gives rise to nerve
cells of the sympathetic nervous system. Amplification of the proto-oncogene
MYCN is the most prototypic genetic aberration in NBs and is found in
20–25% of all NBs. MYCN-amplified tumors follow a very aggressive
course and are strongly associated with additional structural abnormalities.
Recent advances in NB research addressed whether epigenetic alterations,
such as hypermethylation of promoter sequences with consequent silencing
of tumor-suppressor genes, can have significant roles in the tumorigenesis
of NB; however, the exact role of epigenetic alterations, except for DNA
hypermethylation, remains to be elucidated in NB research. Recently, we
identified the direct binding of MYCN to Bmi1 promoter and upregulation
of Bmi1 transcription by MYCN (Ochiai et al., 2010, Oncogene 29:2681–
2690). Bmi1 has an important role in NB cell proliferation and differentiation.
Intriguingly, the above-mentioned Bmi1-related regulation of the NB cell
phenotype seems not to be mediated only by p14ARF/p16INK4a in NB
cells. Expression profiling analysis using a tumor-specific cDNA microar-
ray addressed the Bmi1-dependent repression of KIF1Bβ and TSLC1 and
found that it has important roles in predicting the prognosis of NB (Ando
et al., 2008, Int J Cancer 123:2087–2094; Munirajan et al., 2008, J Biol Chem
283:24426–24434). These findings suggest that MYCN induces Bmi1 expres-
sion, resulting in the repression of tumor suppressors through Polycomb
group gene-mediated epigenetic chromosome modification.
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Introduction

Neuroblastoma (NB) is one of the most com-
mon malignant solid tumors occurring in infancy
and childhood and accounts for 10% of all pedi-
atric cancers (Westemann and Schwab, 2002).
NBs are derived from sympathetic neuroblasts
with various clinical outcomes from spontaneous
regression, caused by neuronal differentiation
and/or apoptotic cell death, to malignant progres-
sion. The emerging patterns of multiple genetic
abnormalities, such as aneuploidy, chromoso-
mal gains/losses and amplification of chromoso-
mal material, seem to mirror the different clin-
ical entities, and have led to better stratification
of patients for therapy; however, despite many
advances during the past three decades, neurob-
lastoma has remained an enigmatic challenge to
clinical and basic scientists.

MYCN Oncogene

MYC, MYCN, and MYCL are helix-loop-
helix/leucine zipper (HLH/LZ) proteins that
form a heterodimer complex with MAX, which
has high affinity for the consensus sequence
CACGTG (E box MYC sites) and lower affinity
for various non-canonical DNA sequences (Kato
et al., 1992). MYC family proteins are impli-
cated in the regulation of proliferation (Seth et al.,
1993), differentiation (Martins et al., 2008), and
neoplastic transformation (Hahn et al., 1999) of
normal cells.

In the presence of growth factors, MYC family
protein expression has a positive role in cell cycle
progression (Zindy et al., 1998); however, normal
cells with aberrant MYC expression are elimi-
nated through apoptosis, although in cells having
defects in the apoptosis machinery, deregulation
of MYC may promote tumorigenesis. Studies in
animal models with conditional MYC expres-
sion have indicated that MYC activation induces
in vivo tumor formation and that its subsequent
inactivation could promote tumor regression by
apoptosis, differentiation, or tumor dormancy
depending on the cell type (Shachaf et al., 2004).

These reports suggest that the MYC family path-
way is a possible target for novel cancer treatment
(Prochownik, 2004).

Interestingly, promoters occupied by MYC
show strong correlation with a histone H3
lysine 4 trimethylation (H3K4me3) signature and
reverse correlation with histone H3 lysine 27
trimethylation (H3K27me3), suggesting a con-
nection between MYC and epigenetic regulation
(Kim et al., 2008). Recent analysis further indi-
cated that MYC interacts with the NuA4 Histone
acetyl-transferase (HAT) complex in embryonic
stem cells and the MYC module is active in var-
ious cancers and predicts cancer outcome (Kim
et al., 2010), suggesting the significant role of
MYC family proteins in the epigenetic regulatory
mechanism in tumorigenesis.

MYCN Targets in Nervous Tissue
Tumors

E-boxes are common (∼25% of known promot-
ers) with 410,000 sites per cell (Zeller et al.,
2006). Chromatin immunoprecipitation (ChIP)
experiments show that MYC and MYCN proteins
bind to promoters with variable specificity deter-
mined by DNA ultrastructure and cellular con-
text (Kim et al., 2008; Westermann et al., 2008;
Zeller et al., 2006). MYC/MAX heterodimers
bind to E-boxes and interact with a variety of
histone modifiers, increasing histone acetylation
(Bouchard et al., 2001).

Previous studies have attempted to elucidate
specific transcriptional targets of MYCN in ner-
vous tissue tumors (Alaminos et al., 2003).
Several important targets of cell cycle control
and differentiation have been identified, includ-
ing: modulation of apoptosis by upregulation of
p53 and MDM2 (Chen et al., 2010; Slack et al.,
2005), downregulation of SKP2 and TP53INP1
with a resultant decrease in p21CIP1/WAF1
(Bell et al., 2007), downregulation of DKK1
upstream of the wnt/b-catenin pathway (Koppen
et al., 2007), upregulation of NLRR1 impor-
tant in both neural cell proliferation (Hossain
et al., 2008), and downregulation of Fyn kinase
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important in differentiation (Berwanger et al.,
2002). Interestingly, MYCN upregulates onco-
genic microRNA, which has wide-ranging effects
on cancer (Schulte et al., 2009). MYCN also
controls several proteins important in ribosome
biogenesis (Boon et al., 2001), affecting protein
synthesis (Ruggero, 2009).

Recently, analysis of 251 primary neurob-
lastomas by gene expression profiling and
chromatin immunoprecipitation (ChIP, ChIP-
chip) identified that MYCN and MYC have
many overlapping targets (Westermann et al.,
2008). Furthermore, comparison of gene expres-
sions between hyperplastic ganglia and tumors
obtained from TH-MYCN transgenic mice elu-
cidated centromere-associated protein E (Cenpe),
Gpr49, and inosine monophosphate dehydroge-
nase type II as MYCN targets (Balamuth et al.,
2010). Further refinement of microarray and
chromatin immunoprecipitation assays and iden-
tification of critical transcriptional targets specific
to MYCN may provide insights into both biology
and therapy for neuroblastoma.

Recently, we found that polycomb protein
Bmi1 is a new MYCN target of transcrip-
tional up-regulation in NB (Ochiai et al., 2010).
In that study, we found the upregulation of
Bmi1 transcription by MYCN not only in
NB cells but also in MYCN transgenic mice
tumors (K. Kadomatsu, Nagoya University, per-
sonal communication) and the direct binding of
MYCN to Bmi1 promoter by the qChIP assay.
Mutation introduction into an MYCN binding
site (CACGTG, E-box) in the Bmi1 promoter
suggests that MYCN has more important roles in
the transcription of Bmi1 than E2F-related Bmi1
regulation. A correlation between MYCN and
polycomb protein Bmi1 expression was observed
in primary NB tumors. Thus, the most important
genetic alteration of NB, MYCN amplification,
has a role in the epigenetic regulation of NB cells.

Polycomb Complexes

Polycomb group genes (PcGs) are usually con-
sidered to be transcriptional repressors that
are required for maintaining the correct spatial

and temporal expressions of homeotic genes
during development (Schwartz and Pirrotta,
2008). Recent biochemical approaches have
established that PcG proteins form multipro-
tein complexes, known as polycomb-repressive
complexes (PRCs). PRC2 contain Ezh2, EED,
Suz12, and RbAp48, whereas the PRC1 complex
consists of 410 subunits, including the onco-
protein Bmi1 and the HPC proteins, namely
HPH1-3, RING1-2, and SCML (Rajasekhar and
Begemann, 2007). In addition to being essential
regulators of embryonic development, PcGs have
also emerged as key players in the maintenance
of adult stem cell populations (Pietersen and van
Lohuizen, 2008). For example, Bmi1 is required
for the self-renewal of hematopoietic and neu-
ral stem cells (Iwama et al., 2004), whereas the
overexpression of EZH2 prevents hematopoietic
stem cell exhaustion (Kamminga et al., 2005).
Consistent with their critical roles in develop-
ment, differentiation and stem cell renewal, sev-
eral PcGs are oncogenes, overexpressed in both
solid and hematopoietic cancers (Rajasekhar and
Begemann, 2007). The plethora of cellular pro-
cesses regulated by PcG proteins, e.g., actin
polymerization, cancer development, stem cell
plasticity, cell cycle control, genomic imprinting,
mitochondrial function and redox, senescence,
spermatogenesis, and X-chromosome inactiva-
tion, has raised interest from a wide range
of research fields (Schuettengruber and Cavalli,
2009), and it is likely that the known spectrum of
action of these proteins will expand further in the
future.

Role of Polycomb Complex in Nervous
Tissue Tumors

Previous studies indicated that PcGs are required
for neuronal development and self-renewal
of neural stem cells (Leung et al., 2004).
Furthermore, the combination of gene expression
arrays and ChIP-on-chip analysis in both human
embryonic fibroblasts and in a model of neu-
ronal differentiation identified >1,000 putative
genes bound by PcG proteins. Interestingly, these
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genes contain key members of the Wnt, TGF,
FGF, Notch, and Hedgehog signaling pathways,
known to be regulators of developmental and dif-
ferentiation processes (Bracken et al., 2006). The
identification of a large number of PcG target
genes required for differentiation strongly sug-
gests that the oncogenic potential of genes such as
BMI1 and EZH2 can be ascribed to their function
in stem cell maintenance. Further insight comes
from the fact that a considerable proportion
of the identified PcG target genes are silenced
in cancer by DNA methylation of their pro-
moter sequences, which include RARB, CCND2,
MT1G, KLF4, IGSF4, WT1, NPTX1, HOXA5,
BMP2, BMP4, POU4F3, GDNF, OTX2, NEFM,
CNTN4, OTP, SIM1, FYN, EN1, CHAT, GSX2,
NKX6-1, PAX6, RAX, and G0S2 (Bracken et al.,
2006)

The significance of BMI1 in GBM was indi-
cated by Bmi1 depletion in a subpopulation of
CD133-positive cancer-initiating cells displaying
stem cell characteristics. Abdouh et al. (2009)
presented that BMI1 is expressed in human
GBM tumors and highly enriched in CD133-
positive cells. Stable BMI1 knockdown using
shRNA-expressing lentiviruses resulted in the
inhibition of clonogenic potential in vitro and
of brain tumor formation in vivo. Cell biology
studies support the notion that BMI1 prevents
CD133-positive cell apoptosis and/or differen-
tiation into neurons and astrocytes, depending
on the cellular context. Gene expression analy-
ses suggest that BMI1 represses alternate tumor
suppressor pathways that attempt to compensate
for INK4A/ARF/P53 deletion and PI(3)K/AKT
hyperactivity. Inhibition of EZH2, the main com-
ponent of the PRC2, also impaired GBM tumor
growth (Abdouh et al., 2009).

Bmi1 Function in Neuroblastoma

Although numerous genetic abnormalities,
including MYCN amplification, are involved
in the development and/or progression of NB,
the molecular mechanisms responsible for the
pathogenesis of aggressive NB remain unclear.
Epigenetic alterations, such as hypermethylation

of promoter sequences, with consequent silenc-
ing of TSGs, such as CASP8, RASSF1A, CD44,
TSP-1, and PTGER2, can have significant roles
in the tumorigenesis of NB (Ochiai et al., 2010);
however, it was reported that the expression
of several tumor-suppressor candidate genes,
such as KIF1Bβ and TSLC1, is suppressed in
NB cells, but the percentage of pathological
mutations and promoter methylation in NB
tumors was not very high (Ando et al., 2008;
Munirajan et al., 2008). For promoter DNA
methylation-independent gene repression, the
PcG complex might have a role in NB cell
proliferation and differentiation, although the
exact role of PcG in NB tumorigenesis remains
to be elucidated.

To address the role of PcG in NB, we reduced
the Bmi1 protein amount by shRNA-expressing
lentivirus infection and over-expressed Bmi1,
also by lentivirus (Ochiai et al., 2010). The
expression of Bmi1 resulted in the acceler-
ation of proliferation and colony formation
in NB cells. Bmi1-related inhibition of NB
cell differentiation was confirmed by neurite
extension assay and analysis of differentiation
marker molecules NF68 and GAP43. In fact,
the above Bmi1-related regulation of the NB
cell phenotype seems not to be mediated only
by p14ARF/p16INK4a in NB cells. Expression
profiling analysis using a tumor-specific cDNA
microarray, CCC-NHR13000 chip (array devel-
oped in-house by Chiba Cancer Center Research
Institute), addressed the Bmi1-dependent
repression of KIF1Bβ and TSLC1, which have
important roles in predicting the prognosis of
NB (Ando et al., 2008; Munirajan et al., 2008).
Chromatin immunoprecipitation assay showed
that KIF1Bβ and TSLC1 are direct targets of
Bmi1 in NB cells. These findings suggest that
MYCN induces Bmi1 expression, resulting in
the repression of tumor suppressors through
Polycomb group gene-mediated epigenetic
chromosome modification. NB cell proliferation
and differentiation seem to be partially dependent
on the MYCN/Bmi1/tumor-suppressor pathways
(Fig. 15.1).
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Fig. 15.1 MYCN induces
Bmi1 expression, resulting in
the repression of tumor
suppressors through
Polycomb group
gene-mediated epigenetic
chromosome modification

Application of Bmi1-Targeted Therapy

Recently, Liu et al. (2009) demonstrated that
Bmi1 can separately regulate mitochondrial func-
tion, reactive oxygen species (ROS) levels, and
activation of the DNA damage response (DDR)
pathway. Cells lacking Bmi1 have significant
mitochondrial dysfunction accompanied by a sus-
tained increase in ROS that is sufficient to engage
the DDR pathway. Treatment with an antioxidant
or interruption of the DDR by Chk2 deletion sub-
stantially improves some, but not all, aspects of
Bmi1-null mice (Liu et al., 2009).

Furthermore, Bmi1-related protection from
apoptotic cell death has been reported in several
human cancer cells, e.g., glioblastoma (Abdouh
et al., 2009), pancreatic cancer (Song et al.,
2010), and multiple myeloma (Jagani et al.,
2010). In addition, recent evidence indicated that
the self-renewal of cancer stem cells can also
be limited by oncogene-induced DNA damage
(Viale et al., 2009). We also found that Bmi1
knockdown induces severe differentiation and
apoptotic cell death in p53-dependent/p53-
independent manners in NB cells (Akita et al.,
manuscript in preparation), suggesting that
Bmi1 may be an important target to develop a
new molecular-targeted therapy for advanced
and relapsed NB. Further studies to improve
the methods to reduce Bmi1 expression and
high-throughput screening of small molecules
which can inhibit Bmi1 function in PcG will
be required.
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16Neuroblastoma: Role of Clusterin
as a Tumor Suppressor Gene
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Abstract
Neuroblastoma is a paediatric malignancy originating from the peripheric ner-
vous system, with an incidence of ∼11 cases per million children in Europe.
In spite of the relatively low number of patients diagnosed with neuroblas-
toma every year, this disease accounts for a large portion of cancer mortality
in infants, indicating that it has a very significant clinical impact. Intelligently
designed compounds, developed on the basis of a growing understanding of
the molecular networks deregulated in common types of adult and paediatric
cancers, are leading to a better outcome of neoplastic diseases. However, we
still need to elucidate the key molecular networks activated or inactivated in
neuroblastoma, in order to tailor clinical interventions that are more specific
and less toxic to children. Despite aggressive, multi modal chemotherapeu-
tic drug treatments, metastatic neuroblastoma is still largely incurable and
survivors have to endure the long-term consequences of drug toxicity. One
of the critical determinants of neuroblastoma aggressiveness is the MYCN
protooncogene, which is amplified in ∼25% of neuroblastomas. MYCN is
a transcription factor that binds to the regulatory region of target genes,
inducing their activation or inactivation. In our laboratory, we have recently
identified Clusterin, also known as CLU, ApoJ or Apolipoprotein J, as a sig-
nificant MYCN target gene in neuroblastoma. In this chapter we will discuss
the biology of Clusterin, its role as a neuroblastoma suppressor gene and the
potential clinical implications.
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Introduction

Neuroblastoma is the commonest extracranial
solid tumour in children, originating from cells of
the neural crest (Brodeur, 2003). Neuroblastoma
accounts for 8–10% of all paediatric cancers with
an incidence of ∼1 in 100,000 children under the
age of 15 years; the median age at diagnosis is 18
months. Sixty percent of all neuroblastoma cases
occur in children under 2 years of age and almost
all cases are diagnosed in children up to 10 years
(Matthay, 1995).

The tumour often originates in the adrenal
glands, but it can arise in any location along
the sympathetic nervous system (Brodeur, 2003).
The neural crest, from which the peripheric
nervous system originates, is a proliferative,
migratory and multipotent progenitor cell pop-
ulation that only occurs in vertebrate embryos.
During human embryogenesis, at the beginning
of the third week, a structure known as the neu-
ral plate appears in the dorsal region of the
embryo. Subsequently, the edges of the neural
plate become elevated until they fuse and form
the neural tube and neural crest cells arise from
the ectoderm at the edges of the neural plate.
Following neural tube closure, these cells delam-
inate from the dorsal part of the neural tube,
and migrate extensively to populate distant sites
throughout the embryo, along specific pathways.
During delamination, neural crest cells undergo a
process called EMT transition (epithelial to mes-
enchymal transition) that, as we will discuss later,
has a bearing on the aggressive behaviour of neu-
roblastoma. The anatomic sites where neuroblas-
toma tumours occur conform to the migration
pattern of neural crest cells during foetal develop-
ment: primary tumours are found in the adrenal
gland or paraspinal sympathetic ganglia in the
chest, abdomen, and pelvis. Neuroblastomas give
rise to clinical symptoms including abdominal
pain, weight loss, respiratory difficulties, and
fever (Matthay, 1995).

Metastases occur in the majority of patients
and the most common sites are the bone marrow,
bone, liver, and lymph nodes. Secondary metas-
tases were reported to spread to the lungs and

brain (Matthay, 1995). Current prognostic eval-
uation is based predominantly on the degree of
tumour spread and the patient age. For reasons
unknown at present, patient age strongly influ-
ences the clinical outcome of the disease. Infants
diagnosed before the first year of age are usually
curable with surgery and little or no adjuvant
therapy; conversely, neuroblastoma in older chil-
dren is usually metastatic at diagnosis and most
of these patients die from disease progression
despite intensive chemotherapy (Brodeur, 2003;
Matthay, 1995). Six different stages describ-
ing neuroblastoma aggressiveness have been
established and staging is commonly performed
according to the International Neuroblastoma
Staging System (ISSN) (Shimada et al., 1999).

Apart from disease spread and age, tumour
histology, degree of differentiation and the extend
of stroma are also of significant prognostic value
(Shimada et al., 1999). Furthermore, specific
genetic and molecular features, such as chro-
mosome number (ploidy), allelic loss, onco-
gene amplification, and abnormal gene expres-
sion have been correlated to clinical outcome.
Only more recently, several of these biological
markers have been incorporated into the prog-
nostic evaluation. Accordingly, the ISSN allows
clinical subgroups to be identified upon which the
above mentioned risk factors can be determined.
Risk stratification based on clinical, genetic, and
molecular features allows the best possible diag-
nosis, prognosis, and therapy decision.

The clinical behaviour of neuroblastoma
varies widely, ranging from dissemination with
fatal outcome to spontaneous regression that is
often observed in metastatic neuroblastomas of
infants with no adverse cytogenetic alterations
and favourable histology. The incidence of spon-
taneous regression in neuroblastoma is greater
than that of other human cancers (Brodeur, 2003).

Tumours with MYCN gene amplification,
chromosome 1 loss of heterozygosity (LOH),
and gain of chromosome 17 are associated with
aggressive neuroblastomas. Patients bearing one
of these aberrations tend to have poorer sur-
vival rates. Tumours in older children with
unfavourable histology and the above mentioned
cytogenetic aberrations are difficult to cure even
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after intensive multiple rounds of therapies such
as surgery, radiotherapy, chemotherapy, and stem
cell transplant (Brodeur, 2003). Patients with
these high risk tumours usually show a clinical
response to the first cycle of therapies. However,
a fatal relapse is often observed in these patients
(Brodeur, 2003). Recent studies from different
laboratories have shown that rare germline muta-
tions of the anaplastic lymphoma kinase (ALK)
gene may predispose individuals to the develop-
ment of neuroblastoma, whereas somatic muta-
tion of ALK are present in ∼10% of sporadic
cases (Caren et al., 2008; Mosse et al., 2008).

Clusterin

Clusterin is a heterodimeric sulfated glycopro-
tein which is highly conserved among species and
ubiquitously expressed in tissues and body flu-
ids (Shannan et al., 2006). Clusterin (also known
as Clusterin, ApoJ, TRPM2 or Apolipoprotein J)
was first discovered as a protein causing red
blood cells to form clusters (Fritz et al., 1983)
and has been reported to be involved in vari-
ous processes such as complement regulation,
sperm maturation, lipid transport and apoptosis
(Shannan et al., 2006; Trougakos and Gonos,
2006). In human disease, Clusterin is thought to
play an important role in Alzheimer’s and cancer
(Bertram and Tanzi, 2010; Shannan et al., 2006).

Clusterin is encoded by a single-copy gene in
humans, and is located on chromosome 8p21-
p12. The 449-amino acid primary peptide chain
is expressed in various forms depending on
the location of the protein. First, Clusterin is
expressed as a 56–60 kDa precursor protein,
which undergoes an extensive N-linked glyco-
sylation process becoming a 75–80 kDa mature
precursor upon transportation from the endo-
plasmic reticulum (ER) to the Golgi apparatus.
The mature 80 kDa protein undergoes proteolytic
cleavage between amino acid residue Arg205–
Ser206 to form alpha (α) and beta (β) subunits,
linked together by five disulfide bonds. The
protein is then secreted in extracellular spaces
and body fluids, including blood, sperm, and
milk. Under reduced condition, the subunits of

Clusterin can be detected with the approximate
size of 35–40 kDa.

Another form of Clusterin is observed in the
nucleus, usually in apoptotic or necrotic cells.
The synthesis of nuclear Clusterin (nClusterin)
is still controversial. One theory postulates that
Clusterin is generated from an alternative splic-
ing event, which results in a N-terminal truncated
mRNA lacking exon 2, where the ER leader pep-
tide sequence and the first AUG codon reside.
This alternative transcript is translated into a pre-
cursor protein which is not cleaved into the α

or β subunits, and upon cell damage undergoes
post-translational modifications to form a mature
∼55-kDa protein that migrates into the nucleus
(O’Sullivan et al., 2003; Shannan et al., 2006;
Yang et al., 2000). nClusterin could also be gen-
erated by an alternative translational starting site,
as recently proposed by the Bettuzzi’s laboratory
(Rizzi and Bettuzzi, 2009). It has been speculated
that accumulation of Clusterin in the nucleus
causes apoptosis in prostate and breast cancers
(Caccamo et al., 2003; O’Sullivan et al., 2003).

Role of Clusterin in Cancer

The exact role of Clusterin in carcinogene-
sis remains controversial, with groups reporting
increased or decreased expression of Clusterin in
different cancers and opposing biological effects
(Shannan et al., 2006; Trougakos and Gonos,
2006). The disagreement is particularly acute
in the field of prostate cancer where the group
lead by Saverio Bettuzzi has published stud-
ies in which Clusterin has been shown to be
downregulated, acting as a suppressor of prostate
cancer cell proliferation (Bettuzzi et al., 2009;
Caccamo et al., 2003; Rizzi and Bettuzzi, 2009;
Scaltriti et al., 2004). In contrast, other groups,
including the team lead by Martin Gleave in
Vancouver Canada, have published articles sup-
porting the hypothesis that Clusterin is an onco-
gene, overexpressed in advanced human prostate
cancer (July et al., 2002; Miyake et al., 2006;
Zhang et al., 2005). The Canadian group has
developed a second generation antisense oligonu-
cleotides (OGX-011) targeting Clusterin, which
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has undergone phase I and II-clinical trials in
prostate and breast cancers, respectively (Chia
et al., 2009; Chi et al., 2005). The results of
the prostate trial suggest that patients do have
a benefit when OGX-011 is combined with
Docetaxel treatment. However, it is difficult to
assess whether the clinical effect is truly depen-
dent on the knockout of Clusterin in tumour
cells or off-target effects due to non-specific
interaction between the two drugs. In our labora-
tory, in collaboration with the Bettuzzi’s group,
we have recently shown that genetic ablation
of Clusterin enhances prostate tumourigenesis
in mice, lending credence to the theory that
Clusterin is a suppressor of prostate cancer devel-
opment (Bettuzzi et al., 2009). Notably, a meta
analysis study carried out by Oncomine scien-
tists using a web-based gene expression database
(www.Oncomine.org) supports this hypothesis
by showing that Clusterin is down-regulated
in human prostate cancer in multiple inde-
pendent experiments (http://www.compendiabio.
com/OIA4.html).

Clusterin and Neuroblastoma

The first observations linking Clusterin to neu-
roblastoma were reported a decade ago in our
laboratory when we identified Clusterin as a
downstream target gene of the B-MYB tran-
scription factor in neuroblastoma cells. A rep-
resentational difference analysis (RDA) screen-
ing in neuroblastoma LAN-5 cells determined
that Clusterin is activated upon overexpression
of B-MYB through a MYB-binding site in
its promoter region (Cervellera et al., 2000).
Notably, antibody-mediated blockade of secreted
Clusterin precipitates doxorubicin killing of neu-
roblastoma cells, arguing for an antiapoptotic role
of Clusterin in this context. In further studies
we showed that the MYB binding site medi-
ates heat-dependent activation of the Clusterin
promoter in mammalian cells, which is required
for stress survival (Santilli et al., 2005). These
early studies in our laboratory were consis-
tent with the hypothesis that Clusterin might
promote tumourigenesis through antiapoptosis.

However, when we assessed the growth of neu-
roblastoma cells manipulated to express low or
high levels of Clusterin in mice, the observa-
tions were not consistent with such a model. On
the contrary, we observed that (a) overexpression
of Clusterin reduced, whereas downregulation
increased, the growth of neuroblastoma xenograft
in immunodeficient mice; (b) mice in which
Clusterin is genetically deleted are more prone
to neuroblastoma development (Chayka et al.,
2009). In agreement with these observations, the
expression of Clusterin is higher in localised
and lower in metastatic human neuroblastomas
(Chayka et al., 2009), and it is inversely corre-
lated with MYCN amplification or other adverse
cytogenetic abnormalities (Fig. 16.1). Indeed, we
have shown that Clusterin mRNA and protein are
down regulated by MYCN in neuroblastoma, in
part by inducing the oncogenic 17–92 microRNA
cluster (Chayka et al., 2009).

In recent, still unpublished, experiments we
have observed that MYCN binds to the Clusterin
promoter, where it recruits corepressors includ-
ing histone deacetylases and Polycomb proteins
that induce a repressed chromatin conformation.
Thus, we hypothesise that silencing of Clusterin
by MYCN is an important tumourigenic event
in neuroblastoma. To demonstrate this, we have
used the histone deacetylase inhibitors Valproate
and Trichostatin A to reactivate Clusterin expres-
sion in preclinical models of neuroblastoma.
Histone deacetylase inhibitors are relatively non
toxic and are being used in several clinical trials
for adult types of cancer. Critically, we observed
that depletion of Clusterin by RNA interfer-
ence completely abolishes the antiproliferative,
proapoptotic, and antimetastatic effect of the epi-
genetic drugs in neuroblastoma cells, suggesting
that Clusterin reactivation is key for the efficacy
of the drugs. The potential therapeutic value of
Clusterin reactivation is further corroborated by
the possibility of assessing secreted Clusterin in
the sera of patients and using this as a biomarker
to predict a favourable clinical response to epige-
netic drug treatments. Thus, we conclude that, at
least in the context of neuroblastoma, Clusterin is
a bona-fide tumour suppressor gene that could be
exploited for clinical purposes.

www.Oncomine.org
http://www.compendiabio.com/OIA4.html
http://www.compendiabio.com/OIA4.html


16 Neuroblastoma: Role of Clusterin as a Tumor Suppressor Gene 173

Fig. 16.1 Oncomine (www.oncomine.org) box plot showing expressions of Clusterin mRNA level in neuroblastomas
with or without a MYCN amplification; b Loss of Heterozygosity in chromosome 1

Despite its suppressive role in neuroblastoma,
Clusterin could still be involved in tumour pro-
gression and antiapoptosis. We speculate that
in the early stages of tumourigenesis Clusterin
exerts a restraining function on cell proliferation
and migration, and inactivation of its expression
could contribute to tumour progression. However,
in advanced cancer stages, cells expressing high
levels of Clusterin could undergo clonal expan-
sion because they might better survive under
the selective pressure of the microenvironment
and/or chemotherapeutic drug treatments. Thus,
a sensible theory is that Clusterin exerts pro-
or anti-tumourigenic functions, depending on the
stage and the nature of the tumour and the
presence or absence of chemotherapeutic drug
treatments.

Mechanisms of Tumour Suppression
Used by Clusterin

The mechanism of tumour suppression used by
Clusterin is under intense scrutiny. One leading
hypothesis is that Clusterin contributes to tumour
restriction by inhibiting the canonical NF-kB
pathway. We have shown that in the absence of
Clusterin inhibitors of KappaB (IKBs) alpha and
beta gets destabilised, leading to aberrant NF-kB

activity in Clusterin KO mice (Santilli et al.,
2003). An increased activity of the p65NF-kB
subunit was observed in neuroblastoma arising
in Clusterin KO mice, and a NF-kB inibitor was
shown to reduce in vitro invasion activity of
neuroblastoma cells deriving from MYCN trans-
genic mice (Chayka et al., 2009). Clusterin has
been later confirmed by the work of other labo-
ratories to be an inhibitor of NF-kB, suggesting
that the well documented role of Clusterin as an
inflammation and autoimmunity inhibitor could
be related to the modulation of this key molecule
(Devauchelle et al., 2006; Savkovic et al., 2007;
Takase et al., 2008). Many tumours show activa-
tion of the NF-kB pathway to which they become
addicted. Certain types of human leukemias are
characterized by activation of NF-kB, but also
epithelial cancers such as prostate, lung, and liver
carcinomas present activation of NF-kB. Indeed,
gene expression profiles of human prostate can-
cers with low expression of Clusterin are char-
acterized by the activation of several NF-kB tar-
get genes, including the known cancer prostate
marker Hepsin (http://www.compendiabio.com/
OIA4.html).

The role of NF-kB in the aggressive behaviour
of human neuroblastoma is not yet well-
established. There is some evidence linking the
activation of p65 to either survival or death of

www.oncomine.org
http://www.compendiabio.com/OIA4.html
http://www.compendiabio.com/OIA4.html
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neuroblastoma cells, depending on tumour his-
tology and the type of death stimuli. In a recent
article, the presence of nuclear or cytoplasmic
p65 NF-kB has been linked to upregulated MHC
expression in ganglion cells, suggesting that
reduced levels of p65 NF-kB in neuroblasts could
be required for immune escape (Forloni et al.,
2010). We have assessed several neuroblastoma
biopsies for p65 expression and have obtained
similar results, i.e., more frequent expression
of nuclear/cytoplasmic p65 in ganglion cells.
However, in some cases we have also observed
strong expression of nuclear p65 NF-kB in neu-
roblasts (Fig. 16.2a, b). Although we do not
know the function of p65 in these cells, we
can hypothesise that activated p65, like in other
tumours, could drive the expression of genes
involved in metastasis. Indeed, activated NF-kB
in MYCN transgenic mice is accompanied by
increased expression of vimentin and fibronectin,
suggesting that it could promote neuroblastoma
metastasis by activating EMT transition (Chayka
et al., 2009). This notion is not without precedent,
because NF-kB has been shown to promote EMT
in other pathophysiological contexts by regulat-
ing the expression of transcriptional activators
involved in development and tumourigenesis like
Snail and Slug (Wu and Bonavida, 2009; Zhang
et al., 2006). Whether or not Clusterin medi-
ated inactivation of NF-kB plays a crucial role in

human neuroblastoma and its metastatic potential
will need to be verified in further studies.

Methods

Patient Samples

Following institutional board approval, 100
patients’ archival diagnostic samples were identi-
fied by searching the histopathology database of a
single institution (Great Ormond Street Hospital,
London) using the search criteria neuroblastoma
or ganglioneuroblastoma and identifying cases
diagnosed between August 1994 and August
2005. Data on patient stage, histology, and diag-
nosis were retrieved from hospital records. Three
cases were disregarded because they had been
misclassified as neuroblastoma. Of 97 remain-
ing cases, 51 were boys, median and mean ages
at diagnosis were 27 and 52 months, respec-
tively, and the age range was 0–420 months.
Eighty four samples were pretreatment biopsies
or primary resections, whereas 10 were post
chemotherapy resections and in 3 cases the rela-
tion to chemotherapy could not be determined.
For purposes of analysis, cases were classified
as undifferentiated if diagnosed as undifferen-
tiated neuroblastoma, (schwannian stroma poor,
undifferentiated) whereas they were classified

Fig. 16.2 Immunohistochemical analysis of p65NF-kB
expression in neuroblastoma biopsies. The staining of NF-
kB can be focal or diffuse and localised in the nucleus
or cytoplasm in different neuroblastoma tumours. a Focal,
nuclear localisation (indicated by arrowheads) of p65 in a

stage 4 tumour. The stained cells are of neuroblastic type.
b Diffuse, cytoplasmic localisation of p65 in differentiated
or differentiating neuroblastoma. The arrowhead indicates
a ganglion cell positive to cytoplasmic p65 staining
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as differentiated if the diagnosis was differen-
tiating neuroblastoma, ganglioneuroma or gan-
glioneuroblastoma, or if they had undergone
extensive post chemotherapy ganglionic differen-
tiation (4 out of 10 post chemotherapy samples).
MYCN was amplified in 13 cases, nonamplified
in 60 and not performed in 24.

Immunohistochemical Analysis

Sections (4 mm) from formalin-fixed paraffin
embedded samples were cut and mounted onto
slides, which were treated with xylene and
graded alcohol, and equilibrated in PBS. Antigen
retrieval was performed by microwaving for
5 min for three times at 400 W in a buffer con-
taining 10 mM sodium citrate, pH 6. Endogenous
peroxidase was quenched by incubating the
slides for 1 h in methanol containing 3% H2O2.
Nonspecific binding was blocked by incubation
for 1 h with normal goat serum (Pierce, Rockford,
IL). Anti-p65 NF-kB antibody (Santa Cruz, CA)
was used at a dilution of 1:50. Slides were washed
several times in PBS and incubated with biotiny-
lated antimouse IgG (Amersham Bioscience,
dilution 1:100), followed by peroxidase-labeled
streptavidin (Amersham Bioscience, dilution
1:200). The antigen was visualized by incuba-
tion with diaminobenzidine tetrahydrochloride
(Sigma Chemical, USA). Negative controls
were obtained by excluding monoclonal anti-
bodies from the reaction. Counterstaining was
performed with hematoxylin (Sigma Chemical,
USA) and coverslips were mounted with Eukitt
(O. Kindler GmbH, Germany).
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Statins Target ATP Binding
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Abstract
Statins lower plasma cholesterol and also its intermediates which play impor-
tant roles in membrane integrity, cell signalling, protein synthesis and cell
cycle progression. This pharmacological profile displays adjuvant chemother-
apeutic potential and is currently a matter of debate and investigations. The
overall success of statins in preventing cardiovascular events is only in part
attributable to a decrease in low density lipoprotein (LDL)-cholesterol. Other
effects like anti-proliferative and anti-inflammatory actions have been sum-
marized as so called pleiotropic effects. The latter effects might only in
part be related to inhibition of the HMG-(3-hydroxy-3-methylglutaryl) CoA
reductase, thus other pleiotropic targets have to exist. Accumulating evidence
exists that human tumor cells, in particular neuroblastoma cells are suscepti-
ble to statin induced apoptosis. Moreover, statins are capable to inhibit ATP
binding cassette (ABC)-transporters which participate in multidrug resistance
and chemotherapy resistance. Statins also have an impact on glycosyla-
tion of ABC-transporters and reduce the overall expression of prototypical
transporters like P-glycoprotein (ABCB1). Based on these observations the
hypothesis is elaborated, that statins may have adjuvant chemotherapeutic
potential in cancer and in particular neuroblastoma.
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Introduction

Action of HMG-CoA Reductase
Inhibitors

The 3-hydroxy-3-methylglutaryl CoA (HMG-
CoA) reductase inhibitors, commonly referred to
as statins, are used successfully in the prevention
and treatment of cardiovascular diseases (Corsini
et al., 1999). They inhibit HMG-CoA reduc-
tase, the rate limiting enzyme of the meval-
onate pathway (Goldstein and Brown, 1990).
Thereby, statins deplete cells of mevalonate and
subsequent products like ubiquinone, dolichol,
farnesyl- and geranylgeranyl-pyrophosphate and
cholesterol (Sinensky, 2000) (Fig. 17.1). Recent
studies have shown that statins induce apop-
tosis in a wide range of different cell types,
including skeletal muscle, leukemia, lymphoma,
rhabdomyosarcoma and others (Dimitroulakos
et al., 2001; Sacher et al., 2005; Werner et al.,
2004). It is noteworthy to mention that farne-
syl and geranylgeranyl transferase inhibitors have
been tested as anti-cancer drugs in clinical tri-
als, but results have not (yet) met the criteria for
market approval (Caraglia et al., 2005). In con-
trast, statins are widely used in people and their
human pharmacology is accordingly well under-
stood and safe (Corsini et al., 1999). Similarly,
their potential beneficial action in human cancer

HMG-CoA

Mevalonate

HMG-CoA reductase

StatinsStatins

FPP

Squalene

Cholesterol

DolicholDolichol

GGPP

Ubiquinone

Fig. 17.1 Statins inhibit cholesterol synthesis. Schematic
presentation of the mevalonate pathway. 3-hydroxy-
3-methylglutaryl-CoA (HMG-CoA), Farnesylpyro-
phosphate (FPP), Geranylgeranylpyrophosphate (GGPP)

is starting to be widely appreciated (Brown, 2007;
Demierre et al., 2005).

Pleiotropic Effects of Statins

The pleiotropic effects of statins may be divided
into HMG-CoA-reductase-dependent and inde-
pendent actions. The successive depletion of
farnesyl pyrophosphate (15-carbon isoprenoid;
FPP) or geranylgeranyl-pyrophosphate (20-
carbon isoprenoid; GGPP) is clearly related
to HMG-CoA-reductase inhibition (Fig. 17.1).
Prenylation with GGPP is crucial for small G
protein family members responsible for cell
motility, in particular Rho, Rac and Cdc42.
Rho A and C (but not Rho B) are implicated
in transformation and metastasis (Caraglia
et al., 2005; Zhong et al., 2005). Statins, like
cerivastatin, lovastatin and simvastatin have been
shown to reduce Rho A, for example in a breast
cancer cell line and anaplastic thyroid cancer
cells (Zhong et al., 2005).

An HMG-CoA-reductase independent tar-
get for statins has also been identified. The
lymphocyte-function-associated antigen 1
(LFA1) which is important in migration and
T cell activation is a direct binding partner
for lovastatin (Weitz-Schmidt, 2003). Novel
lovastatin analogues have been identified, which
are more selective for the integrin LFA1. Not
surprisingly, these derivatives do not inhibit the
HMG-CoA-reductase. These immunmodulatory
effects of statins have been recently summarized
and expanded by beneficial clinical impacts on
inflammation, nitric oxide synthesis and the
coagulation cascade (Smaldone et al., 2009).

Taken together, these pleiotropic effects have
led to a panel of diseases not related to elevation
of LDL-cholesterol, but benefit from susceptibil-
ity to statin induced pleiotropic action. In partic-
ular diseases of the central nervous system, like
ischemic and hemorrhagic stroke, Alzheimer dis-
ease, Parkinson disease, and multiple sclerosis
have been shown to improve from statin applica-
tion although the molecular mechanisms behind
these observations are not fully understood (for
review see Willey and Elkind, 2010).
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Statins and Cancer

The efficacy of statins was evaluated in sev-
eral hematological neoplasms, solid tumors of
the prostate, advanced gastric cancer, hepatocel-
lular cancer and central nervous system (Brown,
2007; Demierre et al., 2005; Kawata et al., 2001).
In advanced hepatocellular cancer: pravastatin
significantly increased the median survival to
18 months compared to 9 months in the con-
trol (Kawata et al., 2001). Importantly, pravas-
tatin was combined with standard chemother-
apy, i.e. with 5-fluorouracil. Similar results were
recently obtained for pravastatin in acute myeloid
leukemia and with simvastatin in relapsed
myeloma patients. Again, in both cases statins
were combined with conventional chemotherapy
(for review see Jakobisiak and Golab, 2010). But
also in the prevention of colon cancer statins
have been discussed, in particular in combination
with cyclooxygenase inhibitors. While evidence
for a preventive role of statins in colon cancer is
questionable, evaluation of statins is promising in
adjuvant and neo-adjuvant chemotherapy as indi-
cated by a recent phase II study (Brown, 2007;
Jakobisiak and Golab, 2010).

Statins in Neuroblastoma Cells

The first description of efficacy of statins in
neuroblastoma is provided by Maltese et al.
(1985). In a murine neuroblastoma model lovas-
tatin showed efficacy in vivo to suppressed
tumor growth and on histological analysis tumors
revealed marked cellular degeneration. However,
this analysis was performed with very high lovas-
tatin doses, i.e., 5 mg/kg/h, which translates into
a human daily dose of more than 8 g. Obviously,
this drug application exceeds the recommended
human dosage 100-fold.

On cellular level anti-cancer efficacy was
corroborated in neuroblastoma cells by the find-
ing that clonogenic colony formation in soft
agar is inhibited by lovastatin and reversed
by co-administration mevalonate (Girgert et al.,
1999). The human SH-SY5Y neuroblastoma cell

line is successfully used in models investigat-
ing neuroprotective compounds, Parkinson’s dis-
ease, neuronal signal transduction and neuronal
cell differentiation. When exposed to micromolar
concentrations of simvastatin (Fig. 17.2a) or ator-
vastatin (data not shown) SH-SY5Y cells clearly
change their morphology. The cells shrink and
the nucleus is prominent compared to cytosol.
The rounded cells have a tendency to detach from
the surface especially at concentrations above
30 μM and incubation times of at least 24 h.
These changes are indicative of apoptosis. This
is further corroborated by a significant augmen-
tation of annexin V staining in statin treated cells
(Sieczkowski et al., 2010). We could confirm
that simvastatin and atorvastatin trigger apoptosis
by caspase 3 and 9 activation in time and con-
centration dependent manner (Sieczkowski et al.,
2010).

Interestingly, there is a synergism between
the combination of simvastatin with the anthra-
cycline doxorubicin, which is used in the
clinical treatment of neuroblastoma, but also
rhabdomyosarcoma. Caspase 3 activation was
significantly enhanced with a combination of
simvastatin plus doxorubicin, compared to
caspase activation by simvastatin or doxorubicin
alone (Fig. 17.2b). Moreover, in RD rhab-
domyosarcoma cells colony formation was also
synergistically suppressed by the combination of
simvastatin and doxorubicin (Sieczkowski et al.,
2010; Werner et al., 2011). Clearly, the combi-
natorial effects of statins with the anthracycline
doxorubicin are more than additively.

Statins and ATP-Binding Cassette
(ABC) – Transporters

The development of multidrug resistance is a
major problem throughout cancer chemotherapy.
Drug efflux via ATP-binding cassette (ABC)
transporters is the main mechanism responsible
for resistance to chemotherapeutics. There is
accumulating evidence from recent studies
that HMG-CoA reductase inhibitors directly
inhibit the ABC transporter, P-glycoprotein
(ABCB1) (Bogman et al., 2001; Sieczkowski
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Fig. 17.2 Statins effect on human SH-SY5Y neuroblas-
toma cells morphology and caspase 3 activation. Panel
a: Morphological changes of undifferentiated SH-SY5Y
cells upon simvastatin treatment for 24 h. Phase contrast
images at a 100 magnification. Panel b: SH-SY5Y neu-
roblastoma cells were treated in the absence (control) and
presence of 0.1 μM doxorubicin (Dox) or 1 μM simvas-
tatin (Sim) for 24 and 48 h. Cytosolic fractions from cell
lysates were used for a fluorescence based caspase 3 assay

(Werner et al., 2004). Bars represent mean± S.D. (n= 3).
This over-additive effect has been found to be related to
inhibition of ABC transporter proteins, but exceeds simple
inhibition as observed with verapamil, a first generation
inhibitor of ABC transporters (Sieczkowski et al., 2010).
Moreover, the cytotoxic effect of statins has been previ-
ously linked to drug resistant P-glycoprotein expressing
neuroblastoma cells (Dimitroulakos and Yeger, 1996)

et al., 2010; Werner et al., 2011). Therefore, an
interaction via this class of proteins is likely,
because doxorubicin is a well known substrate
for P-glycoprotein and MRP-1 (ABCC1).
Overexpression of P-glycoprotein and MRP-1 is
a leading cause of resistance to chemotherapy,
which has been found to also correlate with TrkB
and MYCN expression, which are of clinical
importance in neuroblastoma (Blanc et al., 2003;
Norris et al., 1997).

The ABC transporter activity in human SH-
SY5Y neuroblastoma cells is clearly inhibited
by statins. Indeed, simvastatin directly inhibited

dye transport at equimolar concentrations of
verapamil (Sieczkowski et al., 2010). Making
use of the fluorescence behaviour of doxoru-
bicin the accumulation of the anthracycline
could also be monitored in real time confocal
microscopy. The intracellular doxorubicin accu-
mulation was immediately enhanced by statins in
SH-SY5Y cells but also in a MYCN amplified
neuroblastoma cell line STA-NB-10. This is a
direct confirmation of immediate inhibition of
transporters by statins.

However, beyond this direct inhibition statins
exhibit an additional mode of action, which is
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Fig. 17.3 Down-regulation of P-glycoprotein by atorvas-
tatin. Down-regulation of P-glycoprotein by increasing
concentrations of atorvastatin after treatment for 24 h,

depicted by Western blot analysis. Actin serves as a
loading control

related to reduced glycosylation. As depicted
in Fig. 17.1 dolichol is a side product in the
mevalonate pathway, which might be reduced
or depleted in a cell which is treated with
statins. Dolichol represents the carrier of sug-
ars needed for N-linked glycosylation of pro-
teins (Marquardt and Denecke, 2003). Correct
glycosylation is therefore a prerequisite for
correct protein folding and protein transport to
the plasma membrane. This is exemplified for
the erythropoietin receptor, IGF-1 receptor and
insulin receptor which need glycosylation not
only for the correct topological placement, but
also for proper function (Hamadmad and Hohl,
2007; Hwang and Frost, 1999).

Especially heavily glycosylated proteins
might be affected by a depletion of dolichol
and therefore respond to statins action more
sensitive. The P-glycoprotein (ABCB1) appears
as a fully glycosylated 180 kDa species and
the core glycosylated 140 kDa species (Szakacs
et al., 2006). Atorvastatin and simvastatin reduce
the 180 kDa form of P-glycoprotein, but not
verapamil. This shift to the core glycosylated
species of P-glycoprotein has also functional
implications. Enzymatic deglycosylation of the
transporter by an application of N-glycosidase F
is sufficient to enhance doxorubicin accumula-
tion similar to the action of statins (Sieczkowski
et al., 2010).

Finally, statin treatment also leads to a down-
regulation of P-glycoprotein in neuroblastoma
cells (Fig. 17.3). Already after 24 h incubation
western blot analysis for P-glycoprotein from
whole cell lysates show a marked reduction at
concentration of 1–3 μM atorvastatin. Definitely,
statins mechanism of action involves multiple
hits on ABC transporter and therefore may be

of clinical relevance, especially in conditions of
multidrug resistance.

Discussion

ABC-transporters, also termed multidrug resis-
tance (MDR) proteins, play a crucial role in drug
efflux and clearance at the blood-brain barrier,
bone marrow or blood-testis-barrier (Szakacs
et al., 2006). The main function of these trans-
porters is protection of the tissue and organ
behind the barrier, and therefore it is benefi-
cial. However, expression of these transporters in
tumor-initiating cells and cancer stem cells is now
believed to participate in tumor development,
because of the barrier function which protects
these cell types from chemotherapy (Fletcher
et al., 2010). Moreover, ABC transporters are
over-expressed in a wide range of tumors, as
these are colon, kidney, adrenocortical or hepa-
tocellular carcinomas.

To date, there are 13 ABC transporters associ-
ated with drug transport and drug resistance out
of all known 49 transporters. Among them the
P-glycoprotein and multidrug resistance associ-
ated protein 1 (MRP1, ABCC1) confer resistance
to a broad range of chemotherapeutic drugs, such
as vinca alkaloids, anthracyclines, taxanes and
methotrexate (Szakacs et al., 2006).

In neuroblastoma, the prognostic marker
MYCN enhances P-glycoprotein expression and
there is emerging evidence that MYCN directly
regulates also the expression of the MRP1 trans-
porter (Blanc et al., 2003; Norris et al., 1997).
MYCN oncogene amplification occurs in approx-
imately 20% of the neuroblastoma and represents
the best established clinical and biological marker
which correlates with unfavourable prognosis.
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Studies have shown that MRP1 expression
correlates with poor clinical outcome and prog-
nosis which is accompanied by MYCN amplifi-
cation (Norris et al., 1997).

The 3-hydroxy-3-methylglutaryl CoA (HMG-
CoA) reductase inhibitors, statins, inhibit the
rate limiting enzyme of the mevalonate path-
way (Fig. 17.1) and thereby deplete cells of
its downstream precursors and cholesterol. Due
to their antiproliferative effect statins have
been investigated in cancer cells and were
found to induce apoptosis in the low micromo-
lar concentration range (Jakobisiak and Golab,
2010; Minichsdorfer and Hohenegger, 2009;
Sieczkowski et al., 2010; Werner et al., 2011).

A detailed concentration-response relation-
ship of simvastatin and doxorubicin in human
rhabdomyosarcoma and neuroblastoma cells
revealed that the cytotoxicity of the anthracy-
cline was more than additive (Sieczkowski et al.,
2010; Werner et al., 2004) (Fig. 17.2b). Bogman
et al. could show that statins like simvastatin,
atorvastatin or lovastatin inhibit P-glycoprotein
in high micromolar concentrations, while pravas-
tatin is ineffective (Bogman et al., 2001). These
data were confirmed by simvastatin and lovastatin
induced inhibition of P-glycoprotein mediated
daunorubicin and rhodamine 123 efflux.

Beside direct inhibition statins have an impact
on glycosylation as this has been shown for
proteins like the erythropoietin receptor, IGF-1
receptor and insulin receptor (Hamadmad and
Hohl, 2007; Hwang and Frost, 1999). The mature
fully glycosylated P-glycoprotein (∼180 kDa)
is shifted by simvastatin or atorvastatin to the
140 kDa core-glycosylated species. Importantly,
such a shift in the molecular mass and motil-
ity behaviour of P-glycoprotein is only seen
when the cells were exposed to statins for 24 h
or longer. Impairment of endogenous glyco-
sylation in the endoplasmic by statins is fur-
ther corroborated by the fact that tunicamycin,
inhibitor of protein glycosylation gave a similar
P-glycoprotein patterns in Western blot analy-
sis (Sieczkowski et al., 2010). Moreover, the
overall expression of P-glycoprotein is reduced
as depicted in Fig. 17.3. One possible explana-
tion is provided by protein degradation. Reduced

glycosylation of P-glycoprotein and possibly
other ABC-transporters may impair the half life
of the transporters and thereby lead to a suc-
cessive down-regulation. Another explanation for
the impaired glycosylation of the P-glycoprotein
is provided by statins mechanism of action. As
depicted in Fig. 17.1 inhibition of the HMG-CoA
reductase may result in depletion from cellu-
lar dolichol, which is crucial for the initial step
in glycosylation of proteins in the endoplasmic
reticulum. However, further experimental evi-
dence is required to support such assumptions.

Glycosylation of the P-glycoprotein is
important for appropriate protein folding and
plasmamembrane export. Thus, on long term
incubation with statins transporters like P-
glycoprotein are reduced on the surface and
thereby these cells might be more prone to
conventional chemotherapy. Such a scenario
is of particular interest in neuroblastoma.
Transporter mediated multidrug resistance and
amplification of MYCN correlate with poor
prognosis for neuroblastoma patients. Moreover,
MYCN is a transcription factor targeting the
P-glycoprotein promotor and thereby evokes the
protein up-regulation (Blanc et al., 2003). The
fact that statins cytotoxic effect is restricted to
P-glycoprotein expressing neuroblastoma cells
further emphasizes the co-application of statins
in patients who are refractory to chemother-
apy (Dimitroulakos and Yeger, 1996). Due to
the observation that statins not only inhibit
P-glycoprotein, but also reduce expression of
the transporter makes that compounds superior
to other P-glycoprotein inhibitors. The accumu-
lation of higher amounts of chemotherapeutic
agents like doxorubicin may represent a new
approach in the chemotherapy of refractory
neuroblastoma and improve drug safety.
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18Neuroblastoma: Dosimetry
for MIBG Therapies
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Abstract
Radiation dosimetry is a basic requirement when using radioactive substances
for targeted therapies (targeted radionuclide therapy, TRT). The objective of
dosimetry is, in simple terms, taking a closer look at the effects of ioniz-
ing radiation. In order to do this it is most common to start with dedicated
assessments of the distribution of the radioactive substance in the patient
over time. In the case of 131I-MIBG the radionuclide can easily be mea-
sured using counting techniques and quantitative imaging. From a series of
measurements an individual function is obtained that can be converted into a
quantity describing the amount of nuclear disintegrations in a defined region.
From this quantity the absorbed radiation dose can be derived. It is obvious
that the absorbed radiation dose representing the degree of energy deposited
by nuclear transformations in a defined region should correlate with the ther-
apeutic efficacy in a tumor, in an organ or in the whole body. But knowledge
concerning the absorbed doses and the relationship between dose and thera-
peutic outcome needs more detailed clarification than is accessible at present.
This contribution provides a survey on the different techniques and related
findings concerning MIBG therapies. The authors first of all want to lay focus
on the basic knowledge required for understanding the interaction of radiation
with matter and, consequently, the impact of radiopharmaceuticals on bio-
logical material. Experiences with targeted therapies using 131I-MIBG have
been conveyed by many studies since the 1980s. Although dosimetry is still
only sporadically reported there are some assumptions concerning dose-effect
relationships for 131I-MIBG that are vindicated by many authors.
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Introduction

Scintigraphic imaging using the radiopharma-
ceutical 123I-MIBG (Meta-Iodobenzylguanidine)
is a well-established method for diagnosis and
staging of neuroblastoma with prognostic impact
on the event-free survival and overall survival
(Schmidt et al., 2008). The therapeutic treat-
ment of neuroblastoma with 131I-MIBG belongs
to an approach that is commonly referred to as
“targeted radionuclide therapy” (TRT). On the
one hand the therapeutic effect is caused by the
radiation emitted by the radionuclide which is
in this case 131I. On the other hand the radia-
tion exposure is a limiting factor when apply-
ing radioactivity to humans. For the assessment
of either the therapeutic effectiveness of TRT
or the possible hazards of ionizing radiation a
dosimetry-based treatment is considered neces-
sary. In neuroblastoma patients an improvement
in the therapeutic outcome over the last years
has been demonstrated but the contribution of
MIBG-therapies alone remains unclear (Schmidt
et al., 2006). A well-defined dosimetric proce-
dure would not only allow for a comparison of
treatment delivery between various departments.
By dosimetry a measured index becomes avail-
able that permits an adjustment of the patient’s
management and this is an essential ambition
of dosimetry. Because of the lack of random-
ized controlled studies dosimetry is the cru-
cial strategy that allows for the comparison of
treatments.

The Scope of Internal Dosimetry

The objective of internal dosimetry is to pro-
vide information concerning the energy deposi-
tion in tissue caused by ionizing radiation. We
can describe the internal irradiation by using
an unsophisticated picture: the radioactive sub-
stance is the “source” of ionizing radiation, e.g.
enclosed in a “source organ”, and the cells or
the tissue where radiation is absorbed, i.e. where
energy is deposited, is the “sink” or “target

organ”. The radiation dose D is for this purpose
the fundamental quantity: The radiation dose D
(in Gy) describes the energy E (in J) deposited
per mass m (in kg) of the absorber (Eq. 18.1).

D = �E

m
(Eq. 18.1)

But the situation is not as simple as Eq. (18.1)
may suggest. In order to determine the energy
deposited in the target organ we have to know:
1. the amount of radioactivity accumulated in all

source organs over the duration of irradiation,
2. the amount of energy emitted by nuclear trans-

formations, i.e. by radioactive decay, in the
source organ,

3. the amount of energy that is absorbed by the
target organ.

This complex task requires repeated measure-
ments of the radioactivity that is typically accom-
plished by scintillation counting or gamma cam-
era imaging. It further requires knowledge of all
decay processes. In particular the energy of a
given radioactive decay and the branching ratio
or the yield of this decay is needed. And last but
not least we need basic anatomic information, e.g.
target volumes derived by imaging techniques
(CT, MRT, SPECT, PET). On a cellular level we
would additionally have to understand in which
particular targets the energy is deposited – this
approach is called microdosimetry – because the
cytoplasm and the nucleus react differently when
exposed to ionizing radiation.

Consequently, internal dosimetry is based on
a multifaceted procedure. Details concerning the
different techniques and the substantial impact
of methods based on quantitative imaging on
dosimetry have recently been emphasized by
Flux et al. (2006).

At present, reliable, reproducible and compa-
rable macrodosimetric data for MIBG therapies
are still scarce: we find a large variation of
therapeutic procedures especially concerning the
amount of radioactivity that is administered to
the patient. Very often dosimetry is not reported
at all or restricted to whole-body dosimetry
alone. In studies where tumor dosimetry has been
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accomplished sometimes huge spans of radiation
absorbed doses deposited in the lesion are con-
veyed. A survey on introductory microdosimetric
analyses of the intracellular effects of 131I has
exemplarily been presented by Hartman et al.
(2000) and Unak and Cetinkaya (2005).

The Radionuclide and the
Radiopharmaceutical: 131I-MIBG

The effect of TRT depends on the kind of radia-
tion that is emitted from the decaying nucleus and
it is plausible that the radionuclide being utilized
has the most substantial influence. In principle,
this is not difficult to understand: the interac-
tion with a massive α-particle causes a very
high energy deposition in the immediate prox-
imity of the decaying nucleus. If incorporated in
cells α-particles will cause very high damage in
each single cell. In the case of α-particles the
density of ionizing events is high which is quan-
titatively described by the linear energy transfer
(LET given in 1 keV/μm or eV/nm). β-particles
(electrons) have a range of typically 0.1 mm –
1 cm in tissue and their LET is considerably lower
compared to α-particles (LET (β) ∼ 1 keV/μm,
LET (α) ∼ 80 keV/μm). Their energy deposition
in most cases is distributed over a cell aggrega-
tion. And finally, γ-rays do not interact directly
with matter. They have a low energy transfer and
consequently a very long range.

131I emits both β-particles and γ-rays.
Therefore, the accumulation of the radionuclide
is directly detectable by counting techniques or
gamma camera imaging for which the most abun-
dant 364 keV γ-emission (82%) is very suitable.
Several electrons are emitted by 131I via β-decay.
They are characterized by their endpoint ener-
gies (between 247 and 807 keV). With a yield of
89% the most abundant electrons have an end-
point energy of 609 keV and a mean energy
of 191.5 keV (Sudbrock et al., 2010; Unak and
Cetinkaya, 2005).

For dosimetric calculations the total energy
emitted per nuclear transition is required. Taking
only the charged particles emitted by 131I into

account the value amounts to 3.09 · 10–14 J.
β-particles contribute with 95% and short-range
electrons with about 5%. For TRT there are
two principle mechanisms by which cells are
irradiated:
1. The radiation energy is deposited within the

cell. In this case the subcellular location of the
radionuclide is decisive. The optimal effec-
tiveness of irradiation will be achieved when
the radionuclide is incorporated in the cell
nucleus as the DNA is a most sensitive target
within the whole cell.

2. The radiation energy is more or less deposited
in the surroundings of the cell which is the
source under consideration. This is the so-
called “cross-fire effect”.

For the range of electrons emitted by 131I the
cross-fire effect plays a predominant role and the
properties of this nuclide are fitting with target-
ing large cell clusters (Hartman et al., 2000; Unak
and Cetinkaya, 2005). It should be mentioned that
another effect is frequently discussed: The so-
called “Bystander-Effect”. Not only the irradiated
cell itself reacts upon irradiation but also the cells
in the proximity may show radiation-induced
effects even if no direct interaction occurred
beforehand.

At this point we should mention that sev-
eral other nuclides could also be employed, e.g.
125I-MIBG a radiopharmaceutical which contains
125I being an outstanding radionuclide due to the
emission of a large quantity of very short range
Auger-electrons. Therapies with 125I-MIBG have
already been investigated. The main difference
compared to 131I-MIBG is the restriction of the
radiation effect on the cell where the radiophar-
maceutical is located.

The use of 211At-MABG (meta-Astatobenzyl-
guanidine) which is an α-emitter has also
been considered. 211At is another isotope that
is characterized by a highly localized radia-
tion effect. Furthermore, the radiopharmaceutical
124I-MIBG which contains the cyclotron pro-
duced radionuclide 124I would have the advan-
tage of being suitable for PET-imaging and 124I
causes an energy deposition by electrons that is –
roughly – similar to 131I.
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Generally speaking, radiopharmaceuticals
consist of two components: the radionuclide
and a “vehicle” by which the target region for
the TRT is determined. In neural crest tumors
catecholamines are produced and stored.
Radiopharmaceuticals that represent chemical
analogues of catecholamines accordingly have
a specific affinity to those tumors. One of these
structural analogues is iodinated benzylguani-
dine – a substance that bears some resemblance
to guanethidine the latter not easily being
accessible for radioiodination. As radioiodinated
meta-iodobenzylguandine (MIBG) it is routinely
in use in nuclear medicine since the 1980s
(Wieland et al., 1979). The uptake into the cells
follows two different pathways: an active but
saturable mechanism (uptake 1) and a diffusional
process (uptake 2).

In the current method of radioiodination
of benzylguanidine an isotopic exchange is
involved. This results in carrier-added 131I-MIBG
with a comparatively low specific activity (the
activity per mass) and, consequently, an excess
of “cold” MIBG containing stable iodine is
present in the radiopharmaceutical. As in our
department, typical activity concentrations are
cA ∼ 500 MBq/ml. The radiopharmaceutical is
kept frozen and shortly before infusion it is
warmed up at room temperature for 3 h. At room
temperature 131I-MIBG decomposes rapidly by
deiodination which affects the radiochemical
purity and hence the uptake in the target cells will
be lowered. In our department the radiopharma-
ceutical is infused over 2 h.

Several authors gave evidence for an increased
uptake of non-carrier-added 131I-MIBG (n.c.a.-
131I-MIBG). Non-carrier-added radiolabelled
substances contain only the radioactive species
and almost no “cold” I-MIBG. Both the stable
and the radioactive species are concurrently taken
up by the cells and the uptake of radioactivity is
diminished in the presence of cold MIBG. This
aspect was accentuated by Mairs et al. (1995)
who applied a new strategy of synthesizing
n.c.a.-131I-MIBG. As discussed above, the
biokinetics of MIBG, i.e. uptake and storage of
the radionuclide over time, is decisive for the
radiation absorbed dose achieved in a lesion.

Dosimetry-Based Procedures
for 131I-MIBG Therapies

It is simple to understand that the radiation effect
or the absorbed dose achieved in a lesion will –
ceteris paribus – increase with increasing activ-
ity administered to the patient. It is furthermore
obvious that the maximum activity is strictly lim-
ited due to the possible hazard, i.e. due to the
toxicity of radiation. In this situation of – liter-
ally speaking – “navigating between Scylla and
Charybdis”, Sisson et al. (1994) laid emphasis
on the fact that the radiopharmaceuticals – this
assumption holds for 125I-MIBG as well as for
131I-MIBG – “must be given in the maximum
tolerable doses”, i.e. the maximum amount of
radioactivity that is acceptable. As a conse-
quence, in order to achieve a maximum radia-
tion effect in the tumour alongside a bearable
toxicity an individualized treatment planning is
mandatory. It has often been affirmed that the
whole-body absorbed dose shows a good corre-
lation with the hazardous potential of TRT (see
below).

An administration of a fixed amount of
radioactivity would be the most simple modus
operandi but this is commonly rejected as being
inaccurate. A very widespread individualized
approach is to calculate the radioactivity to
be administered based on the body weight.
Calculating the amount of radioactivity based
on the body surface area has proven to be
another possible predictor of toxicity (Sisson
et al., 1994). If dosimetric data of a previous
therapy are obtainable the amount of radioac-
tivity can be based on the preceding adminis-
tration to predict the whole-body absorbed dose
in advance. Finally, a very demanding technique
would require a pretherapeutic tracer study which
has been reported by Monsieurs et al. (2002).
However, extensive pretherapeutic tracer studies
are difficult to perform in young children who
represent the typical neuroblastoma patient.

A very important comprehensive study was
presented by Buckley et al. (2009) where all these
methods were compared. The authors demon-
strated with their detailed retrospective analyses
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that administrations of a fixed activity appeared
unfavourable because this yielded a wide range of
whole-body absorbed doses which in turn came
into sight as the best predictor of hematologic
toxicity (Buckley et al., 2009). A whole-body
absorbed dose of 2 Gy is almost “as a rule”
accepted to be tolerable.

In order to achieve this whole-body absorbed
dose based on the patients’ weight an admin-
istration of 444 MBq/kg (12 mCi/kg) is by
many authors accepted to be appropriate. In
2004 DuBois et al. (2004) presented data for
a cohort of 53 patients treated with 131I-MIBG
who received 666 MBq/kg (18 mCi/kg). They
found a median whole body dose of 2.92 Gy
and if an activity of 444 MBq/kg had been
administered instead the treatment would have
yielded a whole-body absorbed dose that is very
close to 2 Gy. Accordingly, for the higher activ-
ity of 666 MBq/kg and whole-body absorbed
doses exceeding 2 Gy significantly DuBois et al.
(2004) found “substantial hematologic toxicity”.
Matthay et al. (2001) found for 42 patients with
a median activity of 555 MBq/kg whole-body
absorbed doses of 228 cGy (2.28 Gy) and their
work affirms once again that there is a close rela-
tionship between whole-body absorbed doses and
toxicity of treatment.

A total of 33 patients included in the German
Neuroblastoma Trial Protocol NB2004 have been
evaluated up to now and in part been reported
by Sudbrock et al. (2010). It was demonstrated
once more that 444 MBq/kg result in whole-
body absorbed doses very close to 2 Gy (Mean:
2.07 Gy and Median: 2.05 Gy for 24 children).
These whole-body absorbed doses are in agree-
ment with Buckley et al. (2009) and DuBois
et al. (2004) and all three authors found only
slightly higher doses for a given activity per
mass when compared to Matthay et al. (2001).
To sum up these findings we may conclude that
this approach of treatment planning appears to be
well-founded.

Determination of Whole-Body
Absorbed Doses

Though we find that dosimetric data are scarce
there are apparently at least some authors
who reported whole-body dosimetry yielding
comparable results and, therefore, we can con-
sider the technique as well-established.

A typical procedure for dose assessment
is based on whole-body activity counting to
receive time-activity curves. Practically, scin-
tillation counters mostly using a shielded NaI
scintillator or Geiger counters are employed.
They give a spectrum (gamma spectrum) or a
count rate, respectively. Consequently, in order to
achieve time-activity curves the detectors must be
calibrated. For MIBG-therapies there is a simple
method to accomplish calibration for the counters
in use:
1. The activity that is administered to the patient

must be measured beforehand. Therefore, the
glass vials have to be measured e.g. conve-
niently by using an ionisation chamber. It is
important to later-on subtract the activity in
any residues such as glass vials or tubing. The
residues usually contain 1–5% of the whole
activity in the glass vials that is not infused
to the patient.

2. In our department the radiopharmaceutical
with a documented amount of radioactivity is
subsequently infused over a period of about
2 h. Then, immediately afterwards, the patient
is measured for the first time. The result of
this reading equals exactly the whole amount
of radioactivity administered to the patient
apart from a minor correction for the decay of
131I over this period. No bladder void in the
meantime is compulsory for this realization of
detector calibration – otherwise the activity of
the bladder void must be collected and mea-
sured, too. After the first reading is taken, the
patient is sent to the toilet and measured once
more immediately afterwards.

This procedure guarantees an individual (!) cal-
ibration factor for the detector and of each
patient and, if repeated several times identi-
cally during the in-patient stay, we receive two
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whole-body time-activity curves before and after
void. The more frequent the measurements are
carried out the better the time-activity curves
will be. Typically, 20 measurements within 1
week will be more or less sufficient. Buckley
et al. (2007) report up to 70 single measurements
which will surely yield excellent time-activity
curves.

First of all, the “geometry” of every single
reading is a decisive point, but it is a simple task:
We only have to ensure that all measurements
are carried out with the same distance between
patient and detector. In our department all mea-
surements are performed in a separate room.
Sometimes it is reported that readings are carried
out in the patient’s room with a detector on the
ceiling. For this alternative method Buckley et al.
(2009) laid emphasis on the careful reproduction
of the geometry. On the other hand, it was argued
that this method might be beneficial for the radi-
ation exposure of the personnel. But the regular
surveillance of staff members in our department
and dedicated dose-rate measurements clearly
disclosed that the radiation exposure remains low
when keeping a sufficient distance (2 m or more)
to the patient.

For any measurement of radioactivity another
important aspect has to be taken into account: If
the count rate, i.e. the signals registered by the
detector in a given time period, is too high count
rate losses due to dead-time effects will certainly
occur. Additionally, the spectra of a scintilla-
tion counter are altered at high count rates, i.e.
the resulting spectra become conspicuous. But
as activities of sometimes more than 10 GBq
are measured, count rate losses become a major
problem requiring correction. In the comprehen-
sive study of Buckley et al. (2009) with a total
of 48 administrations activities even range up to
32 GBq.

In order to minimize these possible dead-time
losses the count rate characteristics of the counter
in use and an upper count rate limit has to be
fixed in advance. For a given detector system
capable of whole-body activity measurements the
only way to eliminate dead-time effects is to
choose a sufficient distance between patient and
detector where the registered count rate positively

remains under the upper limit. The German
Neuroblastoma Protocol NB2004 is for example
based on scintillation counting that requires a dis-
tance between patient and detector of 4.5 m; this
being the lowest possible distance where dead-
time effects for the maximum activities in use (in
the region of 11 GBq or 300 mCi) remain low.
Another advantage of this large distance is that
minor inconsistencies in the reproduction of the
geometry between patient and detector will be
negligible, too.

But on the other hand, the high count rate
facilitates the whole-body measurements for the
patient because a duration of 10 s for each read-
ing is sufficient. Therefore, the requirement of at
least 20 up to 70 readings that have been reported
(see above) is easy to be fulfilled and endurable
for the patients who are mostly young children.

A detailed whole-body time-activity curve
allows for the determination of the entirety of
nuclear disintegrations that take place in the
patient. This number of nuclear disintegrations is
often called the “cumulated activity” Ã though it
is simply a number. A number has strictly speak-
ing no unit. But very often for the “cumulated
activity” a “unit” is given as Bq · s or – more
convenient for many purposes – as MBq · h.

Information about this quantity which is
nowadays sometimes called “time-integrated
activity” is contained in the time-activity curve,
to be more precise in the area under the curve.
There are several methods of performing this
integration. A directly evident approach – simple
and accurate – is to determine the area between
two points and build the sum of all single areas
from the first to the last measurement. It is also
evident that two or three measurements within
1 week will never provide enough information
for a numerical integration of a function that is
obviously not mono-exponential. Detailed time-
activity curves have recently been presented by
Buckley et al. (2007) and Sudbrock et al. (2010).

For the time after discharge, i.e. from the
last measurement the area under the curve can
be determined on the basis of the effective
half-life as reported by several authors. After 5
days the time-activity curve exhibits an approxi-
mately mono-exponential decay and, therefore, it
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is reasonable to assign an effective half-life. Both
contributions – for the in-patient stay Ãi and for
the time after discharge Ão – build the complete
“cumulated activity” Ã.

The so-called S value converts the “cumu-
lated activity” into an energy dose according
to Eq. (18.2). The S-value for the whole-body
absorbed dose S(wb←wb) describes the situation
when the whole body is the source of the irradi-
ation and at the same time the target. And this is
actually the appropriate factor for measurements
of the whole-body activity as described above.

D̄wb = Ãwb · Swb←wb =
(

Ãi + Ão

)
wb
· Swb←wb

(Eq. 18.2)

For whole-body absorbed dose assessments
in the German Neuroblastoma Protocol
NB2004 the value S(wb←wb) = 1.33 · 10−4 ·
W−0.919Gy/MBq · h (W denotes the patients’
weight in kilogram) based on the radiation dose
assessment resource is applied (RADAR, 2010;
Sudbrock et al., 2010). This S-value is almost
exactly the same as presented by Buckley et al.
(2009) based on the so-called MIRD (Medical
Internal Radiation Dosimetry) phantoms.

Tumor Dosimetry

The determination of the whole-body absorbed
dose is a very important first step in individ-
ual treatment planning and evaluation. But the
whole-body absorbed dose is not sufficient when
a notion of a measured index that is able to
predict the therapy outcome is required. Data
that have not been published up to now from
the German Neuroblastoma Protocol NB2004
show for subsequent therapies that a substantial
decrease in tumor volumes is found in single
lesions with a volume reduction of up to 80%. But
due to the sparse data base a correlation between
whole-body or tumor absorbed doses with a
noticeable tumor shrinkage has not yet been
established. However, the whole-body absorbed
radiation dose is obviously not capable of pre-
dicting the tumor volume decrease but tumor
dosimetry should be able to accomplish this.

This is what Matthay et al. (2001) demon-
strated for tumor dosimetry. In a very important
study in which 42 patients were included they
demonstrated that tumor dosimetry is indeed fea-
sible to predict the prospective tumor volume
decrease and, hence, Matthay et al. (2001) ascer-
tained that tumor dosimetry appears to be the
most promising index in order to anticipate the
therapy outcome.

A few years earlier Fielding et al. (1991)
and Tristam et al. (1996) provided highly desir-
able dose factors – factors given in mGy/MBq
to easily convert the activity administered into a
tumor absorbed dose – for phaeochromocytoma
based on the evaluation of diagnostic studies
and whole-body absorbed doses. Tristam et al.
(1996) concluded that the “distribution of tumor
doses is skewed”. Their values ranged from
0.4 mGy/MBq (= 0.4 Gy/GBq) to 20 mGy/MBq
(= 20 Gy/GBq) and were comparable to the
results presented by Fielding et al. (1991). For
an activity of 7.4 GBq (200 mCi) this would
result in tumor absorbed doses between 3 to
150 Gy. The data presented by Matthay et al.
(2001) do in fact cover a span between 3 and
300 Gy for the tumor self absorbed radiation dose
(TSARD). But, nevertheless, the authors found a
good correlation between tumor decrease and the
radiation absorbed dose “TSARD”. A progres-
sive disease was only reported for patients with
a TSARD below 17 Gy. Accordingly, the authors
concluded that the tumor absorbed dose is con-
firmed to be a good predictor of therapy outcome
for 131I-MIBG therapies.

Tristam et al. (1996) also concluded that tumor
absorbed doses below 1 mGy/MBq that result in
7.4 Gy per administration of 7.4 GBq (200 mCi)
are “unlikely to be beneficial”. Bolster et al.
(1995) in turn attain in their study tumor doses
beyond 50 Gy “in favourable cases with no more
than 2 Gy to whole body”. These favourable
cases appear, according to the authors, most
likely to reduce tumor volumes considerably.
This assumption is supported by the experi-
ence of external beam radiotherapy (EBRT) with
a concomitantly tolerable whole-body exposure
for TRT.
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Unfortunately, the situation of highly dis-
crepant tumor absorbed doses is not substan-
tially improved nowadays although the dosimet-
ric results of the German Neuroblastoma Study
NB2004 presented by Sudbrock et al. (2010)
show a perceptibly smaller range between 10
and 60 Gy for a total of 25 lesions. Recently
unpublished data for further ten lesions show a
variation between 6 and 76 Gy. Note, that these
data contain tumor absorbed doses for the equally
performed and evaluated therapeutic treatment of
phaeochromocytoma. For neuroblastoma alone
tumor absorbed doses range between 15 and
76 Gy (N = 22, mean: 30 Gy, median: 25 Gy).
But as the median of these tumor absorbed doses
shows, the essential problem still remains that
many tumor doses do not exceed 20 Gy. An
explanation for this might be the fact that MIBG-
therapies are typically performed in heavily pre-
treated children resulting in a highly variable but
first of all reduced MIBG uptake in a given lesion.

In this situation non-carrier-added 131I-MIBG
– a current development that has been described
above – appears to be a promising candidate
to improve the tumor uptake and this should,
as a result, augment the tumor absorbed doses.
The possible effects of n.c.a.-131I-MIBG has
been studied by Mairs et al. (1995) who found
significantly, i.e. 3-fold higher maximal tumor
uptakes in neuroblastoma bearing mice but,
unfortunately, n.c.a.-131I-MIBG also yielded a
higher uptake in heart and adrenal glands. The
authors conclude “that an enhancement of tumour
absorbed dose by a factor of 2–2.5 may be pos-
sible, albeit at the expense of increased dose to
the heart and adrenals”. But even a factor of
2 would imply that for “conventional” therapies
where tumor absorbed doses of 25 Gy previously
had been found the n.c.a. radiopharamaceutical
would in effect give the beneficial dose of 50 Gy
referred to by Bolster et al. (1995).

For assessments of the time dependent
radioactivity uptake in the tumor most commonly
a series of planar gamma camera images of the
whole body (“whole-body imaging”, “planime-
try”) is performed and quantitatively evaluated
(“quantitative imaging”). The technique has been
described in detail for instance by Matthay et al.

(2001), Monsieurs et al. (2002) or recently by
the authors of this contribution. Planar gamma
camera imaging is widely used for dosimetric
purposes in many clinical studies as Flux et al.
(2006) pointed out. 131I is a suitable though not
optimal nuclide for gamma camera imaging. It
requires dedicated collimators (high-energy col-
limators) for a moderately good spatial resolution
of the 364 keV photons emitted by 131I by which,
furthermore, photons with even higher energies
(637 and 722 keV) are produced. These pho-
tons lead to a further slight deterioration of the
resulting images due to the so-called “septal pen-
etration” by these high energy emissions of 131I
that are sometimes called “satellite lines”.

In planar images all the regions with signif-
icant radioactivity uptake and, hence, the lesion
will be visualized. If this is not proven to be
the case by diagnostic imaging, TRT will be
ineffective.

Quantitative imaging involves the quantifica-
tion of the radioactivity uptake in the lesion and
this is usually realized by means of the so-called
ROI technique. In the planar image a region-of-
interest (ROI) is sketched in and the total counts
in the region are computed. But again, the total
counts do not equal the activity and a calibration
factor has to be established. This can be done in
a simple way by placing a capsule or syringe as
a “standard” near the patient with an amount of
131I that has been measured in advance. In the
planar image a ROI around the standard gives a
conversion factor for counts and activity.

But there is another convincing method: as
described before the whole-body activity of the
patient is well-known by counting techniques. If
such a whole-body activity measurement is per-
formed directly before the gamma camera image
is scheduled, the activity in the patient equals
the activity in a ROI drawn around the patient.
This method accounts for attenuation of photons
in the patient. If both methods are applied we
receive two slightly different calibration factors
which may convert the counts in a region into the
corresponding activity.

Planar imaging often makes use of dual-
head gamma cameras so that an anterior and
posterior view is attained simultaneously. The
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ROI-technique in the so-called “conjugate view”
necessitates the calculation of the geometric
means of the counts in the anterior and posterior
image but it is in several cases when the lesion
is near the patients’ surface justified to simply
assess the image of the detector that is close to
the lesion.

Quantitative Imaging: Potential
and Limitations

In order to establish a time-activity curve for a
tumor lesion several planar images or SPECT
acquisitions are necessary. In our department
five scans are considered to result in satisfac-
tory curves. But there is an aspect that has to
be considered when early scans, e.g. beginning
1 day after therapy, are planned. In the work
presented by Monsieurs et al. (2002) dosime-
try is based on three images taken on day 3,
6 and 10 and there are more authors who start
at day 3 after administration. There is a sim-
ple reason for starting with a delay of a few
days: Counting techniques using a scintillation
camera – which is in a way a sophisticated scin-
tillation counter – suffer from the same dead-time
related difficulties at high count rates as described
above. At high count rates exceeding 20,000 cps
(counts per second) substantial count rate losses
are inevitable. Generally, it is desirable to obtain
as many whole-body images as possible as this
will yield an enhanced time-activity curve for the
lesion which is again the basis of dose estima-
tion for the lesion. However, it is not feasible to
employ early scans without corrections.

Time-activity curves displayed by Buckley
et al. (2007) and Sudbrock et al. (2010) show that
the whole-body activity of the patient at day 3
will probably be found below 1 GBq given the
activity administered does not exceed 10 GBq.
For activities < 1 GBq count rates are drasti-
cally lowered compared to image acquisitions
immediately after administration. In our stud-
ies we typically find uncorrected count rates of
around 20,000 cps at maximum at day 3. This is
the highest count rate that is widely accepted as
permissible using a scintillation camera without
performing dedicated dead-time corrections.

A whole-body activity will probably fall
below 1 GBq in the post-therapy scans begin-
ning at day 3 as presented by Monsieurs et al.
(2002) so that dedicated dead-time corrections
seem to be avoidable. But we can not simply
recommend starting the series of gamma cam-
era scans 3 days after administration because
this assumption only holds when therapy activ-
ities remain under 10 GBq and this is not the
case in all studies. On the other hand, several
cameras may show dead-time effects even below
1 GBq. And, what is more, in our opinion even
these count rates around 20,000 cps should be
corrected for dead-time losses because the asso-
ciated count rate losses of typically more than
10% are certainly not negligible. They might
deteriorate the time-activity curve as the activity
calculated for early scans will be systematically
too low.

According to these arguments, it will be more
precise – but very demanding – to study the dead-
time characteristics and collimator efficiency of
the gamma camera exhaustively. We may call
this an advanced method of quantitative imaging.
The dead-time characteristics of every camera
is different and therefore dedicated corrections
for each camera have to be applied or, to put
it in other terms, the measured count rate and
the respective whole-body activity for which sub-
stantial losses (e.g. > 3%) have to be expected
should be identified for the camera in use. A
method to achieve an outline of the count rate
characteristics is to measure a radioactive point-
source containing 131I over a period of sev-
eral weeks (“decaying-source method”) begin-
ning with high activities (> 1 GBq) that certainly
cause dead-time effects within the scintillation
camera setup.

Imaging starting at day 1 will always require
dead-time corrections that have to be taken into
account. Methods of taking count rate losses
accurately into account are described by Buckley
et al. (2007) and Sudbrock et al. (2010).

Flux et al. (2006) describe another short-
coming of planar imaging because no three-
dimensional information is available. Additional
3-dimensional SPECT, CT or MRT make
allowances for the estimation of tumor volumes
which have proven to work reasonably well.
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The three tomographic techniques require an
image reconstruction. In the case of SPECT the
reconstruction algorithm is based on a series of
2-dimensional projections. This yields images
displaying a three-dimensional distribution of the
radioactivity and many computer-based evaluat-
ing systems nowadays allow for an automatic
threshold-based VOI (VOI: volume of interest)
analysis.

Improved dosimetric accuracy for a truly
SPECT-based imaging technique is described
once again by Flux et al. (2006) but very few
authors like Buckley et al. (2007) have gathered
experience with this advanced technique. The
VOIs in a series of SPECT acquisitions can be
assessed similar to the ROIs in planar images.
Interestingly, the mono-exponential fits to the
VOIs exemplarily presented by Buckley et al.
(2007) yield effective half-lifes that are typical to
those found by our group using planar imaging.

Scatter corrections as another advanced
method have also been reported by Buckley
et al. (2007). To understand the aim of scatter
corrections, we have to recollect some details
concerning a scintillation camera: Gamma
camera images are based on spectra from scintil-
lation detectors and only events with a suitable
energy are taken as “valid events” for imaging –
scattered events are excluded. In order to achieve
this, a so-called “energy window” is defined.

Buckley et al. (2007) used a triple-energy win-
dow technique: Around the full-energy peak (or:
photo-peak) of the 364 keV photons of 131I a
typical energy window is set-up, e.g. a window
covering energies between 310 and 410 keV for
registration of 364 keV photons. The events reg-
istered in this window constitute the “normal”
image and the registration of scattered photons
is neglected in this energy window. This is the
typical imaging technique performed routinely in
every nuclear medicine ward. But on the high
and the low energy side of this window we reg-
ister scattered events that can be corrected. Using
this technique the fraction of scattered events reg-
istered in the “normal” energy window can be
subtracted from the counts in a given ROI or VOI.
Buckley et al. (2007) applied this technique to a
SPECT-based imaging.

A last correction is necessary to optimize
quantitative SPECT-imaging with regard to the
attenuation of photons in matter. Flux et al.
(2006) describe what has to be done to perform an
attenuation correction: A patient specific atten-
uation map is required. Here, another imaging
modality comes into play, namely X-Ray CT.
The CT scan based on a transmission technique
provides attenuation coefficients for the whole
region that was scanned displayed as Hounsfield-
Units.

Tumor Dose Estimation

The decisive step for tumor absorbed dose calcu-
lations is to evaluate planar or three-dimensional
images after appropriate corrections. As stated
earlier, the time-activity curve A(t), the “cumu-
lated activity” in the tumor ÃT, and a dedicated
S-value are again necessary (Eq. 18.3).

D̄T = ÃT · ST←T (Eq. 18.3)

These functions A(t) are in many cases in good
approximation mono-exponential with the excep-
tion that the maximum uptake is typically reached
after 24 h. Therefore, the integration becomes
simple (Eq. 18.4):

ÃT =
∞∫

0

A (t) dt ∼= A0

λ
(Eq.18.4)

A time-activity curve consisting of five points
will in most cases be sufficient for an appro-
priate determination of the “cumulated activ-
ity”. Though – according to our long-term
experience – “outliers” in the time-activity curve
are seldom, it is advantageous to have a sufficient
basis.

Some authors provide a simple equation for
the S-factor in Gy per nuclear transition for
VOI quantification depending on the tumor mass
(Eq. 18.5):

ST←T = 3.5 · 10−14m−0.977
t Gy/nt (Eq. 18.5)
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Generally, this factor can be calculated individ-
ually by taking the nuclear decay (nt: nuclear
transition) data into account (Eq. 18.6).

D̄ = Ã ·� · ϕ
m

(Eq. 18.6)

where � denotes the energy emitted per nuclear
transition (3.09 · 10–14 J) and ϕ the specific
absorbed fraction that depends on the tumor
size. The effect of tumor size on the efficacy of
MIBG therapies was summarized in the 1990s
by Bolster et al. (1995) and confirmed once
again by a microdosimetric approach (Unak and
Cetinkaya, 2005). Small tumors with a diameter
of about 0.2 mm only absorb a small fraction of
beta radiation. The explanation is that in a single
cell only 7% of the radiation emitted by charged
beta particles is absorbed (Unak and Cetinkaya,
2005) whereas large cell clusters are likely to
absorb most of the radiation. As explained earlier,
for 131I the so-called cross-fire effect substan-
tially accounts for the radiation effect.

The problem of heterogeneity of tumor uptake
has previously been discussed by several authors.
Imaging techniques do not provide information
on how the radionuclide is dispensed in the cells.
Hartman et al. (2000) summarized that tumors
consisting of 105–107 cells are “best suited”
for TRT using 131I. Macrodosimetric approaches
only yield medium doses delivered in the target
region and – even with the help of the cross-
fire effect – we cannot predict with certainty that
every cell will receive the same absorbed dose on
cellular level.

Flower and Fielding (1996) conclude that
tumor absorbed “. . .dose estimates are subject
to large errors”. The limitation of scintigraphic
imaging using 131I, i.e. the reduced spatial res-
olution, is one problem that we have to bear in
mind and this affects the reliability of tumor vol-
ume assessments. But in our opinion utilizing
X-ray CT does not or at least not always improve
the situation. The advantage of SPECT is the
high contrast in images obtained after 131I-MIBG
therapy. In many cases the automated volume
determination based on thresholds gives reason-
able and reproducible results. The contrast of the
appearance of neuroblastoma in X-ray CT is in

comparison degraded but the spatial resolution
is in this case by far better. It should therefore
be carefully reflected on the limitations of both
devices and it is probably best to evaluate which
instrument to use in order to determine the tumor
volume in every single case.

Whenever studies bring dosimetry for MIBG
therapies into focus mostly whole-body absorbed
doses and seldom tumor absorbed radiation doses
are taken into consideration. But there are fur-
ther dosimetric aspects to care about: Imaging
techniques allow for the determination of organ
uptakes, e.g. liver, bladder, blood, red marrow
etc. The liver, in particular, is always clearly
visible in scintillation camera images after 131I-
MIBG therapy. Though the whole-body absorbed
dose is certainly a good predictor for the hemato-
logic toxicity there might be further dose limiting
organs. Flower and Fielding (1996) presented
liver doses. Their range of liver doses between 0.3
and 1.9 mGy ·MBq–1 indicates that liver doses of
20 Gy might be surpassed when high amounts of
radioactivity (> 10 GBq) are administered. The
present-day radiooncological knowledge about
the radiation absorbed doses that will be tolerated
by the liver states that absorbed doses beyond
30 Gy will cause irreversible damage when the
whole organ is irradiated. The dose factors by
Flower and Fielding (1996) point to the problem
that the liver becomes possibly a dose limiting
organ for high activities.

Additional Methods for Dosimetry

Another very common dosimetric approach is
based on measurements of the clearance of the
radionuclide from blood. In most cases a blood
sample of 1 ml is sufficient for reliable measure-
ments but the radioactivity concentration in blood
samples is sometimes low. Devices for radioana-
lytical purposes have a huge area of application –
a nice overview for practical purposes is given
by Herpers (1986) – and many apparatus can
deal with even low-level radioactivity concentra-
tions. Blood-sample measurements are typically
carried out in a well-type scintillation detec-
tor: a detector with a drill hole in which the
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blood sample can be placed. For activity concen-
trations that are initially too high for the very
sensitive well-type detectors, e.g. shortly after
administration, it is convenient to wait and correct
the results determined later on for the physi-
cal decay in the meantime. It is compulsory to
use a standard with the same geometry (e.g. a
1 ml test tube containing a known amount of
radioiodine) once again in order to convert count
rates into activities and it is recommendable to
measure each blood sample alongside with this
standard. We studied the time-activity depen-
dency by measuring sequentially drawn blood
samples within a pre-therapeutic feasibility study
using 123I-MIBG. It is worth mentioning here
that in this study the biological half-life matched
the biological half-life of the whole-body time-
activity curve found during therapy. As a con-
sequence pre-therapeutic blood dosimetry could
be helpful for determining the half-life of the
radioactivity in the whole body and, hence, for
estimates of the therapeutic whole-body dose in
advance.

The whole-body time-activity curve derived as
explained above involves data on the urine out-
put because measurements are carried out before
and after void. A mathematical technique of esti-
mating the bladder absorbed radiation dose is
given by Flower and Fielding (1996) but they,
and correspondingly Bolster et al. (1995), argue
that the time pattern of urinary excretion is com-
plex and depends on the state of hydration and the
excretion rate of the radiopharmaceutical.

It would also be feasible but time-consuming –
not to mention the elaborate radiation protection
requirements – to directly measure the activity
of continuously collected urine samples by using
a High Purity Germanium (HPGe) detector cali-
brated for liquid radioactivity samples. Up to now
attempts in this direction have not been made.

Apart from all these physical techniques to
reckon out absorbed radiation doses it is also
feasible to determine the biological response of
the irradiation. An approach to apply biologi-
cal dosimetry for the therapeutic treatment of
neuroblastoma using MIBG and valuable results
have in fact been presented by Monsieurs et al.
(2001). They performed micronucleus assays by

which radiation induced chromosomal damage
can be assessed by “counting” the amount of
micronuclei in cells. Micronuclei as well as
dicentric chromosomes are well-known to be
formed after radiation exposure. Monsieurs et al.
(2001) “calibrated” their micronuclei assay by
in vitro irradiation of a blood sample with 60Co
in order to obtain a dose-response relationship.
Applying this calibration to the blood sample
taken 7 days after administration and compar-
ing the amount of micronuclei with a third
non-irradiated sample the authors gained whole-
body absorbed radiation doses that the authors
entitled “equivalent total body doses”. What is
more Monsieurs et al. (2001) found an accept-
able correlation of micronuclei dosimetry and the
“classical” whole-body dosimetry based on the
MIRD (Medical Internal Radiation Dosimetry)
concept showing that both concepts are mutu-
ally comparable. The findings by Monsieurs et al.
(2001) are very promising regarding the feasibil-
ity of biological dosimetry as another versatile
tool to predict the therapeutic outcome of MIBG
therapies.

An Outlook on the Future Perspectives
of Dosimetry

Dosimetry should be carried out routinely and a
standardized procedure would be highly desirable
in order to allow for a comparison of the respec-
tive results. As far as whole-body dosimetry is
concerned equivalent procedures yielding com-
parable results are emerging. The whole-body
absorbed dose of 2 Gy is a good predictor for
toxicity and the administration of an activity of
444 MBq/kg is apparently a suitable approach
to attain this dose. But, nevertheless, the results
on tumor dosimetry remain limited though highly
attractive as being a predictor for the therapeutic
outcome.

Additional methods for dosimetric purposes
would also be advantageous: As mentioned
before dicentric chromosomes are the standard
biological indicator for radiation exposure for
which a linear-quadratic dose relationship is
assumed. Dicentric chromosomes do not appear
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spontaneously but are produced at exposures
beginning in the region of 10 mGy and they
appear suitable for dose estimations.

Recently, more detailed knowledge concern-
ing the biological effects of ionizing radiation has
come into sight. It is possible to analyse the gene
expression profile or the transcriptional response
of cells when exposed to ionizing radiation, i.e.
we can examine which genes “react” when the
cell is exposed and how far this gene regulation
reaches.

To understand the radiation effects of TRT in
more detail microdosimetric approaches emerge
to be the very promising next step. It would help
us to better understand what a tumor absorbed
dose of 50 Gy implies as a “probe” for radi-
ation effects on the cellular level. So far we
understand the technical procedures to derive
whole-body absorbed doses and tumor absorbed
doses reasonably well. But even for the question
what exactly affects the high variation of tumor
doses – whether this may depend on individual
prerequisites or microscopic effects – we still find
insufficient comprehension.
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19Advanced Neuroblastoma: Role
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Abstract
Neuroblastoma is an embryonal tumor derived from primitive cells of the
sympathetic nervous system and is one of the most common solid tumors in
childhood. Despite the significant advances, high-risk neuroblastoma remains
a therapeutic challenge for pediatric oncologists. Anaplastic lymphoma
kinase (ALK) was initially identified as a fusion partner of the nucleophos-
min (NPM) gene in anaplastic large cell lymphoma with t(2;5) (p23;q35)
translocation, and recently, it was also reported to participate in the gen-
eration of EML4-ALK fusion in lung cancer. In addition, ALK has been
shown to be mutated or amplified in most of familial neuroblastomas, as
well as approximately 10% of sporadic neuroblastoma cases. Mutated kinases
showed autophosphorylation with increased kinase activity compared with
wild-type kinase, and were able to transform NIH3T3 fibroblasts as evaluated
by in vivo tumor formation in nude mice. Therefore, the ALK signaling path-
way contributes to neuroblastoma oncogenesis providing a highly interesting
therapeutic target in a subset of neuroblastoma.

Keywords
Neuroblastoma • ALK • Mutations • Anticancer • Kinase •
Aminopyrimidines

Introduction

Neuroblastoma is the most common pediatric
extracranial solid tumor, accounting for 8–10%
of all childhood cancers and approximately 15%
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of all pediatric oncology deaths (Brodeur, 2003).
The prevalence is about one in 7,000 live births,
and there about 800 new cases of neuroblastoma
per year in the United States (Brodeur, 2003).
Peek incidence of neuroblastoma occurs around
the age of 2 years, and it is rarely diagnosed after
the age of 5 years (Brodeur, 2003). This disease
has broad spectrum of clinical behaviors, rang-
ing from a localized disease with spontaneous
regression to aggressive clinical courses and
death from progressive disease (Maris, 2005).
Although mostly sporadic, neuroblastoma may
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occur in various contexts, such as familial or syn-
dromic (Shojaei-Brosseau et al., 2004). Despite
current intensive multimodality treatments, chil-
dren with diagnosed metastatic disease have a
5-year overall survival rate that does not exceed
40% (Matthay et al., 1999). Therefore, additional
therapeutic approaches are needed to improve
the prognosis of neuroblastoma patients with
advanced disease.

The most common genetic aberrations of neu-
roblastoma are amplification of MYCN proto-
oncogene, deletions of chromosomes 1p and
11q, and gain of chromosome 17q, and hyper-
ploidy (Attiyeh et al., 2005; Bown, 2001; Brodeur
et al., 1984; Fong et al., 1989; Lastowska et al.,
1997). Among these, MYCN amplification, an 1p
and 11q deletions are highly associated with a
poor prognosis in neuroblastoma, whereas hyper-
ploidy is associated with a low-stage of neurob-
lastoma and with a good prognosis (Bown, 2001).
Recently, anaplastic lymphoma kinase (ALK) was
identified as a major target oncogene associated
with familial and sporadic neuroblastoma cases
(Chen et al., 2008; George et al., 2008; Janoueix-
Lerosey et al., 2008; Mosse et al., 2008). ALK is
a receptor tyrosine kinase that was first identified
as part of the nucleophosmin (NPM)-ALK fusion
transcript derived from a t(2;5)(p23;q35) translo-
cation detected in the anaplastic large cell lym-
phoma (ALCL) (Shiota et al., 1995). In addition,
fusion transcripts involving ALK have been iden-
tified in inflammatory myofibroblastic tumors
and in a subset of non-small cell lung cancer
(Sirvent et al., 2001; Soda et al., 2007). ALK
is extensively expressed in the embryonic ner-
vous system, and it markedly declines after birth
(Chiarle et al., 2008). Given that ALK mutations
preferentially involve advanced neuroblastoma
with a poor outcome, the more relevant implica-
tion of these findings will be that ALK inhibitors
may improve the clinical outcome of children
suffering from intractable neuroblastoma. This
chapter focuses on recent advances in identifica-
tion of the genes and mechanisms implicated in
neuroblastoma pathogenesis.

Neuroblastoma Clinical Presentation

Neuroblastoma is a disease of sympathoadrenal
lineage of the neural crest and can arise any-
where along the sympathetic nervous system
(Brodeur, 2003). Most primary tumors occur
in the abdomen (65%), of which the majority
arise in the adrenal medulla, while some develop
in the paraspinal sympathetic ganglia (Brodeur,
2003). Other common sites of the disease include
at various sites, include the neck (5%), chest
(20%), and pelvis (5%) (Fig. 19.1) (Maris et al.,
2007) The signs and symptoms of neuroblas-
toma are highly variable and depend on age,
site of primary tumor, presence of metastatic
disease, and occasionally on associated paraneo-
plastic syndromes (Brodeur, 2003; Maris et al.,
2007). The international neuroblastoma staging
system (INSS), established in 1989, is currently
used to classify neuroblastoma patients into five
stages where stage1 and stage2, distinguished
localized tumors; stage 3, advanced locore-
gional disease; stage 4 or 4s, metastatic tumors
(Smith et al., 1989). However, a new presurgical
international neuroblastoma risk group staging
system (INRGSS) based on clinical criteria and
image-defined risk factors was proposed recently
(Monclair et al., 2009). This INRGSS classifies
neuroblastoma into L1 (localized disease with-
out image-defined risk factors precluding surgical
resection), L2 (localized disease with image-
defined risk factors), M (metastatic tumors), and
Ms (metastatic tumors with metastases confined
to the skin, liver, and/or bone marrow in chil-
dren younger than 18 months of age) (Monclair
et al., 2009). Neuroblastoma typically metas-
tasizes to regional lymph nodes and to bone
marrow by means of the hematopoietic-system.
Neuroblastoma cells metastatic to marrow can
infiltrate cortical bone. Tumor can also metasta-
size to the liver, most notably in patients with
stage 4s tumors, in whom the involvement should
be extensive; however, transient and complete
regression often occurs with no intervention other
than supportive care (Brodeur, 2003; Maris et al.,
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Fig. 19.1 Clinical presentations of neuroblastoma.
a Localized thoracic neuroblastoma. Arrow indi-
cates tumor mass. b Enhanced abdominal computed

tomography. Arrow indicates large tumor in adrenal
medulla. c Metastatic neuroblastoma revealed by
Metaiodobenzylguanidine (MIBG) scintigraphy

2007). The outcome of children with neuroblas-
toma is extremely different according to the INSS
stage and age at diagnosis. While a subset of
tumors undergo spontaneous regression, others
show aggressive progression in spite of multi-
modal treatment (Brodeur, 2003; Maris et al.,
2007). Although incremental improvements in
outcome have been achieved with the intensifica-
tion of conventional chemotherapy agents and the
addition of 13-cis-retinoic acid, only one-third of
children with high-risk disease are expected to
be long-term survivors when treated with current
regimens (Matthay et al., 1999).

Genetic Features

The best characterized genetic alteration asso-
ciated with poor prognosis of neuroblastoma is
amplification of the MYCN oncogene (Bown,
2001; Brodeur et al., 1984). It was also reported
that loss of heterozygosity (LOH) on chromo-
some 1p correlates with poor prognosis of neu-
roblastoma (Bown, 2001; Fong et al., 1989).
However, since MYCN amplification and 1p LOH
occur in approximately half of all advanced neu-
roblastoma cases, it has been suggested that
genetic alterations other than MYCN amplifi-
cation and 1p LOH could be involved in the
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development and/or progression of the disease.
Chromosomal deletion of 11q can be identified
in 35–40% of primary neuroblastomas (Attiyeh
et al., 2005). Notably, although 11q deletion is
predominantly detected in tumors without MYCN
amplification and 1p LOH, it remains highly
associated with poor prognosis of neuroblastoma
patients (Attiyeh et al., 2005). In a large cohort
study of neuroblastoma patients registered with
the Children’s Oncology Group study, unbal-
anced 11q LOH and 1p LOH or MYCN amplifica-
tion were independently associated with a worse
outcome by multivariable analysis (Attiyeh et al.,
2005). In addition to the 17q gain, unbalanced
translocations of 17q with 1p or 11q are also fre-
quently observed in neuroblastoma (Bown, 2001;
Lastowska et al., 1997). Several studies have
reported that BIRC5, NME1, PPMID, and ncRAN
are overexpressed in a subset of tumors with 17q
gain, but the candidate genes still remain elu-
sive (Godfried et al., 2002; Islam et al., 2000;
Saito-Ohara et al., 2003; Yu et al., 2009). A
number of other recurrent partial chromosomal
imbalances have been identified by metaphase
comparative genomic hybridization and single
nucleotide polymorphism arrays, including losses
of 3p, 4p, 9p, and 19q and gains of 1q, 2p, 7q,
and 11p (Chen et al., 2008; George et al., 2008;
Janoueix-Lerosey et al., 2008; Scaruffi et al.,
2007).

Activating Mutations and Gene
Amplifications of ALK
in Neuroblastoma

Previously, high-level amplifications of the ALK
locus were reported by several groups in a sub-
set of neuroblastoma samples (Dirks et al., 2002;
Lamant et al., 2000; Osajima-Hakomori et al.,
2005). More recently, various genome-wide stud-
ies have revealed that ALK amplifications can
be detected in 3–5% of primary neuroblastoma
cases (Chen et al., 2008; George et al., 2008;
Janoueix-Lerosey et al., 2008; Mosse et al.,
2008). Subsequent direct-sequencing analyses
of ALK disclosed non-synonymous nucleotide
substitutions of ALK in a subset of sporadic

neuroblastoma cases and also of neuroblastoma-
derived cell lines with mutation rates of ∼6–11%
and ∼30%, respectively (Caren et al., 2008;
Chen et al., 2008; George et al., 2008; Janoueix-
Lerosey et al., 2008; Mosse et al., 2008).

ALK encodes a transmembrane receptor
tyrosine kinase comprising 1,620 amino acids
(Chiarle et al., 2008). ALK normally has
restricted distribution in mammalian cells and are
only found at significant levels in the nervous
system during embryonic development (Chiarle
et al., 2008). Its expression is limited to rare neu-
ral cells and scattered pericytes, as well as to
endothelial cells after birth, implying a role in
neural development and differentiation (Chiarle
et al., 2008). Mice homozygous for the deletion
of ALK tyrosine kinase domain have a normal
appearance and no obvious tissue abnormalities,
but preliminary observations detected an increase
in the number of progenitor cells of the hip-
pocampus and modifications in adult brain func-
tions (Duyster et al., 2001). The binding site for
two putative ALK ligands, pleiotrophin and mid-
kine, has been mapped between residues 391 and
401 (Chiarle et al., 2008). However, the mecha-
nisms by which ALK is physiologically activated
have not been completely elucidated.

To date, 5 groups reported a total 20 kinds of
ALK mutations in, 14 different affected residues
in neuroblastoma (Fig. 19.2) (Caren et al., 2008;
Chen et al., 2008; George et al., 2008; Janoueix-
Lerosey et al., 2008; Mosse et al., 2008). Most
mutations occurred within the kinase domain,
which clearly showed two mutation hot spots at
positions F1174 and R1275. Mutations of the
F1245 residue were also frequently observed in
neuroblastoma, after the F1174 and the R1275
mutations. According to the homology mod-
els with other insulin receptor tyrosine kinases,
F1174 is located at the end of the Cα1 helix,
while the other two are located on the two β

sheets before the catalytic loop (β6) (F1245) and
within the activation loop (β9) (R1275) (Chiarle
et al., 2008; Mosse et al., 2008). Expression of
the predominant kinase domain mutant (F1174L)
and a juxtamembrane mutant (K1062M) in
NIH3T3 cells induce transforming capacity;
mutant-transduced cells display increased colony
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Fig. 19.2 ALK mutations detected in neuroblastoma.
The nucleotide changes detected in neuroblastomas are
20 types at 14 amino acid positions (Mosse et al., 2008,
Nature; Janoueix-Lerosey et al., 2008, Nature; Chen et al.,

2008, Nature; George et al., 2008, Nature; Caren et al.,
2008, Biochem J). Arrows indicate two hot spots of ALK
mutations: Blue, germ-line mutations; green, somatic and
germline mutations; and TK, tyrosine kinase domain

formation in soft agar and tumor generation
in nude mice, where the mutant kinases show
increased autophosphorylation and in vitro kinase
activity compared to wild type ALK (Chen
et al., 2008). In accordance with these find-
ings, downstream molecules of ALK signaling
including AKT, STAT3, and ERK were acti-
vated in cells expressing mutant ALK (Fig. 19.3)
(Chen et al., 2008). Furthermore, the F1174L
and R1275Q mutated ALK promote cytokine-
dependent growth of the BaF3 cell line, an
immortalized murine bone marrow-derived pro-
B cell line the growth and proliferation of which
depends on the presence of IL-3 (George et al.,
2008). Importantly, RNAi-mediated ALK knock-
down resulted in reduced cell proliferation of a
cell line harboring the F1174L mutation, but the
effects were less clear in wild-type expressing
neuroblastoma cells (Chen et al., 2008). These
evidences indicate that the ALK mutants are actu-
ally oncogenic and could be responsible for the
pathogenesis of neuroblastoma. A recent meta-
analysis for ALK mutation status in relation to

genomic and clinical parameters revealed that
ALK mutations were found in both low and high-
risk neuroblastomas and that the F1174 mutations
were significantly associated with MYCN ampli-
fication (Advance in Neuroblastoma Research
2010; Stockholm).

Genetic Features of Familial
Neuroblastoma

A familial history of neuroblastoma is observed
in about 1–2% of newly diagnosed patients
(Shojaei-Brosseau et al., 2004). Neuroblastoma
pedigrees are usually consistent with a dominant
autosomal pattern of inheritance with incom-
plete penetrance. A remarkable heterogeneity
of the clinical presentation is observed within
pedigrees in terms of age at diagnosis, histol-
ogy, and aggressiveness. Two main neural-crest-
derived conditions, Hirschsprung’s disease and
Ondine’s curse, also called congenital central
hypoventilation syndrome, are associated with
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Fig. 19.3 Major signaling pathways activated by ALK
mutations in neuroblastoma cells. Ligand-induced dimer-
ization of the extracellular domain of ALK monomers
leads to trans-phosphorylation of the tyrosine kinase

(TK) domain and physiological ALK signaling. Ligand-
independent signaling is induced by activating mutations
within the TK domain

an increased risk of developing neuroblastoma
(Maris, 2005; Shojaei-Brosseau et al., 2004).
Previously, missense or frame-shift mutations
in paired-like homeobox (PHOX2), a homeobox
gene that is a key regulator of normal autonomic
nervous system development, were shown to pre-
dispose to familial neuroblastoma, as well as to
Hirschsprung’s disease, and congenital central
hypoventilation syndromes (Raabe et al., 2008;
Trochet et al., 2004). More recently, Mosse et al.
reported that activating ALK mutations account
for most cases of familial neuroblastoma (Mosse
et al., 2008). These germ-line mutations encode
for single-base substitutions in important regions
of the kinase domain and result in constitu-
tive activation of the kinase and a premalig-
nant state (Mosse et al., 2008). Notably, the
spectrum of somatic and germ-line ALK muta-
tions are different. In fact, mutations affecting
the F1174 residue have never been identified
as the germ-line mutation, whereas mutation of

the R1192 residue has been detected in familial
but not sporadic cases of neuroblastoma (Caren
et al., 2008; Chen et al., 2008; George et al.,
2008; Janoueix-Lerosey et al., 2008; Mosse et al.,
2008). This suggests differences in ALK signal-
ing through specific mutations, which remain to
be further characterized by functional analyses.

Oncogenic Role of ALK in Other
Cancers

Multiple receptor tyrosine kinases have been
implicated in oncogenesis due to genetic abnor-
malities including mutations, amplifications, or
fusion to a partner gene(s), resulting in the acti-
vation of their kinases catalytic domains (Blume-
Jensen and Hunter, 2001). Translocations are the
most common known cause of constitutive ALK
activations in a variety of human cancers (Chiarle
et al., 2008). Indeed, different ALK fusion genes
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with a various partner genes have been demon-
strated in a majority of ALCL (Shiota et al.,
1995), a subset of diffuse large B-cell lymphoma
(Park et al., 1997), inflammatory fibroblastic
tumor (Sirvent et al., 2001), squamous cell car-
cinoma of the esophagus (Carvalho et al., 2004),
and non-small cell lung cancers (NSCLC) (Soda
et al., 2007). In physiological ALK signaling,
ligand-induced homo-dimerization of the extra-
cellular domains is hypothesized to being the
tyrosine kinase domains into sufficient proximity
to enact trans-phosphorylation and kinase activ-
ity (Chiarle et al., 2008). All ALK fusion proteins
share two essential characteristics: first, the pres-
ence of an N-terminal partner protein that is
widely expressed in normal cells, the gene pro-
moter of which controls the expression of its
encoded fusion protein; and second, the pres-
ence of an oligomerization domain in the ALK
fusion partner protein, which mediates constitu-
tive self-oligomerization of the ALK fusion that
causes constant ALK kinase domain activation
(Chiarle et al., 2008). The potent oncogenic activ-
ity of the NPM-ALK and EML4-ALK fusions
have been demonstrated in mouse models by the
occurrence of lymphoma and lung adenocarci-
noma in transgenic mice expressing these fusion
genes, respectively (Jager et al., 2005; Soda et al.,
2008). The constitutive activation of ALK fusion
proteins leads to activation of downstream path-
ways, such as PLCγ, PI3K/AKT, RAS/MAPK,
and JAK/STAT (Chiarle et al., 2008).

Targeting Anticancer Therapy

Targeted protein tyrosine kinase inhibitors rep-
resent a major advance in cancer treatment,
and several types of kinase inhibitors have
been approved for the treatment of various can-
cers (Blume-Jensen and Hunter, 2001). Recently,
several ALK inhibitors have been developed
and examined in preclinical models (Mosse
et al., 2009; Soda et al., 2008). Initial stud-
ies have been conducted using less potent ALK
inhibitors such as WHI-P154, pyridines, and
HSP90 (Li and Morris, 2008). Subsequently,
more potent and specific ALK inhibitors such

as diaminopyrimidines or aminopyrimidines
including NVP-TAE684, PF02341066 and 2,4-
pyrimidinediamine derivative (2,4-PDD) have
been developed (Li and Morris, 2008; Soda et al.,
2008). NVP-TAE684 is a highly potent and spe-
cific inhibitor of NPM-ALK-positive lymphoma
(Li and Morris, 2008); however, it is currently
not being developed clinically. PF02341066 is an
inhibitor of both MET and ALK and is currently
the only available ALK small-molecule inhibitor
in clinical phase I trials (Mosse et al., 2009). 2,4-
PDD is also highly potent ALK inhibitor, and
its administration effectively cleared the tumor
burden and improved the survival of ENL4-ALK
transgenic mice (Soda et al., 2008). These selec-
tive inhibitors can lead to potent suppression of
cell growth in tumors expressing ALK fusion
proteins (Li and Morris, 2008). Neuroblastoma
cell lines harboring ALK mutations or amplifica-
tion showed high effective to the ALK inhibitors,
such as NVP-TAE684 and PF-02341066 (George
et al., 2008; Janoueix-Lerosey et al., 2008). These
observations provide a strong molecular ratio-
nale for ALK-targeted therapy and the basis
for early-phase clinical trials. It will continue
to be important to study neuroblastoma cells
expressing mutated-ALK to determine whether
an ALK inhibitor alone or in combination with
other kinase inhibitors will be necessary for
growth inhibition. Further development of ALK
inhibitors and their combination with conven-
tional chemotherapy are likely to be employed in
the near future. Finally, the development of mon-
oclonal antibodies against ALK should be pur-
sued, as it may be particularly useful for tumors
with acquired resistance to ALK inhibitors.

Conclusion
Biological findings often help to understand
neuroblastoma heterogeneity with the aim of
improving patients’ management and progno-
sis. This chapter provides an understanding
of neuroblastoma pathogenesis and preclinical
proof-of-principle for ALK as a therapeutic
target. There is a strong rationale and sig-
nificant enthusiasm toward ALK inhibitors
as target therapy against tumors harboring
oncogenic fusions or activating mutations.
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The results of the first clinical trial testing
PF-02341066 has shown clinical activity in
highly refractory patients with tumors harbor-
ing ALK fusion proteins, leading to ongoing
efforts to select patients for these trail based
on ALK translocation status. A pediatric trial
of PF-02341066 will begin enrollment of sub-
jects in 2009 in the United States, and plans
are currently being made for how to properly
integrate ALK inhibition therapy into front-
line chemotherapeutic regimens (Mosse et al.,
2009).
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Abstract
New strategies are needed to improve outcomes for children with high-risk
neuroblastoma, as fewer than half of these patients are expected to survive
with current therapies. The combination of temozolomide and irinotecan has
recently been evaluated in cooperative group studies for patients with relapsed
high-risk neuroblastoma. This combination is attractive given the reported
single-agent activity of each drug, their non-overlapping toxicity profiles,
and the preclinical evidence of synergy in mouse models of neuroblastoma.
Clinical trials involving 120 patients with relapsed or refractory neuroblas-
toma have shown the combination to produce responses or sustained disease
stabilization in a significant subset of patients. In addition, the tolerability of
the regimen may allow it to serve as a therapeutic backbone on which to add
targeted agents. Finally, use of orally administered irinotecan given on shorter
treatment schedules can reduce costs and improve patient convenience.
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Introduction

Neuroblastoma is a small round blue cell tumor
arising from sympathetic chain ganglia in the
peripheral nervous system. It is the most com-
mon extracranial solid tumor in childhood, and
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accounts for 15% of all pediatric cancer deaths.
The vast majority of patients present within the
first decade of life, and the median age at diagno-
sis is 22 months. Approximately 40% of children
are determined to have high-risk disease based on
features such as age >18 months at presentation,
the presence of disseminated disease, unfavor-
able histologic features, and amplification of the
MYCN oncogene (Park et al., 2008). Despite
multimodal therapy including surgery, radiation,
high-dose chemotherapy with autologous stem
cell rescue, and biologic agents, current regimens
for high-risk neuroblastoma are expected to cure
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fewer than half of patients (Matthay et al., 2009).
Newer strategies are required to improve the
outcome for this important childhood cancer.

Over the past decade, several clinical trials
have demonstrated the benefit of camptothecin
analogs for treatment of high-risk neuroblas-
toma. Topotecan has been the most widely
used agent in this class, and like other camp-
tothecins, mediates cytotoxicity by stabilizing
the DNA-topoisomerase I covalent complex cre-
ated during DNA replication. This stabilization
process prevents religation of DNA, thus neu-
tralizing the activity of the topoisomerase I
enzyme responsible for relief of DNA torsional
strain. The collision of the advancing DNA repli-
cation fork with the drug-enzyme-DNA com-
plex produces irreversible double-stranded DNA
breaks that result in cell cycle arrest and apop-
totic cell death (Masuda et al., 1996). Based
on encouraging results in patients with recur-
rent disease (Frantz et al., 2004), the combina-
tion of topotecan and cyclophosphamide is now
being incorporated into frontline therapy (Park
et al., 2008). Both topotecan and the related
camptothecin agent irinotecan have demon-
strated schedule-dependent activity against neu-
roblastoma xenografts (Houghton et al., 1995).
Unlike topotecan, irinotecan is actually a pro-
drug which is converted by endogenous car-
boxylesterases into the active metabolite SN-38,
which is a potent toposiomerase I inhibitor.
Although they exert cytotoxicity through the
same pathway, the mechanisms of resistance dif-
fer between irinotecan and topotecan (Houghton
et al., 1993), and failure of topotecan does not
necessarily preclude response to irinotecan.

Support for the use of irinotecan to treat
neuroblastoma was predicated on encourag-
ing activity from mouse xenograft experiments
(Thompson et al., 1997; Vassal et al., 1996).
In early pediatric Phase I trials of irinotecan
using a variety of different schedules, responses
in relapsed neuroblastoma patients were con-
sistently demonstrated (Blaney et al., 2001;
Furman et al., 1999; Vassal et al., 2003).
However, in larger Phase II trials using either
an every 3-week or a daily × 5 schedule of
intravenous irinotecan in children with relapsed

neuroblastoma, response rates were < 10%
(Bomgaars et al., 2007; Vassal et al., 2008), sug-
gesting that the greatest benefit of irinotecan may
be in combination with other agents.

In this regard, the oral methylating agent
temozolomide is a good candidate for combina-
tion with irinotecan, given the non-overlapping
toxicity profiles of these drugs. For example, the
most common toxicity with protracted irinote-
can is diarrhea and abdominal cramping (Furman
et al., 1999), while the dose-limiting toxicity of
temozolomide is myelosuppression (Nicholson
et al., 1998). Temozolomide has demonstrated
single-agent activity against neuroblastoma in
xenograft models (Middlemas et al., 2000) and
in a Phase II trial, in which the response rate in
children with relapsed neuroblastoma was 20%
(Rubie et al., 2006). Administration of oral temo-
zolomide is feasible even in small children, for
whom the capsules may be opened and mixed
with juice or apple sauce.

Most importantly, Houghton et al. (2000)
demonstrated that the combination of temozolo-
mide and irinotecan is synergistic in a variety of
mouse tumor models, including neuroblastoma.
In those experiments, non-curative doses of each
agent were administered to mice carrying subcu-
taneous neuroblastoma xenografts, and sustained
complete responses were seen in all four models
tested. One explanation for this synergy is that
methylation of DNA by temozolomide causes
localization and recruitment of topoisomerase
I-DNA cleavage complexes, which helps poten-
tiate the cytotoxicity of irinotecan (Pourquier
et al., 2001). Consistent with this hypothesis, syn-
ergy appears to be schedule-dependent, with best
results observed when temozolomide precedes
the irinotecan by at least 1 h (Patel et al., 2000).

Clinical Trials of Temozolomide
and Irinotecan

Data from these preclinical experiments has led
to 4 pediatric clinical trials of this combination
involving 120 patients with relapsed or refractory
neuroblastoma. In the initial Phase I trial (Wagner
et al., 2004), a 4-week treatment schedule was
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used, based on the temozolomide schedule used
for high-grade glioma (Nicholson et al., 1998).
The modest myelosuppression and rapid recovery
of counts has since allowed for 3-week treat-
ment intervals to be used in subsequent trials,
which have gone on to incorporate varying sched-
ules and methods of irinotecan administration. Of
two neuroblastoma patients treated on the initial
study, one had a partial response of bulky tumor,
and the other had stable disease for 17 courses.
The maximum tolerated dose was temozolomide
100 mg/m2 daily for 5 days together with intra-
venous irinotecan 10 mg/m2 daily for 5 days for
two consecutive weeks.

Building on this experience, a Phase I trial
was conducted through the New Approaches
to Neuroblastoma (NANT) Consortium which
investigated temozolomide coupled with oral
rather than intravenous administration of irinote-
can (Wagner et al., 2009). Information regarding
the scheduling and route of irinotecan administra-
tion is discussed in more detail later. The NANT
study confirmed that oral administration is fea-
sible even in young children, and can achieve
exposures of the active metabolite SN-38 similar
to those with intravenous administration. In this
Phase I trial, one of fourteen evaluable patents
with relapsed or refractory neuroblastoma had
complete response of bulky disease, and six addi-
tional patients received a median of seven courses
prior to disease progression.

There have been two larger studies using
temozolomide together with intravenous irinote-
can in patients with relapsed or refractory
neuroblastoma. In the first report by Kushner
et al. (2006), patients were scheduled to receive
5-day courses of temozolomide 150 mg/m2/day
and intravenous irinotecan 50 mg/m2/day, with
courses to be repeated every 3–4 weeks as toler-
ated. Thirteen of the 49 patients were not evalu-
able for response, as some patients were receiving
therapy in second or greater remission. Of the 36
evaluable patients, three-fourths showed clinical
benefit as manifest by either complete or partial
response (8%), objective antitumor effects with-
out reaching criteria for partial response (25%),
or stable disease (42%).

A national Phase II trial of this combination
has recently been completed by the Children’s
Oncology Group (Bagatell et al., 2009). This
study separated patients with relapsed or refrac-
tory neuroblastoma into two cohorts: those with
bulky disease, and those with disease evalu-
able only by nuclear medicine studies or bone
marrow assessment. Patients with refractory neu-
roblastoma or those in first relapse received
previously established doses of temozolomide
100 mg/m2/day × 5 combined with intravenous
irinotecan 10 mg/m2/day given daily for 5 days
for two consecutive weeks (Wagner et al., 2004).
Courses were repeated every 3 weeks as toler-
ated. The overall response rate for 55 patients was
16%, with responses being seen in patients with
bulky disease as well as those with tumor only
in bone or bone marrow. Similar to other studies,
stable disease throughout the six courses on study
was seen in approximately half of the patients.

Toxicities of Temozolomide
and Irinotecan

The primary toxicities of this combination are
myelosuppression and diarrhea. Neutropenia and
thrombocytopenia appear to be related to the
temozolomide dose used, and attempts to give
higher doses of this agent have often required the
use of filgrastim (G-CSF) to facilitate neutrophil
recovery and avoid treatment delays (Kushner
et al., 2006). Interestingly, it is unclear how much
benefit is gained by more intensive use of these
agents, as in both mouse models and clinical
trials, antitumor responses can be seen with rel-
atively low doses of each agent. At the dose
of 75–100 mg/m2/day used in most combination
studies, myelosuppression has been modest even
in heavily pretreated patients with poor marrow
reserve or active marrow disease, as evidenced
by the ability to treat patients with enrollment
platelet counts as low as 32,000/μl (Kushner
et al., 2006). In addition, there does not appear
to be significant cumulative toxicity in neurob-
lastoma patients, which is an important consider-
ation given the higher likelihood of pre-existing
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renal, cardiac, or liver problems related to prior
therapies.

Diarrhea and abdominal cramping seen in the
week following irinotecan administration may
be reduced by the prophylactic use of cefixime,
a cephalosporin antibiotic which reduces glu-
curonidase production from enteric bacteria
(reviewed in Wagner et al., 2008). Glucuronidase
causes diarrhea by cleaving the glucuronide
moiety of the inactive complex of SN-38-
glucuronide, thus restoring activity of this potent
cytotoxic agent directly in the intestinal lumen.
Cefixime has been shown to allow for higher
doses of oral irinotecan to be tolerated (Furman
et al., 2006), and can also allow patients with
previous severe toxicity to tolerate subsequent
courses at the same irinotecan dose (Pappo et al.,
2007). All pediatric trials using oral irinotecan
have mandated use of cefixime, while its use has
been more variable in patients given intravenous
irinotecan.

Schedule and Route of Irinotecan
Administration

Based on animal experiments showing the supe-
riority of protracted dosing (Houghton et al.,
1995), the majority of clinical trials have admin-
istered 5 daily irinotecan doses for either 1 week
(d×5) or two consecutive weeks (d×5×2 sched-
ule). Protracted scheduling prolongs exposure to
the S-phase-specific agent, and reduces myelo-
suppression when compared to shorter schedules
using higher dosages. To date, there have been
no direct comparisons of different administration
schedules in neuroblastoma patients, and the opti-
mal schedule is unknown. However, in children
with relapsed rhabdomyosarcoma who received
vincristine plus irinotecan given either d×5 or
d×5×2, there was no difference in response rate
or incidence of grade 3–4 toxicity between the
two schedules (Mascarenhas et al., 2008). It is
clear that protracted administration is both incon-
venient and expensive. While home administra-
tion of low-dose protracted intravenous irinote-
can is safe (Wagner et al., 2007), not all patients
have home infusion services available, or are
good candidates for such therapy. This has led to

trials of oral irinotecan, in which the intravenous
20 mg/ml preparation is administered orally
together with cran-grape juice to mask the bit-
ter taste. Because of low oral bioavailability,
higher dosages are necessary to achieve similar
drug exposures of the active metabolite SN-38.
Importantly, the reported trials using oral irinote-
can have shown that similar drug exposures
can indeed be achieved with oral administra-
tion (Wagner, 2010). Such oral administration of
irinotecan may reduce medical costs by as much
as 5-fold, and allow for children to remain at
home more with less need for daily intravenous
access. This approach has been demonstrated to
be feasible even in young children (Wagner et al.,
2009), a patient population in whom oral admin-
istration of medications has special challenges.

Conclusions and Future Directions

In summary, multiple studies have confirmed that
this drug combination is well tolerated outpa-
tient therapy that is feasible even with young,
heavily-pretreated patients. A 5-day regimen
using oral administration is the most convenient
and cost-effective approach, although no trials
have directly compared the activity of various
irinotecan schedules or routes of administration
in neuroblastoma patients. The combination is
now being widely used for salvage or palliative
therapy for recurrent neuroblastoma, and offers
a reasonable possibility of response or disease
stability. The modest toxicity of this regimen cou-
pled with the chance for clinical benefit make
it attractive as a backbone on which to add
additional agents. For example, two recent tri-
als have added vincristine to temozolomide +
irinotecan in children with relapsed solid tumors
(McNall-Knapp et al., 2010; Wagner et al., 2010),
taking advantage of potential synergy between
vincristine and irinotecan (Pappo et al., 2007).
Of perhaps even greater promise is the poten-
tial for adding targeted therapies such as beva-
cizumab onto this backbone, such as is being
done in several ongoing institutional trials (clin-
icaltrials.gov identifier numbers NCT00786669,
NCT01114555, NCT00993044).
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Abstract
Neuroblastoma is a sympathetic nervous tumor that mainly affects young
children. It is a very heterogeneous tumor, ranging from milder or benign
forms, sometimes with the unusual ability to regress spontaneously, to lethal
tumor progression despite intensive multimodal therapy. Due to the hetero-
geneity that neuroblastoma tumors display, it is of great importance to identify
patients that need aggressive therapy and patients that will do well without
aggressive therapy in order to save as many patients as possible and still
minimize side-effects from the treatment. Detection of amplification of the
proto-oncogene MYCN is used in risk classification protocols and recently
also the deletion of chromosome 11q has been included as a prognostic factor.
We have used a dense genome-wide copy number analysis with microarrays
to analyze a large number of neuroblastoma tumors with the aim of improving
patient stratification and reveal new features of the tumors.

Keywords
Genomic profiling • Aberration • SNP • Hemizygous
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Introduction

Neuroblastoma (NB) is the most common
extracranial tumor of childhood. The prevalence
is about 1 in 7,000 live births. The median age
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at diagnosis is about 18 months, with approxi-
mately 40% of cases diagnosed before the age of
1 year and nearly all by the age of ten (Brodeur,
2003). It is an embryonal tumor of the postgan-
glionic sympathetic nervous system (SNS). Most
NB tumors are composed of neuroblasts, undif-
ferentiated sympathetic nerve cells arising from
the neural crest. Primary tumors are located in
areas of the peripheral SNS; about half of all NBs
originate from the adrenal medulla and the rest
occur in thoracic or abdominal paraspinal sym-
pathetic ganglia or in pelvic ganglia. Metastases
often spread to regional lymph nodes, bone and

217
M.A. Hayat (ed.), Neuroblastoma, Pediatric Cancer 1, DOI 10.1007/978-94-007-2418-1_21,
© Springer Science+Business Media B.V. 2012



218 H. Carén

bone marrow. NB displays a high degree of
heterogeneity, ranging from milder or benign
forms, sometimes with the unusual ability to
regress spontaneously, to lethal tumor progres-
sion despite intensive multimodal therapy. It is
therefore of great importance to be able to iden-
tify patients that need aggressive therapy and
patients that will do well without aggressive
therapy in order to minimize side-effects from
treatment in this group.

The likelihood of cure varies widely, accord-
ing to age at diagnosis, extent of disease and
tumor biology, with the stage of the tumor as
the most important prognostic factor. Children
less than 1 year of age generally have a much
better prognosis than children diagnosed above
this age with equivalent stages (Breslow and
McCann, 1971). Children with NB tumors with
a favorable outcome are likely to have near-
triploid karyotypes with few or no segmental
rearrangements, whereas aggressive tumors often
have near-diploid or near-tetraploid karyotypes
and chromosomal rearrangements.

The deletion of parts of chromosome arm
1p, first reported by Brodeur et al. (1977), is
found in 20–35% of all NB tumors (Bauer et al.,
2001; Carén et al., 2008b; Cohn et al., 2009;
Martinsson et al., 1995). This aberration is asso-
ciated with tumors which also have amplifica-
tion of the MYCN proto-oncogene and is found
in approximately 70% of aggressive NBs. The
regions of deletion are often large and generally
contain the terminal of 1p although rare tumors
with interstitial 1p deletions occur.

The amplification of chromosome region 2p24
is found in 15–30% of NB tumors (Carén et al.,
2008b; Cohn et al., 2009; Schwab et al., 1983).
The amplified region often contains many genes
of which MYCN is thought to be the target
of the gene amplification. Amplified MYCN is
localized in double minutes (DMs) or homoge-
neously staining regions (HSRs). The amplifica-
tion of MYCN is associated with advanced dis-
ease stage (Brodeur et al., 1984). MYCN encodes
a transcription factor that is normally expressed
during embryonic development.

Recently, the ALK gene has been identi-
fied as a major familial predisposition gene

targeted by DNA mutations and gene amplifica-
tions (Janoueix-Lerosey et al., 2008; Mosse et al.,
2008). ALK aberrations are also detected in spo-
radic cases of neuroblastoma (Carén et al., 2008b;
Chen et al., 2008; George et al., 2008; Janoueix-
Lerosey et al., 2008; Mosse et al., 2008). ALK
is located in chromosome region 2p23.2, often
present in the 2p gain region found in 15–25%
of primary NB. Mutation in the tyrosine kinase
domain of ALK is found in 6–12% of sporadic
NB cases and ALK gene amplification in 3–5%.
The ALK gene has been shown to be involved in
several chromosomal translocations or inversions
contributing to oncogenesis. ALK is therefore an
attractive target for novel therapeutic strategies
in NB, since kinase inhibitors are already under
development for specific targeted cancer therapy
(Li et al., 2008).

The deletion of chromosomal material on
the long arm of chromosome 11 is found in
20–35% of NB tumors (Carén et al., 2008b; Cohn
et al., 2009; Guo et al., 1999; Srivatsan et al.,
1993). 11q deletion is mostly found in advanced
stage tumors without MYCN amplification (Carén
et al., 2008a; Guo et al., 1999).

The gain of parts of the long arm of chromo-
some 17 is the most frequent genetic abnormality
in NB tumors, detected in about 50% of tumors
(Abel et al., 1999; Carén et al., 2008a; Caron,
1995; Cohn et al., 2009; Gilbert et al., 1984). The
proximal breakpoint for the 17q gain varies but
distally it invariably extends to the 17q-terminal.
It is hypothesized that a dosage effect of one
or more genes in this region provides a selec-
tive advantage (Schleiermacher et al., 2004).
Unbalanced gain of 17q frequently occurs as an
unbalanced translocation between chromosome
1 and 17, resulting in 1p deletion and 17q gain
(Savelyeva et al., 1994), although both break-
points (i.e. on 1p and on 17q) varies.

The deletion of chromosome arm 14q has been
detected in about 20% of NB, particularly in
advanced stages, and the consensus region has
been defined as 14q23-32 (Srivatsan et al., 1993;
Suzuki et al., 1989; Thompson et al., 2001). The
loss of heterozygosity of chromosome arm 3p
has been identified by our group (Ejeskär et al.,
1998; Hallstensson et al., 1997) and is present
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in approximately 15% of NB tumors. It has sub-
sequently been suggested that the chromosomal
region defined as 3p22 contains tumor suppressor
genes, since this region was found to be homozy-
gously deleted in an NB cell line (Mosse et al.,
2005).

Whole-Genome SNP Array Analysis:
Methodology

Affymetrix SNP arrays provide both copy num-
ber and allele-specific information and they have
the capacity to detect duplications, amplifica-
tions, homozygous and hemizygous deletions and
copy-neutral LOH (genomic regions that have a
normal gene copy number, even though both gene
copies originate from the same parental chromo-
some, e.g. from a loss and duplication event.).
The Mapping 500K Array Set from Affymetrix is
comprised of two arrays, each capable of geno-
typing approx. 250,000 SNPs. In our studies,
the array that uses the Nsp I restriction enzyme
(approx. 262,000 SNPs) has been used, with an
average distance between SNPs of 11 kb.

The tumor cell content of the samples was his-
tologically assessed in tumor tissue adjacent to
that used for DNA or RNA extraction. Genomic
DNA was extracted from fresh NB tumor tis-
sue or fresh frozen (–70◦C) with a DNeasy
blood and tissue kit (Qiagen, Hilden, Germany),
according to the protocol provided by the sup-
plier. Total genomic DNA was then digested
with the restriction enzyme and was ligated to
adapters. After ligation, the template was sub-
jected to PCR amplification. A generic primer
that recognizes the adapter sequence was used
to amplify adapter-ligated DNA fragments. The
amplified DNA was then fragmented with DNAse
I, labeled with deoxynucleotidyl transferase, and
hybridized to the array.

The CNAG (Copy Number Analyzer for
Affymetrix GeneChip Mapping arrays) software
was used to analyze the data (Nannya et al.,
2005; Yamamoto et al., 2007). We have used the
described methodology to successfully analyze a
large number of NB tumors (Carén et al., 2008a;
Carén et al., 2010).

Chromosomal Aberrations

Regions with Common Hemizygous
Deletions

Loss of parts of the short arm of chromosome 1
(1p) was found in about 30% of the tumors; and
about 13% harbored other rearrangements, such
as 1q gain (Carén et al., 2008b). Chromosome 1p
deletion was associated with MYCN amplification
and MYCN-amplified tumors generally had larger
1p deletions than tumors without MYCN ampli-
fication. The consensus loss in the tumors with
MYCN amplification was from position 17.2 to
32.0 Mb and, in tumors without MYCN amplifi-
cation, from the terminal of 1p to 10.4 Mb.

Loss of the whole of chromosome 11 was
detected in 20% of the NB tumors. Partial loss of
11q was found in 13%. Loss of 11q was almost
mutually exclusively found in tumors without
MYCN amplification.

Homozygous Deletions

Homozygous deletions were detected in chromo-
some region 9p in four NB tumors. The short-
est region of overlapping deletions, at 21.9 Mb,
resided in the gene CDKN2A. In addition, four
tumors with heterozygous deletions and one with
a copy neutral loss of heterozygosity (CN-LOH)
encompassing the CDKN2A gene region were
also detected.

In one tumor, a homozygous deletion on the
short arm of chromosome 3, 29.6–30.0 Mb, was
detected. This region contains exons 4–11 of the
RBMS3 gene, which would eradicate any nor-
mal expression of this gene. In addition, 14 of
92 tumors (15%) had heterozygous deletions of
chromosome 3p regions. Two regions with an
overlap of deletions were identified among these
14 tumors.

Regions with Amplification or Gain

Twenty-three percent of the tumors exhibited
2p amplification and 14% had gains of parts of
2p. Two types of MYCN-amplified tumors were
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identified. One type displayed simple amplicons,
where a continuous region in and around MYCN
was amplified. The other type harbored more
complex rearrangements, where several discon-
tinuous regions were included in the amplified
fragment. Apart from MYCN, no other genes
were found to be amplified in all cases with
amplification.

Complex amplification on chromosome 12
was detected in four tumors, one of which also
had MYCN amplification.

The most frequent aberration, gain of chromo-
some 17q, was observed in 38% of cases. The
region of gain always included the terminal of the
q-arm, the smallest being 24.3 Mb (54.5-qter).

Subgrouping of Neuroblastoma
Tumors

We divided the tumors into five subgroups; (i)
NBs with MYCN amplification (but not 11q dele-
tion), (ii) NBs with 11q deletion (but not MYCN
amplification), (iii) NBs with 17q gain (with-
out MYCN amplification and 11q deletion), (iv)
NBs with segmental aberrations not including
MYCN amplification, 11q deletion or 17q gain
and (v) NBs with only numerical changes (whole
chromosome gains and/or losses). One additional
group constituted tumors with a flat profile – i.e.
no aberrations at all were detected.

The overall survival at 8 years after diagnosis
was very similar in the MYCN-amplified and the
11q-deleted groups, approximately 35%, while
the median age at diagnosis differed; 21 months
for the MYCN-amplified group and 42 months
for the 11q-deletion group. The favorable group
defined by only numerical aberrations had an
overall survival of about 90% and a median age
at diagnosis of only 3 months, while the 17q
gain group had a survival rate slightly over 60%
and a median age at diagnosis of 21 months.
The groups characterized by 11q deletion, MYCN
amplification or 17q gain, respectively, were all
associated with a poor outcome, whereas the
other segmental group was not.

There was a significant difference in the
number of segmental aberrations in the groups;

the MYCN-amplified group and the 17q-gain
group had a median of four aberrations, while the
11q-deleted group had a median of 12. The lowest
number of breaks was found in the other seg-
mental group, with a median of one aberration.
The chromosomal breaks associated with the seg-
mental aberrations were more focused on specific
regions in the MYCN-amplified group, while the
11q-deleted group displayed a more “shotgun-
like” distribution. The high frequency of segmen-
tal aberrations and chromosomal breaks in the
11q-deletion group of tumors is suggestive of a
CIN (chromosomal instability) phenotype gene
located in 11q. One such gene is the H2AFX
(H2A histone family, member X) gene located
in 11q23.3 (pos. 118.4 Mb from pter, which is
within the shortest region of overlap for all of the
11q deletions). This gene is expressed at a signif-
icant lower level in 11q-deleted tumors compared
to the MYCN-amplified.

Discussion

We have conducted comprehensive array copy
number analyses of all the available Swedish NB
tumors in order to draw conclusions from a large
set of material, without any biases. Genomic pro-
file data have been correlated with clinical data
for this large set of tumors. Thirty percent of
the tumors had 1p deletion and those were sig-
nificantly more often MYCN amplified. Tumors
with MYCN amplification had generally larger
1p deletions than tumors without MYCN ampli-
fication and the smallest deletions including the
p-terminal were found in tumors without MYCN
amplification. So, when identifying the SRO in
1p deletions in NB, this will be delineated by the
tumors without MYCN amplification showing the
most distal breakpoints. It is possible that differ-
ent sets of 1p-deleted genes are important for the
biological behavior of the MYCN-amplified and
the non-MYCN-amplified cases, respectively.

Homozygous deletions are rare events in pri-
mary NB tumors. In our material, we detected
homozygous deletions in the CDKN2A gene
in chromosome 9p21 in four tumors. This
region is frequently deleted in a wide range of
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malignancies. A second region of homozygous
deletion was discovered in one NB tumor which
was located in chromosome region 3p24.1, har-
boring the gene RBMS3. The protein encoded by
this gene is a member of a protein family which
binds single-stranded DNA/RNA.

There was a significant inverse correlation
between 11q loss and the amplification of
MYCN. The same tumor only very rarely dis-
play both MYCN amplification and 11q deletion.
We demonstrated that there are large chromoso-
mal and clinical differences between these two
NB high-risk groups, MYCN-amplified and 11q-
deleted. We found significantly different frequen-
cies of segmental aberrations in these two groups;
the MYCN-amplified group having few aber-
rations, while the 11q-deleted group displayed
many. The overall survival at 8 years after diag-
nosis was very similar in the two groups, approx-
imately 35%, while the median age at diagnosis
differed (patients with 11q-deleted tumors are
diagnosed much later). The observed high fre-
quency of segmental aberrations and chromoso-
mal breaks in the 11q-deleted group of tumors
is suggestive of a CIN (chromosomal instability)
phenotype gene located in this chromosomal seg-
ment. This study provides valuable information
on distinct and different genetic profiles of the
two high-risk groups of tumors that potentially
can be used as a basis for tumor-type specific
choice of therapy in the future. Our analyses
also underlines the importance of using dense
genome-wide microarray analyses with aCGH or
SNP arrays in the clinical management of these
patients to fully evaluate their tumor genomic
profiles and thereby to improve diagnosis, prog-
nosis, and therapeutic approaches. SNP analyses
of all NB tumors in Sweden have now been
introduced at the clinic.
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Abstract
Neuroblastoma is the most common solid tumor of childhood, and its prog-
nosis remains poor. The statuses of MYCN amplification, TRKA expression,
ploidy, stage and age are prognostic factors of this cancer. A reliable blood
marker for neuroblastoma has long been awaited. The growth factor midkine
was originally discovered as the protein product of a retinoic acid-responsive
gene. It has been revealed that midkine is involved in cancer progression: it
is highly expressed in human carcinomas, and its depletion leads to tumor
growth suppression in animal models. Here, we describe plasma midkine
level as a prognostic factor for neuroblastoma. Plasma midkine level is closely
associated with the above-mentioned prognostic factors. Moreover, there is a
striking correlation between high plasma midkine level and poor prognosis.
Plasma midkine level could be a useful biomarker not only for predicting
patient outcome but also for monitoring tumor status during therapy.
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Introduction

Neuroblastoma (NB) is the most common malig-
nant tumor of childhood (Brodeur, 2006). Its
prognosis, accounting for 15% of cancer-related
death, remains poor in spite of enormous efforts
devoted to cure this disease. There are several
established prognostic factors for NB, i.e. MYCN
amplification, TRKA expression level, ploidy,
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stage and age (Brodeur, 2006). The poor prog-
nosis is linked to MYCN gene amplification, low
TRKA expression, diploidy, stages 3–4, or at ages
older than 18 months. In order to determine the
MYCN amplification, TRKA expression level and
ploidy, biopsy or removal of the tumor tissue
are necessary. Therefore, although these factors
are useful to predict patient outcome and decide
therapy regimen, they are not suitable for mon-
itoring tumor status during therapy. Because of
these backgrounds, a blood marker for NB has
long been awaited (Brodeur, 2006). Here, we
describe the growth factor midkine (MK) as a
useful biomarker for NB.
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MK Is a Heparin-Binding Growth
Factor

MK and pleiotrophin (PTN)/heparin-binding
growth associated molecule (HB-GAM) form a
family which is distinct from other heparin-
binding growth factors (Kadomatsu and
Muramatsu, 2004). MK was originally dis-
covered as the protein product of a retinoic
acid-responsive gene in embryonal carcinoma
cells (Kadomatsu et al., 1988; Tomomura et al.,
1990).

MK plays important biological roles mainly
in four distinct areas, i.e., inflammation, neuro-
and cardio-protection, hypertension and cancer.
Regarding inflammation, MK induces migration
of inflammatory cells and chemokine expression.
MK-deficient mice are more resistant to vascular
restenosis and nephritis induced by reperfusion
(Horiba et al., 2000; Sato et al., 2001). MK shows
neuroprotective activity, and enhances neurite
extension (Muramatsu et al., 1993; Owada et al.,
1999a, b). MK expression is detected around
brain infarct (Wang et al., 1998), and exoge-
nous MK protein or adenovirus-mediated MK
expression reduces infarct size (Yoshida et al.,
2008). MK is also expressed around cardiac
infarct lesion, and exogenous MK reduces infarct
size, and promotes cardiac function recovery
(Horiba et al., 2006). Regarding hypertension,
MK regulates the renin-angiotensin system. MK
expression is induced in the lung in a chronic
kidney disease model, 5/6 nephrectomy (Hobo
et al., 2009). Hypertension induced by 5/6
nephrectomy depends on the renin-angiotensin
system, and is not observed in MK-deficient
mice. Exogenous MK increases the expression
of angiotensin-converting enzyme and conse-
quently induces hypertension in MK-deficient
mice (Hobo et al., 2009).

The fourth area where MK plays a role is
cancer. MK expression is induced as early as
at the precancerous stages of human colorectal
and prostate carcinomas (Konishi et al., 1999;
Ye et al., 1999). Induction of MK expression is
also detected in the precancerous lesions, such
as human colorectal adenomas and adenomas of
rat lung carcinomas induced with N-nitrosobis

(2-hydroxypropyl) amine (Sakitani et al., 1999).
Most human carcinoma specimens, including
ones of esophageal, gastric, gall bladder, pan-
creas, colorectal, urinary bladder, breast, and
lung carcinomas, neuroblastomas, astrocy-
tomas and Wilms’ tumors, express MK at high
levels in a tissue type-independent manner
(Aridome et al., 1995; Garver et al., 1993,
1994; Ikematsu et al., 2003a, b; Mashour
et al., 1999; Mishima et al., 1997; Nakagawara
et al., 1995; Tsutsui et al., 1993). The expres-
sion increases with advancing stages, and is
significantly linked to the prognosis (Mashour
et al., 1999; Mishima et al., 1997; Nakagawara
et al., 1995). It is accepted that MK is involved
in cancer progression. MK transforms NIH3T3
cells (Kadomatsu et al., 1997). MK knockdown
or blockade leads to suppression of anchorage-
independent growth of cancer cells and growth
of xenograft tumor in nude mice (Chen et al.,
2007; Takei et al., 2001, 2006).

NB and MK mRNA Expression

The story of MK in NB began with the finding
that MK mRNA is strongly expressed in human
NB tissues (Nakagawara et al., 1995). While MK
and PTN comprise a family, there is a reverse
correlation between MK and PTN expression in
NB. Thus, MK mRNA expression is strong in
NB with poor prognosis, whereas PTN mRNA
is highly expressed in NB with good prognosis
(Nakagawara et al., 1995). Interestingly, MK-
deficient mice carrying a MYCN transgene show
delayed development and lower incidence of NBs
as compared with wild-type mice (Kishida et al.,
unpublished data).

NB and Plasma MK

The secreted form of MK attributes to biolog-
ical functions so far implicated to MK. Thus,
exogenous MK reverses phenotypes observed
in MK-knockdown or MK-knockout models.
For example, exogenous MK promotes vascular
restenosis in MK-deficient mice, although these
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mice are more resistant to vascular restenosis
as compared with wild-type mice (Horiba et al.,
2000). Wild-type mice, but not MK-deficient
mice, show hypertension after 5/6 nephrectomy.
But, exogenous MK administration leads to
hypertension in MK-deficient mice (Hobo et al.,
2009). Exogenous MK reverses MK knockdown-
mediated suppression of anchorage-independent
growth of cancer cells (Chen et al., 2007).
Therefore, considering that MK mRNA is highly
expressed in NB tissues, it is reasonable to
hypothesize that the blood level of MK secreted
into bloodstream by NB cells may reflect the
disease status.

To address this hypothesis, we developed an
enzyme-linked immunosorbent assay (ELISA)
for human MK. This ELISA uses rabbit and
chicken anti-human MK antibodies, which are
raised by immunizing with the Pichia pastoris
(a yeast strain)-produced human MK. The rab-
bit anti-human MK antibody is coated onto
the wells of microtiter plates, while peroxidase-
labeled chicken anti-human MK antibody is used
to detect plasma MK trapped on the plate. The
ELISA shows linearity from 0 to 5,000 pg/ml
of MK, and there is no cross-reaction with PTN
(Ikematsu et al., 2000). Using the ELISA, we
measured plasma MK levels of 756 NB cases,
which consisted of 286 sporadic cases, 387 mass
screening cases and 83 unknown cases. Among
them, prognostic information was available for
175 sporadic cases and 287 mass screening cases
(Ikematsu et al., 2008). Plasma MK levels were
also measured for 17 non-tumor children as a
control.

Plasma MK levels of non-tumor children
are low (146–517 pg/ml; median is around
200 pg/ml), which are similar to those of healthy
adults (median is around 150 pg/ml) (Ikematsu
et al., 2008). Therefore, plasma MK levels do
not change with age. In contrast, plasma MK
levels of the NB cases are 23–1,062,520 pg/ml
(Ikematsu et al., 2008). The values of NB cases
are significantly higher than those of controls
(p < 0.0001).

MYCN amplification, TRKA expression level,
ploidy, stage and age are well known prognostic
factors for NB as mentioned above. Plasma MK

levels are significantly higher in MYCN-amplified
cases (p < 0.0001, vs. MYCN-non-amplified), in
cases with low TRKA expression (p < 0.0001,
vs. high TRKA expression), in diploidy cases
(p= 0.004), in cases at stage 3 and 4 (p < 0.0001,
vs. stage 1, 2, and 4S) and in cases older than 18
months (p < 0.0001, vs. younger than 18 months)
(Ikematsu et al., 2008). Therefore, plasma MK
levels are strongly correlated with all the prog-
nostic factors. We set the cut-off value average
± 4 S.D. of non-tumor controls at 900 pg/ml: lev-
els higher than 900 pg/ml are designated “high
MK”, levels lower than 900 pg/ml are “low MK”.
A high MK level predicts poor prognosis of NB
patients as revealed by Kaplan-Meier survival
curves (p < 0.0001) (Ikematsu et al., 2008).

The above data were obtained from the entire
set of NB cases which include both sporadic and
mass screening NB (Ikematsu et al., 2008). Mass
screening for NB started in 1985 in Japan, but
was discontinued in 2004 because of the lack
of apparent beneficial effects on the cure rate
of NB: most mass screening cases show good
prognosis. Nevertheless, NB samples from mass
screening are valuable and useful for NB stud-
ies, e.g., analyses of molecular events during NB
development and evaluation of prognosis factors.
However, nowadays, most NB patients are spo-
radic. Therefore, prognosis factors should be also
evaluated within a set of sporadic NB patients.
Plasma MK levels are significantly higher in
sporadic NB cases than in non-tumor controls
(p < 0.0001) (Ikematsu et al., 2008). These are
closely associated with MYCN amplification and
stage (p= 0.0005 and 0.003, respectively), but
not to those of age, TRKA expression level
and ploidy. Furthermore, a high MK level pre-
dicts poor prognosis in the sporadic NB patients
(p= 0.04).

Perspective

Blood biomarker is needed not only for predic-
tion of patient outcome so that an appropriate
initial therapy can be made, but also for accu-
rate assessment of the tumor status. The lat-
ter is also important for clinical monitoring to
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Fig. 22.1 Plasma MK level as a prognostic factor of NB.
Although the plasma MK level alone can be a predictor of
prognosis within all sporadic cases, it is not sufficient to
assess prognosis of patients in the intermediate risk group
(MYCN non-amplification and stage 3 or 4). A combina-
tion of the plasma MK level and other blood biomarkers
must be essential for complete prediction of prognosis.
Such biomarkers will be useful not only to monitor the
tumor status, but also to decide therapy and to evaluate
drug efficacy

evaluate drug efficacy. Within sporadic cases,
plasma MK level alone can be a predictor of prog-
nosis (Fig. 22.1). It is also significantly correlated
with MYCN amplification and stages. However,
a single molecule may not be satisfactory for
predicting the prognosis or judging the precise
tumor status of NB, since a complex of molecules
is thought to contribute to carcinogenesis and
development of NBs (Ohira et al., 2005). Indeed,
for example, plasma MK level can not predict
prognosis of patients in the intermediate risk
group (MYCN non-amplification and stage 3 or 4)
(data not shown). Therefore, a combination of the
plasma levels of MK and other blood biomark-
ers will be necessary (Fig. 22.1). Serum lactate
dehydrogenase, neuron-specific enolase, disialo-
ganglioside GD2 and NM23H1 are candidates for
such a combination (Joshi et al., 1993; Okabe-
Kado et al., 2005; Valentino et al., 1990; Zeltzer
et al., 1983). Further efforts to identify molecular
changes associated with NB progression will pro-
vide other biomarkers for NB (Ohira et al., 2005).
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Abstract
TGFBI (Keratoepithelin) is an extracellular matrix molecule, initially
discovered by cloning of differentially expressed cDNA from adenocar-
cinoma cell lines. It received great attention from ophthalmologists, as
mutations in TGFBI were shown to be the cause for several different enti-
ties of corneal dystrophies. In the recent years, TGFBI was also detected in
several other diseases including cancer. However, its function in cancer is
still a matter of debate, as conflicting data exist from different tumor entities.
In this chapter, data on the favorable role of TGFBI in neuroblastoma, the
most common extracranial solid malignancy in childhood, will be presented
and discussed. The expression of TGFBI in neuroblastoma prevents tumor-
cell migration and tumor formation in vivo. It also induces transcriptional
changes and some of the affected molecules, which are possibly involved
in TGFBI downstream signaling, are presented. The experimental data from
neuroblastoma indicate that TGFBI may be of prognostic value and presumes
that TGFBI may also play a role in other neuronal tumor entities.

Keywords
Keratoepithelin • cDNA • TGFBI • Corneal dystrophy • Pediatric neurob-
lastoma • Cell

Introduction

Neuroblastomas (NB) are malignant neoplasias
of the early childhood. They originate from neu-
ral crest derived sympatho-adrenal progenitor

J. Becker (�)
Abteilung Anatomie und Zellbiologie, Zentrum
Anatomie, Universitatsmedizin Gottingen, D-37075
Gottingen, Germany
e-mail: Juergen.becker@med.uni-goettingen.de

cells and develop throughout the sympathetic
nervous system, preferentially in the sympa-
thetic trunk ganglia and the adrenal medulla. NB
affects about 1 out of 8,000 children, whose
median age at diagnosis is 17 months, and
can therefore be addressed as the most com-
mon solid extra cranial malignancy of infancy.
The etiology of neuroblastomas is still not fully
elucidated, but it seems unlikely that exoge-
nous factors are involved. Rather the disastrous
coincidence of several, otherwise meaningless
genetic aberrations contribute to their emergence.
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Familiar predispositions are found only in a very
small number of patients. Even though clinical
treatment has improved over the last decades and
5 year survival rates increased to 74% (stand-
point 2005), the long term survival of high risk
patients is still less than 50% (Brodeur, 2003;
Maris, 2010; Maris et al., 2007).

NB impress by a wide histological heterogene-
ity with differentiated Schwann-cell like stromal
areas, neuronal or ganglion cells and undifferen-
tiated small round neoplastic cells coexisting in
the same tumor. However, the extent of anapla-
sia may differ considerably and a high number
of small round cells defines high-grade tumors
and is associated with an unfavorable prognosis
(Joshi, 2000).

The clinical presentation of NB is as heteroge-
neous as the histology and is usually dependent
of the localization (for Review see Maris, 2010;
Maris et al., 2007). NB most commonly develop
in the abdomen (40% adrenal, 25% paraspinal
ganglia), 15% develop in the thorax, 5% in the
pelvic area and 3% in the neck. Roughly, there are
three situations a clinician has to deal with. First,
there are localized tumors that can considerably
differ in size and may infiltrate surrounding tis-
sues. Tumors arising from paraspinal ganglia may
infiltrate the spinal chord or compress nerve roots
causing neurologic dysfunction. According to
the International Neuroblastoma Staging System
(INSS), these localized tumors are classified as
stages 1 and 2. Second, there are metastasized
tumors that present with infiltration of local or
distant lymph nodes and/or spreading to the liver,
bone or bone marrow. They are highly malignant
and frequently disseminate to the orbital bone
where they cause typical periorbital ecchymo-
sis (raccoon eyes), whereas dissemination to the
central nervous system is rarely observed. These
tumors are classified as INSS stage 3 or stage
4 respectively. The third group is observed only
in children younger than 12 months. It encom-
passes small primary tumors with liver, bone,
bone marrow, and skin metastases, which fre-
quently undergo spontaneous regression. They
are classified as INSS stage 4s tumors (“s” for
“special”) and have an excellent prognosis.

Prognostic Factors in Neuroblastoma

In addition to clinical staging (which mainly
reflects tumor size and metastasis progression)
and the patient’s age at diagnosis (with younger
children having a better prognosis), a variety of
prognostic factors are known, that help to pre-
dict the clinical outcome of neuroblastomas (for
review see Maris et al., 2007; Weinstein et al.,
2003).

Neuroblastomas often carry chromosomal
aberrations such as deletions or duplications of
single regions or whole chromosomes. Gain of
DNA-sections from chromosome 17q is the most
frequently detected aberration in neuroblastoma
and indicates high-risk tumors. Also frequently
observed, are losses of genetic material in sites
1p36, 11q23 and 14q23. Generally, the gain of
whole chromosomes, leading to hyperdiploidy is
associated with a favorable prognosis whereas
the gain, loss or amplification of chromosomal
fragments is associated with an adverse outcome.

Recently, Maris (2010) proposed a model in
which the accumulation of several common poly-
morphisms in the putative genes FLJ 22536 and
BARD1 are linked to an increased risk for the
emergence of neuroblastoma. Also, with a sin-
gle mutation in the homeobox gene PHOX2B
or constitutive activation of the ALK (anaplas-
tic lymphoma kinase) tyrosin kinase domain, the
risk of adverse outcome dramatically increases.
Therefore, it is not astonishing that mutations in
PHOX2B or ALK are frequently found in the rare
cases of hereditary neuroblastoma.

The most important prognostic factor in NB is
the amplification of the proto-oncogene MYCN,
which is strongly associated with an unfavorable
histology and outcome (Weinstein et al., 2003).
During normal development, MYCN is essential
for the rapid expansion of neuronal progenitor
cells and inhibits their untimely differentiation
(Knoepfler et al., 2002). About 20% of patients
suffer from neuroblastomas carrying up to several
hundred copies of MYCN, thus causing a massive
upregulation of the transcription factor MYCN.
These are regarded as high-risk patients and
have, despite treatment with vigorous multi-agent
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chemo- and radiotherapy, a very poor prognosis.
The uncontrolled production of MYCN initiates
a variety of secondary effects like increased pro-
liferation, migration, invasion and resistance to
chemotherapy (Westermann and Schwab, 2002)
It is still unclear to what extend these alter-
ations are specifically induced by MYCN and
what are “unspecific” alterations caused by a
general genetic instability that increases the prob-
ability for mutations, e.g. activating mutations or
amplification of ALK was found to correlate with
MYCN amplification (De Brouwer et al., 2010;
Knoepfler, 2007).

The abundance of the neurotrophin receptors
Tyrosin receptor kinase A, -B and -C (TrkA, TrkB
and TrkC) and their ligands NGF (nerve growth
factor), BDNF (brain derived neurotrophic fac-
tor) and NTF3 (neurotrophin 3), respectively, also
correlate with the outcome of neuroblastoma and
offer prognostic value. High TrkA expression is
predominantly found in NBs with favorable out-
come, whereas in MYCN amplified NB, TrkB is
often expressed together with its ligand BDNF.
This autocrine activation loop may be one cause
for the adverse outcome of NB with MYCN
amplification. In contrast, the expression of trun-
cated TrkB, lacking the tyrosin kinase domain, is
associated with more differentiated histology and
better outcome. Finally, TrkC like TrkA, corre-
lates with lower stage, younger patients age, lack
of MYCN amplification and, therefore, with a
favorable prognosis (Brodeur et al., 2009).

TGFBI: An Extracellular Matrix
Molecule

Keratoepithelin cDNA was initially discovered
in a TGF-beta1 treated adenocarcinoma cell line
and therefore termed TGFbeta induced gene h3
(βig-h3; Skonier et al., 1992). However, a vari-
ety of names exist for the gene and the result-
ing protein. Some of the synonyms are BIGH3,
Kerato(-)epithelin, RGD-CAP and Transforming
growth factor-beta-induced protein ig-h3 or
TGFBI (for additional names see www.ihop-net.
org/UniPub/iHOP/gs/92690.html). In the recent
years TGFBI (TGFβ-induced) emerged as an

acceptable consensus. The author will use TGFBI
(italic) for the human gene, TGFBI for the human
protein or Tgfbi (italic) and Tgfbi for the gene and
protein of other species, respectively.

TGFBI is a secreted 68 kDa protein consisting
of a N-terminal export sequence, four fascilin-
like domains and a C-terminal RGD-sequence.
It has been found in the extracellular matrix
of many tissues, including ligaments, the aorta,
cornea and kidney, and is predominantly located
in the vicinity of fibers and capsular structures,
together with collagen type I, II, IV and VI, but
also with fibronectin and laminin.

In several cell lines the expression of TGFBI,
under the control of a constitutively active pro-
moter, reduces adhesion of these cells to stan-
dard plastic cell culture dishes, but also to sur-
faces coated with extracellular matrix (ECM)
proteins such as collagens, fibronectin or laminin.
Common mutations of TGFBI as found in corneal
dystrophies, do not seem to impede binding
capacities of TGFBI to ECM constituents.

Even though the function of TGFBI in the
ECM is not clear, integrins are presently rec-
ognized as the only functional receptors known
for TGFBI. Several studies have shown that cell
surface integrins interact with TGFBI-coated sur-
faces, leading to the conclusion that the molecule
promotes cell adhesion and migration. There are
two motifs present in TGFBI, which can medi-
ate binding of integrins. First, there is a RGD-
domain located to the C-terminus of the protein.
Second, one YH-motif, flanked by leucin and
isoleucine residues, is present in each of the
four FAS1 domains. However, TGFBI binding to
integrins is rather promiscuous as α3β1-, αvβ5-,
α6β4-integrins were independently identified as
interaction partners and integrins are involved in
various different cellular processes. Upon bind-
ing to TGFBI via cell-surface integrins, signal
transduction via Akt, Erk, FAK, Paxillin or PI3K
have been reported. It still remains elusive, which
signaling cascades are triggered by TGFBI in
certain cells and under certain circumstances.
Even fragments of TGFBI released by controlled
or accidental digestion processes, might have
diverse signaling properties and deserve further
investigation (for review see Thapa et al., 2007).

www.ihop-net.org/UniPub/iHOP/gs/92690.html
www.ihop-net.org/UniPub/iHOP/gs/92690.html
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Corneal Dystrophies

As numberless as the names are the physiologi-
cal and pathological processes TGFBI has been
linked to. Morphogenesis, adhesion, migration,
corneal dystrophies, tumorigenesis, angiogene-
sis, nephropathies, osteogenesis, wound healing
and inflammation have been shown to be influ-
enced by TGFBI. The most prominent of dis-
eases, in which TGFBI is involved, are corneal
dystrophies. In 2006, more than 30 single muta-
tions in the TGFBI gene, which are linked to
corneal dystrophies, have been reported. Many of
these mutations are associated with distinct clini-
cal syndromes, such as Lattice corneal dystrophy
type I, Reis-Bücklers corneal dystrophy, Thiel-
Behnke corneal dystrophy, granular corneal dys-
trophy type I and II or autosomal dominant stro-
mal amyloidosis. These mutations are frequently
located to the Fas1-like domain 4. However, the
reason why this location is often affected, as
opposed to other Fas1 domains, is not known and
it still remains unclear why some of the muta-
tions cause amyloid deposition in the cornea,
whereas others don’t (for review see Kannabiran
and Klintworth, 2006; Klintworth, 2009).

TGFBI is also detectable in wound fluid,
which is not astonishing as TGFβ1 is read-
ily present during wound healing. It is induced
after corneal wounding, stab wounding of the
rat cerebral cortex and the epidermis. Cells of
different origins such as endothelial cells, astro-
cytes or keratinocytes, respectively, have been
shown to produce TGFBI. However, the func-
tions of TGFBI in wound healing remain obscure.
Recently, Kim et al. (2009) shed light on this
topic by showing that TGFBI is produced in
platelets and secreted upon their activation. On
the other hand soluble TGFBI induces platelet
activation and increases thrombus formation in
mice. These results were interpreted in the light
of thrombosis formation, but they may also be a
part of (early) wound healing mechanisms. For
instance, elevated TGFBI levels in the wound
fluid may prevent excessive bleeding and acti-
vate an autocrine loop by releasing stored TGFBI
from platelets. Also, chronic inflammatory dis-
eases e.g. rheumatoid arthritis, atherosclerosis

and cyclosporine-induced nephropathy were
shown to be associated with TGFBI expression.
In these diseases, not TGFβ1 but rather cytokines
like TNFα or IL-1β were reported to activate
its expression. To my knowledge, it remains
open, whether acute wound inflammation is also
accompanied with TGFBI secretion.

TGFBI in Neuroblastoma

TGFBI cDNA was originally cloned by Skonier
et al. (1992) from transcripts induced by TGFβ

in an adenocarcinoma cell line. Since that time,
TGFBI has been shown to be involved in sev-
eral malignancies. Many studies revealed that
experimental expression of TGFBI is associated
with reduced cell proliferation and tumor growth.
Concordantly, a downregulation of TGFBI has
been found in a variety of cancer cells com-
pared to normal cells and tissues. In epithelial
ovarian cancer, TGFBI was recently shown to
be downregulated by promotor hypermethylation.
However, the role of TGFBI, especially in can-
cer, is more complex. Several authors reported an
increase of TGFBI in malignancies such as breast
cancer, glioblastoma and lung cancer. It has also
been doubted that the induction of TGFBI by
TGFβ1 is a universal reaction. In fact, several
cell lines (293S, MCF7, MDA 435, MDA 468)
were reported not to respond to TGFβ1 admin-
istration with an elevation of TGFBI transcript
levels. The reasons, however, are not known so
far (see Sasaki et al., 2002).

For neuroblastoma, so far, the only avail-
able data regarding TGFBI, are published by
our group (Becker et al., 2006, 2008; Schramm
et al., 2005). Initially, we found an upregulation
of TGFBI in activin A transfected cells by micro-
array analyses. Remarkably, this is, at least to my
knowledge, the only example, that other members
of the TGFβ super family of molecules are capa-
ble of inducing TGFBI. Activin A-transfected
cells displayed a phenotype with reduced prolif-
eration, loss of substrate independent growth and
reduced tumor formation in mice.

As we suspected TGFBI to play a role in
this phenotype, we engineered Kelly and IMR5
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neuroblastoma cells with a stable overexpression
of the molecule. These transgenic cells exhibit
reduced attachment to standard cell culture plas-
ticware, but also to Collagen I and IV, Laminin 5
and Fibronectin. We also observed that TGFBI-
expressing cells were not able to grow to con-
fluence as the original cell line and the vector-
controls. This may in part be a consequence of
a reduced proliferation rate of the TGFBI trans-
fected cells, but other properties of TGFBI are
most probably also involved.

Cells with high TGFBI expression rather
underwent cell death than grow to confluence,
even though the dishes were only 50% conflu-
ent. However, cells could be rescued for one or
two more days, if culture medium was changed
(unpublished). This suggests that the cells die
because of excessive TGFBI production. It has
already been shown by Kim et al. (2003) for CHO
cells, that the expression of TGFBI induces apop-
tosis, most likely mediated by the RGD domain.
Excision of this integrin-binding domain circum-
vents apoptosis and most convincingly, apopto-
sis can be induced by synthetic RGD peptides.
TGFBI-induced apoptosis is also considered to
be important in corneal dystrophies and it has
been shown that mutations linked to corneal dys-
trophies such as R124C and R555W increase
the apoptotic potential of TGFBI (Morand et al.,
2003). However, the mechanisms are presently
not clear to date.

Anoikis is a special form of apoptosis that is
induced when cells loose contact to their neigh-
boring cells or (in experimental settings) to the
substrate surface (matrix). Information on cell-
cell and cell-matrix relations is widely perceived
via integrin-mediated signals. One could spec-
ulate that binding of TGFBI to integrins via
the RGD domain or the YH-motifs, located to
the FAS1 domains, may prevent binding of life-
and adhesion promoting molecules. On the other
hand, it has been shown that TGFBI promotes
adhesion in several cell lines. At first glance,
these data seem contradictory, however, in the
latter experiment cells were seeded on TGFBI
pre-coated dishes and only shorttime experiments
were performed. Due to its interaction with mem-
brane bound integrins, it is not surprising, that

TGFBI bound to the cell surface. However, this
does not necessarily reflect in vivo conditions
where the RGD-domain of TGFBI may compete
with other molecules for integrin binding, thereby
preventing the binding of other “life supporting”
molecules.

In neuroblastoma, TGFBI does not only neg-
atively affect cell-substrate interactions, but can
also lead to a decrease of cell-cell interac-
tion. This has been shown by a simple exper-
iment: neuroblastoma cells can be forced to
grow in three dimensional cell aggregates, so
called spheroids, by special culturing conditions.
Transfected cells with high TGFBI expression
were not able to form spheroids, presumably
because the cells were not able to establish cell-
cell contacts. When spheroids of cells with mod-
erate TGFBI expression (which were barely able
to form stable spheroids) were transferred into an
experimental extracellular matrix environment,
the cells were not able to invade the extracel-
lular matrix. The same result was obtained by
using modified boyden-chambers with extracellu-
lar matrix-coated membranes. Only the untrans-
fected and control-transfected cells were able to
invade the matrigel coating and pass through the
pores of the membrane.

TGFBI transfected NB cells were tested in two
different in vivo models (Becker et al., 2006).
First, tumor development on the chorio-allantoic
membrane (CAM) of chicken embryos was inves-
tigated. In this assay, tumors have to invade
the CAM to gain access to the blood vessels
in the CAM stroma. While untransfected and
vector-control transfected cells were able to form
tumors in 60% of the experiments, the TGFBI-
expressing cells only formed tumors in less than
20% of the experiments. Notably, the tumors that
arose from TGFBI-transfected cells were much
smaller than the tumors of control cells. After
subcutaneous injection in mice, the TGFBI trans-
fected NB cells were not able to form tumors of
a significant size within 40 days and all animals
survived to the end of the experiment. In contrast,
control cells formed very large tumors at an early
stage, so that many animals required a premature
cessation of the experiment. These tumors were
uniformly large and well vascularized.
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In summary, our experiments show that
TGFBI can inhibit cell-cell and cell-matrix inter-
actions thereby preventing neuroblastoma cell
invasion and tumor formation. The inability of
transfected cells to invade extracellular matrix
in vitro and to form tumors in vivo, may be
due to hampered proteolytic processes, which
is indicated by the up regulation of protease
inhibitors such as ATF3 and TFPI2 (discussed
below). Additionally, TGFBI may also display
anti-angiogenic effects. Nam et al. (2005) found
that fastatin, a peptide consisting of the fourth
FAS1 domain of TGFBI, has anti-angiogenic
properties and inhibits endothelial cell migration
and tube formation. Strikingly, the expression of
fastatin in melanoma cells is sufficient to prevent
tumor formation in mice.

In microarray analyses of 68 primary samples
and 24 neuroblastoma cell lines, we found that
the expression of TGFBI mRNA is significantly
lower in samples with a known amplification
of the MYCN oncogene (Becker et al., 2008).
In neuroblastoma, the amplification of MYCN is
associated with aggressive infiltrating and metas-
tasizing tumors and a high mortality rate (> 90%)
of the affected patients. The down-regulation of
TGFBI is most likely an important step towards
increased motility and invasiveness. This is in
line with observations in other tumor species
were several authors showed similar functions
for TGFBI. Recently, the lab of Zhang et al.
(2009) established Tgfbi knock-out (k.o.) mice,
which showed high rates of spontaneous tumor
development. The tumors found were lung ade-
nocarcinoma and lymphomas with infiltration to
lung and liver tissues. These impressive results
indicate the immense impact of TGFBI in oncol-
ogy and are raising the question why and how
the loss of an extracellular matrix molecule can
contribute to malignant transformation.

Molecular Mechanisms: Ideas
from Neuroblastoma

So far a number of observations, that con-
sider different modes of action for TGFBI have
been published. In summary, several mechanisms

exist, depending on the cell type affected and
on the processing of TGFBI molecules into
smaller proteins and peptides (e.g. fastatin). With
the hypothesis that TGFBI does not only act
via direct protein-protein interactions, but also
induces changes of the transcriptional profile,
we sought to dissect these changes in neuroblas-
toma cells and compared TGFBI-expressing and
control transfected cells by micro-array analyses.
We picked out some promising targets and sub-
sequently validated them by real-time RT-PCR.
Our analyses revealed the upregulation of ATF3
(activating transcription factor 3), DKK1 (dick-
kopf homolog 1), JDP2 (jun dimerization pro-
tein 2), RGS 16 (regulator of g-protein signaling
16), STC2 (Stanniocalcin 2) and TFPI2 (Tissue
factor pathway inhibitor 2). Also the down reg-
ulation of Moesin and Serpin B9 (serine pro-
tease inhibitor B9) in TGFBI transfected cells
was confirmed. Based on published results, all
these molecules may potentially contribute to
the TGFBI-mediated effects. Moesin, as well as
RGS16, are involved in the cytoskeleton arrange-
ment and may contribute to the loss of surface
adhesion of cells and the reduced migratory capa-
bility. Dkk1 is a negative regulator of WNT-
signaling pathways, which are known to drive
and control developmental processes. The inhi-
bition of WNT-signaling by the up-regulation of
Dkk1 may help to overturn a poorly differentiated
malignant neuroblastoma and into a more dif-
ferentiated tumor and, thus less malignant state.
JDP2 is a tumor suppressive transcription factor,
which can inhibit malignant transformation and
may exert antiproliferative effects. Serpin B9 is
an inhibitor of the pro-apoptotic GranzymeB and
its downregulation could, therefore, contribute to
the increased apoptosis rates in TGFBI trans-
fected cells. ATF3 is an inhibitor of the matrix
metalloprotease 2 (MMP2) and its upregulation
may contribute to the less invasive phenotype of
TGFBI-transfected neuroblastoma cells.

Two molecules, STC2 and TFPI2 were stud-
ied in more detail. The first, STC2 is a secreted
glycoprotein identified by sequence homology to
stanniocalcin, a glycoprotein hormone involved
in fish Ca2+ and PO2−

4 homeostasis. The func-
tions of human STC2 are widely unknown, even
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a functional receptor was not identified so far. We
hypothesized, that its expression may contribute
to a less invasive phenotype in neuroblastoma,
but to our surprise, when we analyzed our exper-
imental data, the opposite turned out to be true.
We found that high STC2 expression significantly
correlates with the unfavorable stage 4 neuroblas-
toma, but not with the prognostic favorable stage
4s (Volland et al., 2009). Transfection of neu-
roblastoma cells with STC2 leads to increased
apoptosis rates, but also increases invasiveness
and MMP2 activity. In vivo, on the chicken CAM,
the transfected cells formed large blood filled
cysts and invaded the CAM stroma. It remains
unclear how the phenotype induced by TGFBI
in transfected neuroblastoma cells, the prominent
expression of STC2 in these cells and the phe-
notype of STC2 transfected neuroblastoma cells
can be conjunctively interpreted. It seems pos-
sible that a counter-regulation is triggered by
unphysiologically high TGFBI levels. However
from other studies, evidence is emerging, that
STC2 expression is indeed correlated with a more
aggressive phenotype in other cancers such as
esophageal squamous cell carcinoma, ovarian,
prostate, colorectal and breast cancer.

The second molecule, TFPI2 is known to act
as an inhibitor of serine proteases and matrix
metalloproteases. In neuroblastoma cell lines, we
found that the expression of TGFBI inversely cor-
relates with the amplification of the MYCN onco-
gene and that this is also true for TFPI2 (Becker
et al., 2008). We used neuroblastoma cells, which
were transfected for stable overexpression of
MYCN, but under the control of a promotor
that is repressible by doxicycline administra-
tion. Both, TFPI2 and TGFBI transcript levels
increased, when expression of MYCN was down-
regulated by doxicycline application. Therefore,
we conclude that MYCN excerts a direct repres-
sive effect on TGFBI and TFPI2. Moreover, sta-
ble TGFBI overexpression in neuroblastoma cells
carrying about 150 copies of MYCN, leads to
the upregulation of TFPI2, as described above.
Therefore, we conclude that TGFBI in fact
induces TFPI2 transcription, and most interest-
ingly, the downregulation of TFPI2 by MYCN
is not a direct effect, but most likely a result

of the downregulation of TGFBI. These results
contribute to evidence that down-regulation of
TGFBI is one of the fatal effects of MYCN ampli-
fication in neuroblastoma.

Conclusions
TGFBI remains a challenging molecule and
further efforts are needed to elucidate its com-
plex mode of interaction. It becomes evident
that its expression in general has antimigra-
tory and tumor-repressive effects. Moreover,
it provides a link to understand the sub-
set of neuroblastoma with amplified MYCN.
The aggressiveness of these neuroblastomas
is not only a result of excessive proliferation
and energy consumption, but also of changes
regarding the tumor cell environment, as indi-
cated by the downregulation of TGFBI and
TFPI2. This might be a major step towards
increased tumor aggressiveness and depicts
the emerging importance of the ECM in patho-
logical processes. However the signaling cas-
cades influenced by TGFBI are still undefined
and demand further attention. Additionally it
still remains unclear to which extent TGFBI
can influence the situation of neuroblastoma
in terms of tumor progression and clinical
treatment. Further studies have to reveal the
applicability of TGFBI in the neuroblastoma
risk stratification. The molecules we found in
our microarray analyses might be a good start-
ing point for further analyses on the effect of
TGFBI in neuroblastoma.
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24Role of Bone Marrow Infiltration
Detected by Sensitive Methods
in Patients with Localized
Neuroblastoma

Maria Valeria Corrias

Abstract
Since the spread of tumor cells to the bone marrow (BM) is a grim prog-
nostic indicator for patients with neuroblastoma (NB), the search for BM
infiltration is of utmost importance for both staging and therapeutic purposes.
According to the International Neuroblastoma Staging System, presence of
metastases in BM is assessed by morphological examination of BM smears
and trephine biopsies. In spite of the limited sensitivity of morphological
analysis, alternative modalities for NB detection has not been incorporated
into the staging system because patients with localized NB are not supposed
to have clinically relevant circulating tumor cells, as demonstrated by their
good survival rate. Some of these patients, however, relapse and may die of
the disease. We thus evaluated the prognostic role of more sensitive methods,
i.e., immunocytology (IC) and molecular analysis (qualitative and quantita-
tive RT-PCR) in large cohorts of patients with localized NB. Although IC and
RT-PCR displayed similar sensitivity and specificity in simulated samples,
anti GD2 IC demonstrated to have a prognostic role, independent from other
known risk factors. Thus, GD2-IC represents an independent, quantitative and
easy to perform tool that may contribute to individuate children at risk of
relapse that may benefit of a closer follow-up. Conversely, RT-qPCR seems
to have limited value in children with localized NB, even if TH RT-qPCR,
performed in peripheral blood samples, demonstrated to have a prognostic
role. A high percentage of samples, in fact, tested positive for several markers
without correlation with clinical events, with the exception of Phox2b that
was mostly negative. Thus, efficacy of multiple target molecular monitoring
in overcoming tumor heterogeneity is questioned, and we believe that only TH
and Phox2b RT-qPCRs deserve future studies in children with localized NB.
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Introduction

Neuroblastoma (NB) is an embryonic tumor aris-
ing in the adrenal gland or in the spinal roots of
extra cranial nerves of the sympathetic nervous
system. NB is the most common extra cranial
tumor in infancy and the fourth in childhood, with
an incidence of about 10 cases per million chil-
dren. The clinical presentation is highly variable,
ranging from asymptomatic masses requiring lit-
tle, if any, treatment to metastatic disease requir-
ing intensive multimodal therapies (see (Maris, J.
M. 2010) for review).

Metastatic spread is present in 50% of cases
at diagnosis and mainly involves vascularized tis-
sues, such as bone marrow (BM) and bone (stage
4 disease). In absence of metastatic spread at
diagnosis patients with NB are allocated to stage
1, 2 and 3, depending on the extent of the primary
tumor (within or across the midline), involve-
ment of ipsilateral or controlateral lymph nodes,
and surgical possibility of resection, according to
the International Neuroblastoma Staging System
(INSS (Brodeur et al., 1993)).

Outcome of NB patients is highly variable,
being the 5-years overall survival 98–100% for
stage 1 infants (0–11 months of age at diagnosis)
without oncogene MYC-N amplification and less
than 20% for stage 4 children (>1 year of age at
diagnosis) presenting with MYC-N amplification
in their tumor (Spix et al., 2006). The main prog-
nostic factors are indeed stage, age at diagnosis
and MYC-N oncogene status (Cohn et al., 2009).

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 pur-
poses. According to the INSS, presence of metas-
tases is assessed by appropriate imaging, includ-
ing 123I-MIBG scintigraphy, and morphological
examination of both BM smears and trephine
biopsies (Brodeur et al., 1993). In spite of the

limited sensitivity of morphological analysis,
alternative modalities for neuroblastoma cell
detection, such as flow cytometry, immunocytol-
ogy and molecular analysis for markers selec-
tively expressed in neuroblastoma cells, has not
been incorporated into the staging system. The
reason for this choice depend on the good sur-
vival rate of children with localized NB (Spix
et al., 2006), suggesting that, even if present,
few circulating tumor cells are not clinically rel-
evant. Only few patients with localized NB, in
fact, relapse or die of the disease, thus, the intro-
duction of more sensitive methods for staging
may cause inappropriate overtreatment resulting
in unnecessary toxicity and long term side effects.

Methods for Detection of
Neuroblastoma Cells in BM Samples

Morphological Analysis

Smears: BM aspirated from iliac crests are
smeared on at least three slides for each site.
Slides are stained with May Grunwald-Giemsa
and examined at low magnification by an expe-
rienced cytomorphologist. BM smear is consid-
ered positive when a neuroblastoma aggregate
is detected in at least one out of six slides
(Fig. 24.1a).

Bone marrow trephine biopsies: trephine biopsies
are taken from iliac crests by a Jamshidi needle.
Only biopsies containing at least 5 mm3 of tis-
sue are considered adequate for evaluation and
at least 10 Haematoxylin-Eosin stained sections
of each biopsy are evaluated by an experienced
pathologist. A trephine biopsy is considered pos-
itive when neuroblastoma cells are detected in
at least one out of the 10 sections of a biopsy
(Fig. 24.1b).

Flow Cytometry

BM aspirates from iliac crests are subjected
to Ficoll gradient separation. Then purified
mononuclear cells are incubated with a panel
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Fig. 24.1 Different methods to detect NB cells in patient
samples. a May Grunwald-Giemsa stained smear at 20×
magnification. A rosette of NB cells, indicated by the
arrow, is visible in the center. b Haematoxylin-Eosin
stained section of a trephine biopsy at 10× magnifica-
tion. Small round blue NB cells, indicated by the arrows,
are visible in the center. c cytospin of mononuclear cells
from a BM aspirate subjected to anti GD2 IC at 63×
magnification. Two NB rosettes deeply colored in red,

indicated by the arrows, are visible. d Ethidium bromide
stained agarose gel of RT-PCR products. Lanes 1–6: log-
arithmic dilution of NB cells in 107 mononuclear cells
from a healthy donor; lane 7: 107 mononuclear cells
from healthy donor; lane 8: BM aspirate from a NB
patients reverse transcribed without RT enzyme; lane 9:
BM aspirate from a NB patients; lane 10: 107 NB cells;
lane M: Molecular weigh markers. Size of the expected
amplification products are indicated on the left

of monoclonal antibodies (mAb) direct against
neuroblastoma specific antigens, such as
disialoganglioside GD2, and hematopoietic
antigens, suh as CD45. After washing to remove
unbound mAbs, cells are incubated with an
anti-mouse secondary antibody labeled with a
fluorochrome, such as FITC. After removal of
unbound mAb, samples are analyzed in a flow
cytometer. Cytofluorimetric analysis is consid-
ered positive if GD2 positive cells are counted
in absence of staining with an isotype-matched
mAb against an irrelevant antigen.

Immunocytochemistry (IC)

BM aspirates from iliac crests are subjected
to Ficoll gradient separation. Then 5 × 105

purified mononuclear cells are spotted onto
17 mm diameter slides (six for each BM aspi-
rate). Cytospins are then fixed and incubated
with anti-GD2 mAb, according to standardized
conditions (Swerts et al., 2005). Following sub-
strate development, slides are scored for positive
cells. Enumeration of GD2 positive cells is based
on morphological and immunological criteria;
namely, positive morphological criteria are the
presence of round nuclei larger than that of small
lymphocytes, granular chromatic structure and
scarce amount of cytoplasm; immunological cri-
terion is a strong red staining localized to the
entire cell membrane and cytoplasm (Fig. 24.1c).
GD2 IC is considered positive when at least 1
cells out of 1 × 106 total mononuclear cells
scores positive.
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Molecular Analysis (Qualitative
and Quantitative RT-PCR)

BM aspirates from iliac crests are stored in
tubes containing RNA preservative. Total RNA
is then extracted and reverse transcribed. For
qualitative analysis the cDNA is amplified for
35 cycles in a thermal cycler with primers
specific for NB related markers, such as TH
(Burchill et al., 2001), GD2 synthase (Cheung
and Cheung, 2001), Phox2b (Stutterheim et al.,
2008), and for a housekeeping gene (GAPDH,
β2-microglobulin). An aliquot of the reactions
is then loaded onto a 2% agarose gel and elec-
trophoresed. The amplification products are visu-
alized by staining with ethidium bromide. RT-
PCR is considered positive if an amplification
product of the expected size is present in the sam-
ple and no product is present in the lane loaded
with a negative control (Fig. 24.1d).

For quantitative analysis (RT-qPCR), the
cDNA is amplified for 40 cycles in triplicates in a
Real-time thermal cycler, using primers specific
for NB related markers and for a housekeeping
gene, in the presence of specific probes labeled
with fluorochromes, such as FAM, VIC and JOE.
RT-qPCR is considered positive if at least two of
the three quantification cycle (CQ) values, i.e.,
the cycle at which amplification overcomes the
limit of detection, are lower than 40, and all the
3 Cq of the negative control are equal to 40.
Quantification of amplification products can be
absolute (nMol/ml samples) or relative to a sam-
ple taken as reference (��Ct method (Livak and
Schmittgen, 2001)). Standardized conditions for
RT-qPCR have been developed (Viprey et al.,
2007).

Sensitivity, Specificity, Diagnostic
Accuracy and Prognostic Values
of Different Methods

The sensitivity of morphological analysis is
approximately 1 NB cell out of 103–104 for
smear and bone trephine biopsy, respectively

(Corrias et al., 2004). Sensitivity of flow
cytometry, IC and molecular analysis is evaluated
in spiking experiments by mixing logarithmic
dilutions of NB cell line with fixed amount
of mononuclear cells from a healthy donor.
Sensitivity of flow cytometry is 1 out of 104

(Swerts et al., 2006), while that of GD2 IC and
RT-qPCR is 1 out of 106 (Corrias et al., 2004;
Viprey et al., 2007).

Specificity of flow cytometry, IC and molecu-
lar analysis for NB related markers is assessed by
negative results obtained in samples from healthy
donors. For molecular analysis specificity need to
be also assessed by negative results in samples
reverse transcribed without reverse transcriptase.

The diagnostic accuracy of a test is evalu-
ated by calculating the diagnostic odds ratio, i.e.,
the probability of having a positive result in a
patient divided by the probability of having a
positive result in a healthy subject. This value,
that is calculated using a gold standard, ranges
from 0 to infinity, with higher values indicating
better performance. The diagnostic accuracy of
a quantitative test is evaluated by means of the
Receiver Operating Characteristic (ROC) analy-
sis, that considers both sensitivity and specificity.
ROC curves allow to find a cut-off level able to
discriminate patients and healthy subjects with a
given specificity and sensitivity.

The results obtained with different tests can
be compared by means of the Cohen’s kappa
(k) coefficient in case of qualitative data, and by
means of the Spearman’s r coefficient in case of
quantitative data.

The relationship between the results of a
test and patient outcome is performed according
to the Kaplan-Meier method. Overall (OS) and
event-free survival (EFS) curves are drawn using
life status (dead/alive and relapse/no relapse,
respectively) as event of interest, time since diag-
nosis as time variable, and test results as indepen-
dent indicator. Survival curves are then compared
by the log-rank test. Evaluation of the prognostic
value of a test, independently from other biologi-
cal and clinical features, is made by multivariable
analysis using the Cox regression model.
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For all statistical method a P value < 0.05 is
considered as statistically significant.

Comparison of Different Techniques
and Markers

Despite the large number of reports concern-
ing the usefulness and prognostic role of dif-
ferent methods and markers in the detection of
metastatic NB cells, few papers have compared
the sensitivity and specificity of different tech-
niques and of different markers. Thus, the choice
of the most suitable technique and of the more
relevant marker to be used in the various NB clin-
ical settings has been mainly based on reports of
results obtained using a single marker and one
methodology.

The first comparison between morphological
analysis of trephine biopsies and immunocytol-
ogy (IC) with anti GD2 mAb was performed by
Cheung et al. (1997) on a remarkable number
of BM samples. Since morphology demonstrated
lower sensitivity than IC, the Authors concluded
that negative morphological analysis could not
be equated to absence of disease. Shortly after-
wards Aronica et al. (1998) compared smears
and trephine biopsies in a large number of
samples harvested at diagnosis and during ther-
apy. The data obtained strongly supported the
need to perform both types of analysis to reach
the highest yield of detection and confirmed
that negative results with both techniques could
sometimes occur in the presence of low tumor
burden.

Cheung et al. (1998) compared histology, GD2
IC and RT-PCR for MAGE, GAGE and TH,
demonstrating that GAGE RT-PCR and GD2 IC
had the highest sensitivity. Afterwards, to over-
come tumor heterogeneity the use of independent
techniques and multiple markers was further rec-
ommended (Cheung and Cheung, 2001). Later
on, cytofluorimetric analysis was compared to TH
RT-PCR (Tsang et al., 2003) and to IC (Swerts
et al., 2004) and found to have a lower sensitivity
in both cases. Meanwhile, (Mehes et al., 2003)
demonstrated that GD2 immunofluorescence,

combined with FISH analysis revealing typi-
cal NB genetic aberration, had higher sensi-
tivity than conventional morphological analysis,
but complexity of equipment and elevated cost
limited its widespread use.

Taken together, the above mentioned reports
indicated similar sensitivity and specificity for IC
and RT-PCR. We thus blindly compared GD2 IC
and RT-PCR for TH and pgp9.5 in a large num-
ber of BM samples from patients with localized
and metastatic NB (Corrias et al., 2004) to eval-
uated their diagnostic accuracy and prognostic
role. The results clearly showed that GD2 IC in
BM samples had the highest diagnostic accuracy
and that in patients with localized disease GD2
IC may individuate patients at risk of relapse. TH
RT-PCR showed a good accuracy, not only in BM
but also in peripheral blood (PB) samples. We
thus concluded that GD2 IC could be the method
of choice to detect NB cells in BM samples, while
TH RT-PCR could represent a useful surrogate to
detect metastatic circulating tumor cells.

Ifversen et al. (2005) then compared IC, TH
quantitative RT-PCR (RT-qPCR) and flow cytom-
etry in a large number of samples, confirming
the low sensitivity of cytofluorimetric analysis,
the superior sensitivity of GD2 IC in BM and
that of TH RT-qPCR in PB samples. Since then
we have indeed utilized TH RT-qPCR as surro-
gate marker of NB cells contamination in blood
stem cell collections (Corrias et al., 2006), cere-
bro spinal fluid (Rosanda et al., 2006), umbilical
cord blood (Corrias et al., 2008a) and plasma
samples (Corrias et al., 2010) from patients with
clinical metastatic disease.

More recently, Trager et al. (2008) compared
TH, DDC and GD2 synthase RT-qPCR in a large
cohort of NB patients, concluding that TH and
DDC were more specific than GD2 synthase in
both PB and BM samples. Thanks to the devel-
opment of the microarray technology, three inde-
pendent groups (Cheung et al., 2008; Stutterheim
et al., 2009; Viprey et al., 2008) reported on the
identification of panels of markers that should be
used in NB to overcome NB tumor heterogene-
ity and increase the sensitivity and specificity
of molecular detection. Although the approaches
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used were similar, the genes in the three panels
were not identical and the panels have not yet
compared.

Prognostic Role of GD2 Positive Cells
in BM Samples from Patients with
Localized NB

In spite of good event-free and overall survival
following limited therapeutic interventions, i.e.,
surgery alone for stage 1 and 2, and standard-
dose chemotherapy followed by surgery for stage
3 patients, some patients with localized disease
without MYC-N amplification relapse and may
die of the disease. Since we observed in a small
cohort of patients with localized NB that presence
of GD2 positive cells in BM negatively asso-
ciated with survival (Corrias et al., 2004), we
tested the independent prognostic role of GD2
IC in a larger cohort of patients (Corrias et al.,
2008b). Precisely, 145 BM aspirates were ana-
lyzed by anti-GD2 IC and the results obtained
were related to the demographic, clinical, bio-
chemical and genetic features of these patients.
GD2 positive cells were detected in 19 (13.1%)
BM samples with a number of GD2 positive cells
ranging between 1 and 155 (median 3) out of 106

total cells examined. Seven of the GD2 positive
patients (36.8%) relapsed and 4 of them (21%)
died of disease, while among the 126 GD2-
negative patients, only 12 (9.5%) relapsed and
5 (4%) died. The difference in relapse rate was
highly significant (P < 0.001) and by univariable
analysis GD2 status did not associate to any other
known risk factors. GD2-positive patients had a
statistically significant worse OS and EFS com-
pared with the GD2-negative ones (P= 0.005 and
P < 0.001, respectively). By multivariable analy-
sis, the GD2 IC status maintained its prognostic
significance independently from any known risk
factor, including MYC-N amplification. Thus, in
not amplified patients with localized NB, pres-
ence of GD2 positive cells was associated with
a significantly worse prognosis (93.2% for the
GD2 negative versus 72.7% for the GD2 positive
patients, P = 0.008).

Prognostic Role of Molecular Analysis
in Patients with Localized NB

Since molecular analysis had similar sensitiv-
ity than GD2 IC (Corrias et al., 2004), and can
be applied also to PB samples, we decided to
test the prognostic value of RT-qPCR for TH
(Trager et al., 2003) and GD2-synthase (GD2-s)
(Cheung and Cheung, 2001) in BM and PB sam-
ples from a large cohort of patients with local-
ized NB. When the patients were stratified by
TH status in PB samples, the EFS of the TH
negative children was significantly higher than
that of the TH positive ones (96% versus 85%,
P = 0.034). Similar results were obtained by
stratifying patients according to the TH status
in BM samples (93% versus 79%), but in this
case the difference was not statistically signifi-
cant (Corrias et al., 2011). In addition, the TH
��Ct values measured in the PB samples of
patients that relapsed were significantly higher
than those of non relapsed patients (P = 0.015).
Conversely, when patients were stratified accord-
ing to their GD2-s status in BM and PB samples,
a paradox association was found. In fact, the EFS
of the BM GD2-s positive was better than that
of the BM GD2-s negative patients (98% versus
82%, P = 0.035). Similar results were obtained
when the PB status was taken into consideration,
but in this case the difference was not statistically
significant (P = 0.094) (Corrias et al., 2011).

Thus, TH RT-qPCR performed in PB samples
from patients with localized NB had a prognostic
role, but whether it is independent from other risk
factors remained to be determined.

Multiple Target Analysis in Patients
with Localized NB

To overcome NB tumor heterogeneity and
increase sensitivity and specificity of molecular
detection the use of multiple markers has been
recommended (Beiske et al., 2009). We found,
however, that correlation between ��Ct values
obtained in TH and GD2-s RT-qPCR was poor,
with an overall negative Spearman rs coefficient
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(–0.08 for PB and 0.03 for BM samples). Also
the agreement between qualitative, i.e., negative
or positive was results poor with a Cohen’s k = 0
in both PB and BM samples. In addition, the
agreement between results obtained in BM and
PB samples from the same patient with localized
NB was sufficient for TH but small for GD2-s
(Corrias et al., 2011).

Using microarray technology three indepen-
dent groups (Cheung et al., 2008; Stutterheim
et al., 2009; Viprey et al., 2008) had recently iden-
tified three different panels of molecular markers
that should be used in NB. Since multiple tar-
get analysis is costly and time-consuming we
decided to compare the performance of several
molecular markers in a small number of BM
and PB samples from patients with localized
NB. In addition to TH and GD2-s, we chose
5 markers reported as clinically relevant: i.e.,
dopamine-decarboxylase (DDC) (Bozzi et al.,
2004), Doublecortin (DCX) (Oltra et al., 2005),
the embryonic lethal, abnormal vision-4 (ELAV-
4) (Swerts et al., 2006), the sialyltranferase
ST8SiaII (STX) (Cheung et al., 2006) and the
Paired-like homeobox 2b (Phox2b) (Stutterheim
et al., 2008).

While all the molecular markers had high
median ��Ct values in patients with metastatic
disease, the median ��Ct values found in
patients with localized disease were much lower.
However, a large number of samples resulted
positive for all markers, except Phox2b, without
correlation with clinical events. Using samples
from patients with metastatic disease as “true
positive” and from healthy donors as “true neg-
ative”, we calculated the accuracy of each marker
by ROC analysis. Although the introduction of
ROC cut-off ��Ct level increased the specificity
most of the samples from patients with localized
NB remained positive, suggesting that none of
the markers was able to selectively individuate
patients at risk of relapse (Corrias et al., 2011).

Conclusion
Although IC and RT-PCR displayed similar
sensitivity and specificity in simulated sam-
ples and in spiking experiments, they yielded
conflicting results in relation to the type of

sample, the time of sampling and the clin-
ical features of the patients (Corrias et al.,
2004). In particular GD2 IC demonstrated to
have prognostic role when applied to BM
samples from patients with localized disease
and its role is independent from other known
risk factors as stage and MYC-N amplification
(Corrias et al., 2008b). Patients with MYC-
N amplification are considered at risk and
receive high dose chemotherapy, thus, GD2
IC performed in BM samples from patients
with localized NB without MYC-N amplifica-
tion represent an independent, quantitative and
easy to perform tool to individuate those chil-
dren at risk of relapse that may benefit of a
closer follow-up. Since presence of GD2 pos-
itive cells not always associated to relapse we
did not recommend neither the introduction of
this method into the NB staging system nor to
perform a more aggressive therapy in patients
with GD2 positive cells (Corrias et al., 2008b).

Conversely, molecular analysis, namely
RT-qPCR for NB related markers, seems to
have limited value in children with local-
ized NB, because of the high percentages
of BM and PB samples that tested posi-
tive in the absence of clinical events (Corrias
et al., 2011). It is conceivable that RT-qPCR
may individuate circulating “dormant” cells,
unable to sustain disease, as demonstrated in
other types of cancer (Vessella et al., 2007).
The high rate of positive results occurred
regardless of the molecular marker used, with
the exception of Phox2b. Moreover, the intro-
duction of ROC cut-off levels increased the
specificity of the markers but only slightly
reduced the percentage of positive results that
did not correlate with clinical events (Corrias
et al., 2011).

Although the use of multiple markers has
been recommended to increase sensitivity and
specificity of molecular detection, our results
did not indicate a superior performance of any
NB related molecular marker in patients with
localized disease. Since multiple target molec-
ular monitoring is costly and time-consuming,
and requires great amount of precious sample,
only markers able to detect clinically relevant
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cells should be used, as recommended by con-
sensus criteria (Beiske et al., 2009). Thus,
in addition to TH, whose prognostic role has
been confirmed (Corrias et al., 2011) only
Phox2b should be further evaluated in a larger
cohort of patients with localized disease.
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