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PLOIDY

A general term that is used to
describe the overall
chromosome number of a cell.
A normal diploid cell has a
karyotype with 46 chromosomes
and a DNA content of 1.0.

A triploid cell with 69
chromosomes has a DNA
content of 1.5.
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NEUROBLASTOMA: BIOLOGICAL
INSIGHTS INTO A CLINICAL ENIGMA
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Neuroblastoma is a tumour derived from primitive cells of the sympathetic nervous system
and is the most common solid tumour in childhood. Interestingly, most infants experience
complete regression of their disease with minimal therapy, even with metastatic disease.
However, older patients frequently have metastatic disease that grows relentlessly, despite
even the most intensive multimodality therapy. Recent advances in understanding the
biology and genetics of neuroblastomas have allowed classification into low-, intermediate-
and high-risk groups. This allows the most appropriate intensity of therapy to be selected —
from observation alone to aggressive, multimodality therapy. Future therapies will focus
increasingly on the genes and biological pathways that contribute to malignant

transformation or progression.

Few tumours have engendered as much fascination and
frustration for clinical and laboratory investigators as
neuroblastoma, the most common and deadly solid
tumour of childhood (see BOX 1). These tumours either
regress spontaneously, particularly in infants, or they
mature into a benign ganglioneuroma. However, most
children of more than 1 year of age have extensive or
metastatic disease at the time of diagnosis, and their
overall prognosis has been poor. This incredible hetero-
geneity defied explanation until molecular genetic and
biochemical analysis of tumour tissue began to shed
light on these disparate clinical behaviours.

Many genetic features of neuroblastomas, such as the
PLOIDY status, oncogene amplification or ALLELIC LOss, have
now been identified that correlate with clinical out-
come. For instance, near-triploidy is associated with
favourable outcome, whereas MYCN oncogene amplifi-
cation or allelic loss at sites such as chromosome 1p are
linked with more aggressive tumours and poor progno-
sis. High expression of the NEUrROTROPHIN receptor TrkA
(also known as NTRK1) is a favourable indicator —
perhaps mediating either apoptosis or differentiation in
these tumours. Conversely, high expression of TrkB
(also known as NTRK?2) with its ligand might provide
an AUTOCRINE survival pathway in unfavourable tumours,
particularly those with MYCN amplification. These and

other observations have given us insight into mecha-
nisms of malignant transformation and progression, as
well as spontaneous differentiation and regression.

The specific genetic changes that have been identified
allow tumours to be classified into subsets with distinct
biological features and clinical behaviour. Indeed, certain
genetic abnormalities are very powerful predictors of
response to therapy and outcome, and, as such, they have
become essential components of tumour characteriza-
tion at diagnosis. So, neuroblastoma serves as a model
solid tumour in which the genetic and biological analysis
of tumour cells provides important information that
guides optimal patient management. The challenge of
the next decade will be to translate this information into
more effective and less toxic therapy for these patients.

So, what is the current understanding about the bio-
logical and genetic features of neuroblastomas? Are all
neuroblastomas derived from a common precursor, or
do favourable and unfavourable neuroblastomas arise
independently? What is the biological explanation for
spontaneous regression of neuroblastomas in infants?
And how can our knowledge of the biological and
genetic features of the tumour be used for screening,
predicting patient outcome, selecting therapies and
developing new therapies? These and other questions
are addressed in this review.
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ALLELIC LOSS

(or loss of heterozygosity
(LOH)). If the DNA is
polymorphic in the normal
constitutional DNA (two alleles
identified) of a patient and only
one allele is present in the
tumour, then there is
presumptive loss of DNA at that
locus. Regions with high
frequency of LOH are believed
to harbour tumour-suppressor
genes.

NEUROTROPHIN

A protein that binds to a receptor
on a nerve cell, which, in turn,
activates signalling pathways that
support cell survival.

AUTOCRINE

A mechanism of self-activation
through a ligand-receptor
pathway. Autocrine activation
results from a ligand that is
produced by a cell binding to
and activating a receptor on the
same cell.

Summary

Genetics of neuroblastoma predisposition

A subset of patients with neuroblastoma shows a predis-
position to develop this disease, and this predisposition
follows an autosoMAL-DOMINANT pattern of inheritance.
Knudson and Strong estimated that up to 22% of all neu-
roblastomas could be the result of a germinal mutation'.
Regression analysis of neuroblastoma data was consistent
with knuDsoN's Two-HIT HypOTHESIS for the origin of child-
hood cancer. The median age at diagnosis of patients
with familial neuroblastoma is 9 months, which contrasts
with a median age of ~18 months for neuroblastoma in
the general population. At least 20% of patients with
familial neuroblastoma have bilateral adrenal or multifo-
cal primary tumours?3. The concordance for neuroblas-
toma in twins during infancy indicates that hereditary
factors might be predominant, whereas the discordance
in older twins indicates that random mutations or other
factors might also be important*.

A constitutional predisposition syndrome or associ-
ated congenital anomalies have not yet been identified
in human neuroblastoma. Patients with both neuroblas-
toma and NEUROFIBROMATOSIS TYPET (von Recklinghausen
disease) have been reported. As both disorders result

* Neuroblastoma is the most common extracranial tumour of childhood. This tumour
originates from precursor cells of the peripheral (sympathetic) nervous system and
usually arises in a paraspinal location in the abdomen or chest.

* The aetiology of neuroblastoma is unknown, but it seems unlikely that environmental
exposures are important. A subset of patients inherits a genetic predisposition to
neuroblastoma, and these patients usually have multifocal primary tumours that arise
at an early age. A predisposition locus has been mapped to the short arm of

chromosome 16.

*» Neuroblastomas can be classified into subtypes that are predictive of clinical behaviour
based on the patterns of genetic change. This information can be useful in the selection

of therapy.

* Favourable tumours are characterized by near-triploid karyotypes with whole
chromosome gains. These tumours rarely have structural rearrangements, and they
usually express the TrkA neurotrophin receptor. Patients with these tumours are more
likely to be less than 1 year of age, have localized tumours and a good prognosis.

*» Unfavourable tumours are characterized by structural changes, including deletions of
1p or 11q, unbalanced gain of 17q and/or amplification of the MYCN protooncogene.
They might also express the TrkB neurotrophin receptor and its ligand, brain-derived
neurotrophic factor (BDNF). These patients are usually older than 1 year of age, have
more advanced stages of disease and a much worse prognosis, even with aggressive

treatment.

* Mass screening for neuroblastoma at 6-12 months of age led to an increased
prevalence of neuroblastoma detected in the screened populations, but no decrease in
mortality from this disease. The tumours detected have overwhelmingly been of the

favourable genetic subtype.

* Novel, biologically based therapies are being developed that would specifically target
the genes, proteins and pathways that are responsible for malignant transformation
and progression in neuroblastomas. These approaches are likely to be more effective
and less toxic than conventional therapy.

* In the future, it is likely that more extensive molecular profiling of the genetic changes
and expression patterns of neuroblastoma will lead to an even more precise
subclassification system that will be predictive of outcome, as well as therapies to which
the tumour is most likely to be responsive.

from abnormalities in development of the neural-crest
cells in the embryo, a relationship has been suggested.
However, an analysis of the reported coincidence of
neuroblastoma and neurofibromatosis indicates that
most of these cases can probably be accounted for by
chance’. Lack of ganglia in the colon (HIRSCHSPRUNG
DISEASE) is also a disorder of neural-crest origin that has
been associated with neuroblastoma, but linkage to
genes associated with this disorder has not been seen®’.
Various other congenital anomalies and genetic syn-
dromes have been reported in association with neu-
roblastoma, but no specific abnormality has been
identified with increased frequency.

Several cases of constitutional chromosome abnor-
malities have been reported in individuals with neuro-
blastoma, but no consistent pattern has emerged as
yet®. There have been three reports of constitutional
abnormalities involving the short arm of chromosome
1 (REFS 9-11). Considering the frequent deletion of 1p36
in sporadic neuroblastomas (see below), these cases
indicated that constitutional deletions or rearrange-
ments involving a gene or genes on 1p36 might have a
role in malignant transformation or predisposition to
neuroblastoma in some cases. However, a report that
familial neuroblastoma is not linked to 1p36 indicates
that the predisposition locus lies elsewhere®. Indeed,
there has been a recent report of a genome-wide
genetic-linkage analysis of neuroblastoma predisposi-
tion indicating that a locus at 16p12-13 is responsible'>.
At the present time, it is unclear if this is the only pre-
disposition locus, or if there are multiple loci, but this
locus could account for most high-risk families.

Somatic genetic changes

Although some patients with neuroblastoma have a pre-
disposition to the disease, most neuroblastomas occur
spontaneously. Somatic changes, such as gain of alleles
and activation of oncogenes, loss of alleles or changes in
tumour-cell ploidy have been shown to be important in
the development of sporadic neuroblastomas.

DNA content: near-diploidy versus near-triploidy.
Although most tumours have karyorypes in the diploid
range, tumours from patients with lower stages of dis-
ease are often hyperdiploid or near-triploid'*!*. The
karyotype of tumour cells can have prognostic value, but
karyotype analysis is frequently unsuccessful. Flow cyto-
metric analysis of DNA content is a simple, semi-auto-
mated way of measuring total cell DNA, and it correlates
well with modal chromosome number, but it provides
no information about specific chromosomal changes or
rearrangements. Studies by Look and colleagues have
shown that determination of the ploidy status content of
neuroblastomas from infants can be predictive of out-
come'>'%, Unfortunately, ploidy loses its prognostic sig-
nificance for patients who are older than 1-2 years of
age'®. This is probably because hyperdiploid and near-
triploid tumours from infants generally have whole
chromosome gains without structural rearrangements,
whereas hyperdiploid/near-triploid tumours in older
patients also have several structural rearrangements.
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AUTOSOMAL DOMINANT

A pattern of inheritance through
the non-sex chromosomes, in
which a gene (allele) on one
chromosome in a pair results in
aphenotype and is dominant
over the phenotype conferred by
the other allele.

KNUDSON'S TWO-HIT
HYPOTHESIS

Alfred Knudson proposed that
familial cancers result from two
rate-limiting mutations. One
mutation is inherited in the
constitutional DNA, and a single
somatically acquired mutation
in any cell of the target tissue
could result in a tumour. In
sporadic cases, both mutations
are somatically acquired.

NEUROFIBROMATOSIS TYPE I
(Or von Recklinghausen
disease). An autosomal-
dominant disorder that is
characterized by pigmented
patches of skin and by the
formation of neurofibromas
(tumours involving nerve tissue)
in the skin, subcutaneous tissue,
cranial nerves and spinal root
nerves.

HIRSCHSPRUNG DISEASE

A congenital condition that
results from a failure to
completely enervate the distal
colon. This leads to obstruction
of the large intestine from
inadequate motility and collapse
of this distal segment.

Box 1 | Basic facts about neuroblastoma

Occurrence

Neuroblastoma probably derives from primitive SYMPATHETIC NEURAL PRECURSORS. About half of all neuroblastomas arise in
the ADRENAL MEDULLA, and the rest originate in PARASPINAL sympathetic ganglia in the chest or abdomen, or in pelvic
ganglia. Neuroblastomas account for 7-10% of all childhood cancers, and it is the most common cancer diagnosed
during infancy'®!. The prevalence is about one case in 7,000 live births, and there are about 700 new cases per year in the
United States?. This incidence is fairly uniform throughout the world, at least for industrialized nations. The median age
at diagnosis for neuroblastoma patients is about 18 months; so about 40% are diagnosed by 1 year of age, 75% by 4 years
of age and 98% by 10 years of age”. The aetiology of neuroblastoma is unknown, but it seems unlikely that environment

exposure has a significant role.

Progression and prognosis

Neuroblastomas typically spread to regional lymph nodes, bone and bone marrow. However, in infants there is
sometimes a unique pattern of metastatic spread (stage 4S) that is primarily to the liver and skin. Despite the presence of
metastatic disease at diagnosis, these children generally have an excellent prognosis. Indeed, some might be ‘cured’ by
observation alone, as these and other tumours can undergo spontaneous regression. Unfortunately, older children
frequently have metastatic disease, but they have a much worse prognosis. Recent research has provided possible

explanations for these very different behaviours.

Histology

Most neuroblastomas are undifferentiated tumours, consisting of small, round cells called NEUROBLASTs that have little, if
any, evidence of neural differentiation. However, some tumours show partial histological differentiation and are called
ganglioneuroblastomas. The most differentiated end of the spectrum is a ganglioneuroma, which consists of clusters of
mature neurons surrounded by a dense stroma of scHwANN ceLLs. The differentiation state of the tumour has some
prognostic significance, but a more sophisticated histopathological classification has been developed to help predict

outcome and select therapy.

Recently, Kaneko and Knudson proposed a hypothesis
to explain how the ploidy state of the tumour has a fun-
damental role in the heterogeneity of clinical behaviour
of neuroblastomas!”. They proposed that both near-
diploid and near-triploid tumours might arise from
near-triploid cells with tripolar mitoses (see below).

Amplification of MYCN and the 2p24 locus. Some neu-
roblastomas are characterized cytogenetically by dou-
ble-minute chromatin bodies (DMs) or homogeneously
staining regions (HSRs), which are both cytogenetic
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Figure 1 | MYCN ampilification in neuroblastomas. a | DNA was extracted from cell lines and
neuroblastoma samples and hybridized with a labelled MYCN probe in a Southern blot assay. In
both rows, lane 1 shows DNA from a normal lymphoblastoid cell line as a single-copy control,
and lane 8 shows DNA from a cell line that has 150 copies of MYCN per haploid genome. Lanes
2-7 in the top row show DNA taken from neuroblastomas with a single copy of MYCN per
haploid genome. Lanes 2 and 5 (highlighted with arrows) in the bottom row show examples of
tumours with MYCN ampilification, whereas the DNA in the other lanes is taken from tumours that
have the normal single-copy signal. b | Fluorescence in situ hybridization of a labelled MYCN
probe to interphase and metaphase neuroblastoma cells. Interphase nuclei have heterogeneity of
copy distribution, and multiple double-minute chromatin bodies (DMs) can be seen in the

metaphase nucleus.

manifestations of gene amplification. The gene or
genetic region amplified was not known initially, but
Schwab and colleagues identified a novel MYC-related
oncogene — MYCN — that was amplified in a panel of
neuroblastoma cell lines'$. MYC oncoproteins are tran-
scription factors that can lead to deregulated growth
and proliferation when overexpressed. MYCN is nor-
mally located on the distal short arm of chromosome 2,
but in cells with MYCN amplification it also maps to the
DMs or HSRs!%. A large region from chromosome
2p24 (including the MYCN locus) becomes amplified,
presumably because it provides some selective advan-
tage to the cells. The mechanism of amplification is
unknown, but the MYCN locus might be copied to
form an extrachromosomal circular element or DM,
with retention of the normal copies of MYCN at 2p24
(REFS 20,21). DMs might accumulate by uneven segrega-
tion during mitosis; however, in some cases, the ampli-
fied DNA might integrate into a chromosomal locus to
form an HSR?. Other genes might be co-amplified with
MYCN in a subset of cases, but MYCN is the only gene
that is consistently amplified from this locus??,

We have shown that MYCN amplification occurs
in many primary neuroblastomas in untreated
patients® (FIG. 1). Amplification of MYCN is associated
predominantly with advanced stages of disease and a
poor outcome, but it is also associated with rapid
tumour progression and a poor prognosis, even in
infants and patients with lower stages of disease?>2¢
(FIG. 2). These studies have been extended to 3,000
patients participating in cooperative group protocols
in the United States (TABLE 1), and the overall preva-
lence of MYCN amplification in neuroblastomas is
about 22% (REES 27-30).
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KARYOTYPE

A presentation of the
chromosomes of a cell organized
in pairs and by size. Normal
human cells have a karyotype of
46 chromosomes (23 pairs).

SYMPATHETIC NERVOUS SYSTEM
The peripheral nervous system
that is characterized by the
neurotransmitter noradrenaline.

ADRENAL MEDULLA

The centre of the adrenal gland,
where ganglion cells produce
chemicals such as noradrenaline
and adrenaline. This is a
common site from which
neuroblastomas originate.
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Figure 2 | Survival of infants with metastatic
neuroblastoma based on MYCN status. A Kaplan-Meier
survival curve of infants less than 1 year of age with metastatic
neuroblastoma who were treated in a recent study'$2. The 3-
year event-free survival (EFS) of infants whose tumours lacked
MYCN amplification was 93%, whereas those with tumours
that had MYCN amplification had only a 10% EFS.

Interestingly, we found a consistent pattern of
MYCN copy number (either amplified or unamplified)
in different tumour samples taken from an individual
patient either simultaneously or consecutively®!, indicat-
ing that MYCN amplification is an intrinsic biological
property of a subset of aggressive neuroblastomas, and
that tumours without amplification at diagnosis rarely,
if ever, develop this abnormality. Neuroblastomas from
patients on clinical trials in the United States, Europe
and Japan are currently routinely assessed for the pres-
ence of MYCN amplification, because it is a powerful
predictor of a poor prognosis.

The reason why MYCN amplification is associated
with a more aggressive phenotype is still uncertain.
However, there is corresponding overexpression of the
MYCN protein®>. MYCN forms a heterodimer with
MAX, and this protein complex functions as a tran-
scriptional activator. In the absence of MYCN (or
MYC), MAX forms a homodimer that is transcrip-
tionally repressive. Only a few targets of MYCN are
known — for example, ODC, MCM7 and MRPI
(REFS 33,34) — but activation of these genes leads to
progression through the G1 phase of the cell cycle.
Even though MYCN has a short half-life, the
extremely high steady-state levels (~100 times nor-
mal) in amplified tumour cells probably ensures that
cells stay in cycle and do not enter GO (REE 35).

Table 1 | Correlation of MYCN amplification and stage in neuroblastomas

Stage at diagnosis
Benign ganglioneuromas
Low stages (1,2)

Stage 4S5

Advanced stages (3,4)
TOTAL

MYCN amplification 3-year survival

0/64 (0%) 100%
31/772 (4%) 90%
15/190 (8%) 80%
612/1,974 (31%) 30%
658/3,000 (22%) 50%

See REFS 27-30.

In general, there is a correlation between MYCN copy
number and expression. Tumours with amplification
usually express MYCN at much higher levels than are
seen in tumours without amplification®, and this subset
of neuroblastomas is highly malignant. However, it is
controversial whether or not overexpression of MYCN
mRNA or MYCN protein has prognostic significance in
tumours lacking MYCN amplification. Some neuroblas-
toma cell lines express high levels of MYCN mRNA or
MYCN protein without gene amplification®>3, perhaps
due to alterations in normal protein degradative path-
ways rather than loss of MYCN transcriptional autoregu-
lation®”*, One study indicated that MYCN expression
correlates inversely with survival probability ¥, whereas
others either found no such correlation, or the correla-
tion was confined to older children**#!. Further studies
using standardized methods in a larger cohort of consis-
tently treated patients will be necessary to determine
if quantitative assessment of MYCN expression in
tumours lacking MYCN amplification provides further
prognostic information.

Our studies have also shown a strong correlation
between MYCN amplification and 1p loss of heterozy-
gosity (LOH)*. Both MYCN amplification and deletion
of chromosome 1p are strongly correlated with a poor
outcome and with each other, but it is controversial
whether they are independent prognostic variables*—.
Nevertheless, they seem to characterize a genetically dis-
tinct subset of highly aggressive neuroblastomas. Most
cases with MYCN amplification also have 1p LOH, but
not all cases with 1p LOH have MYCN amplification,
indicating that 1p deletion might precede the develop-
ment of amplification. Indeed, it might be necessary to
delete a gene that regulates MYCN expression, or one that
mediates programmed cell death in the presence of high
MYCN gene expression, for amplification to occur.
Alternatively, there might be an underlying genetic
abnormality that leads to genomic instability that
predisposes to both 1p LOH and MYCN amplification.

Amplification of other loci. Amplification of at least six
regions that are nonsyntenic with the MYCN locus at
2p24 has been shown in neuroblastoma cell lines or
primary tumours. These include amplification of DNA
from chromosome 2p22 and 2p13, the MDM?2 gene
on 12q13 and the MYCL gene at 1p32 (REFS 27,46-48).
However, no neuroblastoma has been shown to amplify
another gene that did not also amplify MYCN. Allelic
gain or amplification of other loci, including 4q, 6p,
7q, 11q and 18q, and other sites, have been identified
using COMPARATIVE GENoMIC HYBRIDIZATION (CGH) appr-
oaches*=!, but they mainly occur concurrently with
MYCN amplification, so their prevalence, as well as
biological and clinical significance, is unclear.

Trisomy for 17q. The only other specific karyotypic
abnormality that has been detected with increased fre-
quency so far is trisomy for the long arm of chromo-
some 17 (17q). Allelotyping and CGH studies have
indicated that this abnormality might occur in more
than half of all neuroblastomas®>*. Even accounting for
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PARASPINAL

Adjacent to the spine. Thisis a
common location of
sympathetic nerve cells, from
which neuroblastomas arise.

NEUROBLASTS
Immature nerve cells.

SCHWANN CELLS

Cells that are derived from a
group of embryonic cells called
the neural crest, which are
associated with and supportive
of nerve cells. Schwann cells are
the stromal cells in mature
ganglioneuromas.

COMPARATIVE GENOMIC
HYBRIDIZATION

(CGH). A technique that is used
to detect chromosome gain or
loss by hybridizing DNA from a
target cell and a normal cell that
are differentially labelled with
unique fluors to a normal
karyotype.
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Figure 3 | Loss of heterozygosity of chromosome 1p in
neuroblastomas. Studies from several laboratories have
identified the approximate location of the smallest region of
overlap (SRO) on the short arm of chromosome 1 (1p), at
1p36. This genetic map of 1p36 shows the regions identified
by Brodeur®®®7, Schwab®’, Hyashi®®, Nakagawara®,
Martinsson®>%% and Versteeg®*, shown in this order from left
to right by the coloured lines.

near-triploid cases with gain of the entire chromosome,
17q trisomy might be the most prevalent genetic abnor-
mality that has been identified so far in neuroblastomas.
Although unbalanced gain of 17q can occur indepen-
dently, it frequently occurs as part of an unbalanced
translocation between chromosomes 1 and 17 (REE 54).
The 17q breakpoints vary, but preferential gain of a
region from 17q22-qter indicates a dosage effect that pro-
vides a selective advantage rather than interruption of a
gene®. The gene (or genes) responsible for the selective
advantage is unknown, but overexpression of survivin —
amember of the inhibitor of apoptosis proteins — has
been proposed’. Gain of 17q is associated with more
aggressive neuroblastomas, although its prognostic signif-
icance relative to other genetic and biological markers
awaits a large prospective trial and multivariate analysis.

HRAS and oncogene activation. Although NRAS was
first identified as the transforming gene of a human
neuroblastoma cell line, subsequent studies of primary
neuroblastomas by us and others indicate that activating
mutations of RAS proto-oncogenes are rare’’%.
However, there is evidence that high expression of HRAS
in neuroblastomas is associated with a lower stage of dis-
ease and a better outcome®. RAS protein activation is a
frequent consequence of activating tyrosine kinase
receptors (such as TrkA, see below), which, in turn, are
associated with neural differentiation. So, RAS activation
or overexpression could mimic activation of this aspect
of the signal-transduction pathway. However, the ulti-
mate clinical use of the analysis of oncogene expression in
neuroblastomas remains to be determined. Activation of
other oncogenes by amplification, mutation or other
mechanisms have not been found except for a few rare
examples seen primarily in established cell lines. So, other
than MYCN amplification, which occurs in only a subset
of tumours, there is no consistent evidence for activation
of any other oncogene in human neuroblastomas.

Chromosome deletion or allelic loss at 1p. Deletion of
the short arm of chromosome 1 (1p) is a common
abnormality that has been identified in 70-80% of the
near-diploid tumours that have been karyotyped?>.
However, DNA polymorphism approaches are more
accurate and the actual prevalence is probably closer
to 35% (REFS 11,43,61,62). Deletions of chromosome 1
are found more commonly in patients with advanced
stages of disease, and 1p allelic loss is highly associated
with MYCN amplification. The independent prog-
nostic significance of 1p LOH has been controversial,
but current evidence indicates that allelic loss at 1p36
predicts for disease progression but not overall
survival in neuroblastoma patients*—,

Most studies indicate that there is a single site of
deletion on distal 1p36 in neuroblastomas, but there
might be more than one. Indeed, there is not agree-
ment as to the exact site, as studies by different groups
have identified at least three discrete regions (FIG. 3).
These regions are being mapped intensively to iden-
tify potential candidate genes for the putative
tumour-suppressor gene that has been deleted from
this region®-%°. Furthermore, some other studies
identify larger regions that overlap two or more of the
smaller regions, so it remains unclear if there is more
than one tumour suppressor on distal 1p36 that is
involved in the pathogenesis of neuroblastomas.

Chromosome deletion or allelic loss at other sites.
Allelic loss of 11q has been detected by analysis of
DNA polymorphisms and by CGH techniques*->!707,
In a recent study of 267 cases, 11q allelic loss was
found in 43% patients, making it the most common
deletion detected so far in neuroblastomas’. Deletion
of 11q was directly associated with 14q deletion, but it
was inversely correlated with 1p deletion and MYCN
amplification. Interestingly, 11q LOH was associated
with decreased event-free survival, but only in patients
lacking MYCN amplification. This is presumably
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because few tumours with 11q loss have MYCN
amplification, and when the two abnormalities occur
together, the prognostic impact of MYCN amplifica-
tion is dominant. Nevertheless, loss of 11q might
prove to be a useful predictor of outcome in clinically
high-risk patients without MYCN amplification.

There is also evidence that LOH for the long arm of
chromosome 14 occurs with increased frequency in
neuroblastomas’”-7, A recent study of 280 neuroblas-
tomas found allelic loss in 23%, and a consensus region
of deletion was found in 14q23-32 (REE 75). There was a
strong correlation with 11q allelic loss and an inverse
relationship with 1p deletion and MYCN amplification.
However, no correlation was found with other biologi-
cal or clinical features or outcome. Deletion or allelic
loss has been shown at various other sites by genome-
wide allelotyping or by CGH, but their biological or
clinical significance is unclear.

Specitic tumour-suppressor genes. The TP53 gene, which
encodes the p53 protein, is one of the most commonly
mutated genes in human neoplasia. p53 is a key regula-
tor of cell-cycle control, and so inactivation of p53 func-
tion can contribute to malignant transformation.
However, mutations are rarely found in primary neuro-
blastomas’®””. There is recent evidence that the TP53
gene might be mutated more commonly in cell lines
that are derived from patients at relapse’”, but there is
still controversy about the involvement of this gene in
neuroblastomas. Some reports have shown cytoplasmic

O ONGF

o
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00)
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Figure 4 | Signal-transduction pathway of the TrkA tyrosine kinase receptor. Binding

of nerve growth factor (NGF) to the ligand-binding domain of TrkA leads to TrkA
autophosphorylation and activation of various signalling cascades. Proteins that are thought
to interact directly with the Trk intracellular domain are SHC, PLCy1, SH2B and IAPs, some of
which are shown here. Binding of a ligand to TrkA can also trigger the RAS signalling pathway,
leading to survival and differentiation, and an alternative survival signalling pathway through
phosphatylinositol 3-kinase (PI3K).

sequestration in undifferentiated neuroblastomas, so
impairing the normal G1 checkpoint after DNA dam-

2e%81. Others have shown that, although p53 is primar-
ily located in the cytoplasm, ionizing radiation induces
normal translocation of p53 to the nucleus, where it can
then induce G1 arrest®.

The CDKNZ2A gene (which encodes INK4A, also
known as p16) is deleted or mutated in many types of
adult cancer. INK4A is important in cell-cycle con-
trol, and is frequently inactivated in various cancers.
Nevertheless, three studies have found no evidence of
inactivation in neuroblastomas or the related genes of
CDKN2A — CDKNZ2B (which encodes KIP1, also
known as p27) and CDKN2C (which encodes
INKA4C, also known as p18)33-%3, Another study found
homozygous deletion of CDKNZ2A at 9p21 in 4 out of
46 neuroblastoma cell lines, but it seems to be
uncommon in primary tumours®. These results indi-
cate that, for neuroblastoma, biallelic inactivation of
CDKNZ2A might contribute to tumorigenicity, but in
a minority of cases. The only other example of sup-
pressor-gene inactivation is deletions or mutations in
the NFI gene, which has been reported in two neuro-
blastoma cell lines®”8, but there are no reports of this
in primary tumours.

Abnormal patterns of gene expression

Expression of neurotrophin receptors. The factors that are
responsible for regulating the malignant transformation
of sympathetic neuroblasts to neuroblastoma cells are not
well understood, but they probably involve one or more
neurotrophin-receptor pathways that signal the cell to
differentiate. Recently, three tyrosine kinase receptors for
a homologous family of neurotrophin factors have been
cloned. The main ligands for the TrkA, TrkB and TrkC
(also known as NTRK3) receptors are nerve growth fac-
tor (NGF), brain-derived neurotrophic factor (BDNF)
and neurotrophin-3 (NT3), respectively. Neurotrophin-4
(NT4, also known as NT5) also seems to function
through TrkB¥%,

TrkA is a transmembrane receptor that probably
functions as a homodimer. Binding of TrkA to a
homodimer of NGF activates autophosphorylation of
the receptor, docking of signalling proteins, signal trans-
duction and induction of gene transcription (FIG. 4).
Activation of specific signalling pathways has been
linked to survival or to differentiation, whereas inhibi-
tion of TrkA activation can lead to programmed cell
death, depending in part on the state of differentiation
of the cell. So, the presence or absence of NGF can have
a profound effect on cellular behaviour.

We studied the relationship between TrkA mRNA
expression and patient survival in a series of neuro-
blastomas and ganglioneuromas to determine its
clinical significance®! (TABLE 2). High levels of TrkA
expression were correlated with younger age, lower
stage and absence of MYCN amplification. Further-
more, TrkA expression was highly correlated with
favourable outcome, and the combination of TrkA
expression and MYCN amplification provided even
greater prognostic power. Similar results have been
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GANGLION CELLS
Mature, post-mitotic, fully
differentiated nerve cells.

PARACRINE

Paracrine activation results from
aligand produced by one cell
binding to and activating a
receptor on an adjacent cell.

Table 2 | Role of TrkA and B in neuroblastomas

TrkA TrkB
Clinical group Favourable Unfavourable
Ligand NGF BDNF
Ligand expression No Yes
Cell survival Yes Yes
Differentiation Yes No
Angiogenesis Inhibits Promotes
Drug resistance Inhibits? Promotes
Tumorigenicity Inhibits Promotes

BDNF, brain-derived nerve factor; NGF, nerve growth factor.

obtained independently by other groups®*?. These
data indicate that the TrkA/NGF pathway might have
an important role in the propensity of some neurob-
lastomas to differentiate (or regress) in selected
patients. Activation of the receptor by NGF would
lead to survival and differentiation of neuroblasts
into GaNGLION ciLLs. Selected neuroblasts induce the
invasion and proliferation of Schwann cells, and these
stromal cells produce neurotrophic factors that lead
to neuroblast differentiation®*>, Conversely, neuro-
trophin deprivation might lead to programmed cell
death in normal sympathetic neurons and TrkA-
expressing neuroblastoma cells in culture®*°. So,
the regression that is seen, particularly in TrkA-
expressing neuroblastomas in infants, might be
due in part to delayed activation of developmentally
programmed cell death, resulting from the absence of
NGF in the microenvironment.

Recently, we have examined the expression and
function of TrkB and TrkC in neuroblastomas. Both of
these neurotrophin receptors can be expressed in a
truncated form (lacking the tyrosine kinase) and a full-
length form. Interestingly, expression of full-length
TrkB was strongly associated with MYCN-amplified
tumours’’. Because these tumours also expressed the
cognate TrkB ligand (BDNF), this might represent an
autocrine or PARACRINE loop, thereby providing some
survival or growth advantage®®*. Maturing tumours
were more likely to express the truncated TrkB,
whereas most immature, non-amplified tumours
expressed neither'®1%, The TrkB/BDNF autocrine
pathway seems to contribute to both enhanced angio-
genesis and to drug resistance!'*!°! (TABLE 2). By con-
trast, the expression of TrkC was found predominantly
in lower-stage tumours, and, like TrkA, TrkC was not
expressed in MYCN-amplified tumours!'®*!%, This
indicates that favourable neuroblastomas are charac-
terized by the expression of TrkA, with or without
TrkC, but unfavourable tumours express full-length
TrkB plus its ligand BDNE

Another transmembrane receptor called p75
(p75~™, also known as TNFRSF16) binds all the NGF
family of neurotrophins with low affinity. This recep-
tor is a member of the tumour necrosis factor recep-
tor (TNFR) death-receptor family. Theoretically, p75
could lead to either cell death or differentiation in

response to ligand, depending on whether or not Trk
receptors were co-expressed!%19, p75 expression in
neuroblastomas has generally been associated with a
favourable outcome?'~%%. However, its biological and
prognostic significance independent of Trk expression
is unclear.

Expression of other important genes. Some tumour cells
become resistant to several chemotherapeutic agents
simultaneously by overexpressing genes that confer this
resistance, probably by enhanced drug efflux. The genes
associated with this phenomenon are the multidrug
resistance gene 1 (MDR]I), the gene for multidrug resis-
tance-related protein (MRP) and other members of
these families. Most of the investigation of these genes
and their encoded proteins has been done in vitro, but
their expression and potential clinical significance in
neuroblastomas has been addressed recently!'%-1%,

Telomerase is a reverse transcriptase that is important
in maintaining the length of telomeres — structures that
protect the ends of chromosomes — in normal cells.
Cancer cells often have increased telomerase activity,
which prevents telomere loss and so maintains cell via-
bility. Hiyama and colleagues'® studied 79 neuroblas-
tomas from untreated patients for telomerase activity.
Their results show an inverse correlation between telom-
erase activity and outcome of neuroblastoma patients,
and a direct correlation between high expression and
MYCN amplification. So, the extremes of telomerase
activity might provide some prognostic information, but
telomerase activity is correlated more with malignancy
per se than with specific types or behaviour!!?. Brodeur
has also shown a correlation of high expression of the
RNA component of telomerase with stage 4 disease and
apoor outcome''’,

Neuroblastoma has the highest rate of sponta-
neous regression observed in human cancers, so
delayed activation of normal apoptotic pathways
might be important in this phenomenon. Activation
of programmed cell death can originate from various
stimuli, such as the presence or absence of exogenous
ligand or from DNA damage. However, other cell-
surface proteins, such as members of the TNFR fam-
ily (for example, p75 and CD95) might be involved in
initiating apoptosis in neuronal cells and neuroblas-
tomas!!"-!3. Intracellular molecules that are responsi-
ble for relaying the apoptotic signal include the BCL2
family of proteins. BCL2 is highly expressed in most
neuroblastomas, and the level of expression is
inversely related to the proportion of cells undergo-
ing apoptosis and the degree of cellular differentia-
tion!"*!5, The BCL2 proteins might also be important
in acquired resistance to chemotherapy!''®!"’, Finally,
there is evidence that increased expression of caspases
— the proteolytic enzymes that are responsible for
the execution of the apoptotic signal — in neuroblas-
tomas is associated with favourable biological
features and improved disease outcome''®. So, neuro-
blastomas that are prone to undergoing apoptosis are
more likely to spontaneously regress and/or respond
well to chemotherapy.
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Genetic model of neuroblastoma development
So, the accumulated research on the genetics of neu-
roblastoma indicates that there are at least two genetic
subsets of neuroblastomas that are highly predictive of
clinical behaviour. One popular classification takes into
account abnormalities of 1p, MYCN copy number and
assessment of DNA content, and distinct genetic types
and subsets of neuroblastomas can be identified?’253
(FIG. 5; TABLE 3). Indeed, it is possible that all neuroblas-
tomas have a single mutation in common. However, a
commitment is made shortly after initiation of tumour
formation to develop into one of two main types.

The first type is characterized by mitotic dysfunction
leading to a hyperdiploid or near-triploid modal kary-
otype, with few if any cytogenetic rearrangements.
These tumours lack specific genetic changes such as
MYCN amplification, 1p LOH or 17q gain. They gener-
ally express high levels of TrkA, and these tumours are
prone to differentiation or programmed cell death,
which might depend on the presence or absence of
NGE The patients are generally less than 1 year of age
with localized disease and a very good prognosis.

The second is characterized by gross chromosomal
aberrations and these tumours generally have a near-
diploid karyotype. No consistent abnormality has been
identified so far, but 17q gain is common, and high
TrkA expression is rare. Within this type, two subsets
can be distinguished. One subset is characterized by 11q
deletion, 14q deletion or other changes, but they lack
MYCN amplification and generally lack 1p LOH.
Patients with these tumours are generally older, with
more advanced stages of disease that is slowly progres-
sive and often fatal. The most aggressive subset has
MYCN amplification, usually with 1p LOH. These
tumours frequently express TrkB plus BDNF, which
presumably represents an autocrine survival pathway
that confers a selective advantage. These patients are
generally between 1 and 5 years of age with advanced-
stage, rapidly progressive disease that is frequently fatal.

Proposals to explain the genetic and clinical hetero-
geneity based on patterns of genetic change have been
made recently by others'™!"”, These proposals relate the
tumour-cell ploidy with the presence or absence of
structural abnormalities in the tumour, particularly
involving chromosome 1. Indeed, they indicate how
both diploid and triploid tumours could arise from divi-
sions of tetraploid cells. However, once established, there
is little evidence to indicate that genetically and biologi-
cally favourable tumours ever evolve into unfavourable
tumours. In any case, neuroblastomas have very differ-
ent clinical behaviours that can generally be predicted by
the patterns of genetic change and gene expression. This
information, in turn, can be used to predict outcome
and select the most appropriate intensity of therapy.

Prognostic considerations

Clinical features. The most important clinical
variables in predicting patient outcome are the stage
of disease (as defined by the International
Neuroblastoma Staging System!? (INSS; see TABLE 4),
the age of the patient at diagnosis and the site of the
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Figure 5 | Genetic model of neuroblastoma development.
According to this model, all neuroblastomas have a common
precursor and might have a common mutation (for example,
the one responsible for familial neuroblastoma). However, a
commitment is made to develop into one of two main types.
The first type is characterized by mitotic dysfunction leading to
a hyperdiploid or near-triploid karyotype (3N) with whole
chromosome gains, but few, if any, structural cytogenetic
rearrangements. These tumours usually express high levels of
TrkA, so they are prone to either differentiation or apoptosis,
depending on the presence or absence of nerve growth factor
(NGF) in their microenvironment. The second type generally
has a near-diploid (2N) or near-tetraploid karyotype, but is
characterized by gross chromosomal aberrations. No
consistent abnormality has been identified, but 179 gain is
common. Within this type, two subsets can be distinguished.
One subset is characterized by 11q deletion and/or 14q
deletion, whereas the second subset is characterized by 1p
loss of heterozygosity (LOH), with or without MYCN
amplification. The tumours with LOH at 1p frequently express
TrkB plus brain-derived neurotrophic factor (BDNF), probably
representing an autocrine survival pathway. Modified with
permission from REF. 28 © (2000) Elsevier Science B. V.

primary tumour*?. The 2-year disease-free survival
of patients with stage 1, 2 and 4S is 80-90%, whereas
those with stages 3 and 4 have a range of 40-50%.
The outcome of infants who are less than 1 year of
age is substantially better than older patients with the
same stage of disease, particularly those with more
advanced stages of disease. Patients with primary
tumours in the adrenal gland seem to do worse than
patients with tumours originating at other sites.
However, these clinical features are imperfect predic-
tors of tumour behaviour, so further prognostic
markers are needed.

Serum markers. Various serum markers have been pro-
posed, either to predict outcome or to follow disease
activity. For example, serum ferritin levels are increased
in some patients with advanced-stage tumours!'?!, but
increased levels might simply be a marker of rapid
tumour growth and/or large tumour burden. Neuron-
specific enolase (NSE) is a cytoplasmic protein that is
associated with neural cells, and survival is substantially
worse for patients with advanced disease and high
NSE'2. The disialoganglioside G, is found on the
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Table 3 | Biological/clinical types of neuroblastoma

Feature
MYCN
DNA ploidy

179 gain

11q, 14 LOH
1p LOH

TrkA expression
TrkB expression
TrkC expression
Age

INSS stage
5-year survival

Type 1 Type 2A Type 2B
Normal Normal Amplified
Hyperdiploid or Near diploid or Near diploid or
near triploid near tetraploid near tetraploid
Rare Common Common

Rare Common Rare

Rare Rare Common

High Low or absent Low or absent
Truncated Low or absent High (full length)
High Low or absent Low or absent
Usually <1 year Usually >1 year Usually 1-5 years
Usually 1,2,4S Usually 3,4 Usually 3,4
95% 40-50% 25%

See REFS 27-30. LOH, loss of heterozygosity. INSS, International Neuroblastoma Staging System.

surface of most neuroblastomas. Increased levels have
been found in the plasma of neuroblastoma patients,
and gangliosides that are shed by tumour cells might be
important in accelerating tumour progression'?,
Although not specific to neuroblastoma, serum lactate
dehydrogenase (LDH) levels have been used as a prog-
nostic marker for neuroblastoma, and they might reflect
rapid cellular turnover or large tumour burden !>,
Nevertheless, none of these markers are used at present
to predict outcome or to select therapy.

Tumour pathology. Differentiated histology, such as gan-
glioneuroblastoma, is generally associated with localized
tumours, but this type of histological classification does
not have prognostic value that adds substantially to age
and stage. More detailed analysis of histology, such as the
classification devised by Shimada (called the Shimada
classification), takes into consideration the amount of
Schwann cells in the stroma, mitotic figures and degen-
eration of nuclei'®. This classification seems to be a more
powerful predictor of outcome. There is now an
International Neuroblastoma Pathology Classification
(INPC) — based on the Shimada Classification — that

will supersede the above-mentioned systems and
become the international standard for histopathologi-
cal classification, particularly as a prognostic vari-
able!'?"18, Expression of the cell-surface glycoprotein
CD44 has also been shown to have prognostic signifi-
cance, with high expression being associated with more
differentiated tumours and a better outcome'?.

Genetic markers. Various genetic changes in neuro-
blastoma cells (discussed above) have been proposed
as useful prognostic markers. These include changes in
the DNA content or modal karyptype, gains of genetic
material (for example, MYCN amplification and
unbalanced 17q gain), loss of genetic material (for
example, deletions of 1p, 11q or other sites), as well as
changes in gene expression (for example, TRK genes,
RAS genes, MRP1I, telomerase and others). Although
all of these markers have predictive value in univariate
analyses, only a few remain predictive after multivari-
ate analysis and correction for clinical variables such as
age, stage and tumour histology. Indeed, it will take a
large clinical trial with analysis of many variables to
determine if any of these can substantially improve the
current risk stratification.

Biologically based risk groups. Most current studies for
the treatment of neuroblastoma patients are based on
risk groups that take into account various biological
features (MYCN copy number, histopathology and
tumour ploidy in infants) in addition to patient age
and INSS stage (TABLE 4). Preliminary data — adjusted
for age and stage — indicate that analysis of DNA con-
tent in infants and MYCN copy number in all patients
allow more precise determination of risk'*. Tumour
histopathology — determined by the Shimada classifi-
cation and the newer INPC classification — also seems
to be an important independent prognostic marker, at
least for certain subsets of patients'?’1%%, Judging the
independent prognostic impact of other biological
variables, such as 1p allelic loss, 11q allelic loss, TrkA
expression or others, must await large prospective
therapeutic and biological studies.

Table 4 | Neuroblastoma risk groups based on clinical and biological features

Stage* Low risk Intermediate risk
1 Al None

2A, 2B Age <1 year, or None
age 1-21 years and MYCN
non-AMP, or
age 1-21 years and MYCN
AMP + FH

3 None
or

age 1-21 years and MYCN non-AMP

+FH
4 None

48 MYCN non-AMP; FH; DI >1 MYCN non-AMP; UH; DI=1

Age <1 year and MYCN non-AMP,

Age <1 year and MYCN non-AMP

High risk
None
Age 1-21 years and MYCN AMP + UH

Age 0-21 years and MYCN AMP,
or
age 1-21 years and MYCN non-AMP + UH

Age <1 year and MYCN AMP,
or
age 1-21 years

MYCN AMP

See REFS 143,144,146. *International Neuroblastoma Staging System'*®. AMP, amplified; DI, DNA index (ploidy); FH, favourable

histology; non-AMP, not amplified; UH, unfavourable histology.
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CATECHOLAMINES
Catecholamines are small
molecules such as DOPA,
dopamine and norepinephrine
that function as
neurotransmitters in the central

and peripheral nervous systems.

These compounds are broken
down into urinary metabolites
that can be measured in the
urine.

Spontaneous regression. Microscopic neuroblastic nod-
ules are found with increased frequency in infants less
than 3 months of age who died of other causes'*!. This
finding was initially interpreted to mean that neuro-
blastoma in situ develops considerably more often than
it is detected clinically, but that these microscopic
tumours regress spontaneously in most cases. However,
others have shown that these neuroblastic nodules
occur uniformly in all fetuses studied, peaking between
17 and 20 weeks of gestation, and gradually regressing
by the time of birth!32!3, So, these microscopic neuro-
blastic nodules are likely to be remnants of fetal adrenal
development. Nevertheless, these remnants might be
the cells from which neuroblastomas develop, at least in
the adrenal medulla. These nodules would never be
detected clinically, and would not be detected by uri-
nary mass screening of infants for neuroblastoma (see
below). However, neuroblastoma apparently has a high
rate of spontaneous regression. Indeed, there are several
well-documented cases of infants with neuroblastoma
who have had complete regression of their tumour'*,
The actual frequency of neuroblastomas that are
detected clinically and subsequently regress without
treatment is 5—10%. However, on the basis of estimates
from the mass-screening studies (see below), the fre-
quency of true asymptomatic neuroblastomas that
regress spontaneously is probably much higher, and
might be equal to the number detected clinically.

Current status of mass screening

Infants with neuroblastoma have a better outcome than
children who are more than 1 year of age at diagnosis.
Therefore, a potential approach to improve the long-
term outcome of neuroblastoma patients would be to
identify patients earlier in the course of their disease.
Because neuroblastomas frequently produce increased
levels of catecHoLAMINES, the metabolites of which are
readily detectable in the urine, mass urinary screening of
infants for neuroblastoma was undertaken initially in
Japan'*136, Similar efforts were undertaken subse-
quently in North America and in Europe to answer
questions concerning the feasibility and utility of
screening for neuroblastoma'>"-!38,

The rationale for mass screening assumes that
aggressive, biologically unfavourable disease seen in
patients has evolved over time from more localized, bio-
logically favourable tumours in infants, and early detec-
tion would improve their outcome. Indeed, the clinical
and cytogenetic features of tumours that have been
identified as a result of mass screening of infants for
neuroblastomas in Japan indicate that most patients
identified have lower stages of disease, and virtually all
of the tumours are in the near-triploid range with whole
chromosome gains'*-1*2, Previous studies have shown
that such findings are generally associated with a
favourable outcome. Therefore, the results of this study
indicated at least two possibilities — either all neurob-
lastomas originate with a favourable genotype and phe-
notype, and some evolve into more aggressive tumours
with adverse genetic features, or there are at least two
different subsets of neuroblastoma, and the more

favourable group presents earlier and is therefore the
predominant group detected by screening. The
accumulating body of genetic information is more
consistent with the latter explanation.

Evidence also indicates that the prevalence of neuro-
blastoma in screened populations is increased by at least
50-100% compared with unscreened populations, and
that the prevalence of neuroblastoma in patients over the
age of 1 year has not changed appreciably!¥7:138143.144,
Taken together, this indicates that screening detects
tumours in a substantial number of patients who would
probably never develop symptomatic disease because
their tumours would have regressed or matured without
therapy. Many of the tumours detected by screening at
6-12 months of age have favourable biological features
and could be cured easily with relatively mild therapy'+.
A few patients with unfavourable biological features have
presented clinically during the first 6-12 months of age
in the screened population, and they have had an
unfavourable outcome!*'#21%3:146 Finally, there has been
no improvement in the mortality from neuroblastoma
in patients over the age of 1 year as a consequence of
mass screening'+>14,

So, mass screening for neuroblastoma rarely detects
biologically unfavourable tumours early, and it has not
improved the overall mortality from neuroblastoma.
Indeed, it has resulted in substantial ‘overdetection’ of
tumours in the first year of life, probably leading to
unnecessary testing, surgery and even chemotherapy for
patients with a high likelihood of spontaneous regres-
sion. However, mass screening has taught us a great deal
about the natural history of neuroblastoma, and it has
given us a better sense of the frequency of spontaneous
regression in these patients. Also, it indicates that there
are at least two distinct types of neuroblastoma — a bio-
logically favourable type that develops in infants, and a
biologically unfavourable type that develops in older
patients. The former type rarely, if ever, evolves into the
latter, so mass screening at 6—12 months of age is
unlikely to be successful.

Future directions: biology and therapy
Molecular profiling. MYCN amplification is the only
example of oncogene activation known to occur with
substantial frequency in neuroblastomas. However, it
seems likely that other examples of oncogene activation
affecting cell-cycle control or DNA repair will be identi-
fied as these pathways become better understood.
Several sites of recurring allelic loss have been identified
in neuroblastomas, but so far no specific tumour-sup-
pressor genes have been identified at these sites. Finally,
aneuroblastoma predisposition gene has been linked to
16p, but there might be other genes responsible for
familial neuroblastomas.

Microarray analysis of DNA or RNA, as well as other
technologies (such as the serial analysis of gene expres-
sion or SAGE analysis)'¥"1¥8, are emerging that might
allow the identification of patterns of genetic change, as
well as gene-expression profiles, that would provide a
more complete picture of each individual tumour. For
example, Khan and colleagues have used microarray
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expression profiling to distinguish neuroblastomas from
other small, round, blue-cell tumours of childhood'*.
Microarray analysis has been used to identify novel tar-
gets of the MYCN transcription factor in neuroblas-
tomas with MYCN amplification*, as well as genes that
are involved in the early stages of retinoid-induced dif-
ferentiation'*’. Global patterns of gene expression can be
used to distinguish particular types of tumours, or to
identify subsets. Expression analysis can also be used to
determine if genes involved in particular pathways —
such as survival, differentiation and apoptosis — are
expressed. This, in turn, might be used to predict
whether an individual tumour is likely to be sensitive (or
resistant) to conventional or biologically based therapies.

Animal models. In the past, the only models available
to study neuroblastoma biology and therapy in vivo
were either human neuroblastoma xenografts growing
in immunosuppressed animals, or a few syngeneic
rodent models — for example, C1300 and its deriva-
tives in the mouse, and B104 in the rat. However, Weiss
and colleagues have genetically engineered a transgenic
mouse that overexpresses the MYCN proto-oncogene
under the control of the tyrosine kinase promoter,
and these animals have a high prevalence of neuroblas-
toma'>!. The neuroblastomas that develop in these
animals have genetic and biological features that are
similar to those seen in primary human neuroblas-
tomas, indicating that this is a useful model for study-
ing the genetic evolution of these tumours'133,
Furthermore, this model might be particularly
tractable to the study of novel, biologically based ther-
apies that are aimed at both treating and preventing
neuroblastomas.

Biologically based therapies. Most neuroblastomas are
treated with conventional therapeutic approaches,
including surgery, external beam radiation therapy and
cytotoxic chemotherapy. However, as the genes, proteins
and pathways that are important for the pathogenesis of
neuroblastomas are identified and characterized, it is
anticipated that these will provide insights into the
development of more biologically based therapies.
These therapies will probably target pathways that
are common to other forms of cancer, as well as
some that are relatively unique to neuroblastoma.
These approaches promise greater specificity and/or less
toxicity than standard modalities.

Induction of differentiation is an approach that
would seem to be particularly promising for neuroblas-
tomas. Retinoic-acid derivatives have been shown to
induce differentiation and slow the growth of neuroblas-
toma cells in culture’>156, Subsequently, treatment of
high-risk neuroblastoma patients with 13-cis retinoic
acid after bone-marrow transplantation was carried out
in arandomized clinical trial, and showed a significant
survival advantage with minimal extra toxicity'>".
Indeed, this approach has now become standard practice
in the management of high-risk neuroblastoma patients
after marrow or stem-cell transplantation. There might
be other approaches to induce neuronal differentiation

in neuroblastoma cells that target the TrkA or other
neurotrophin-receptor pathways.

Induction of apoptosis is an increasingly popular
approach to the treatment of human cancer. Indeed, a
novel synthetic retinoid — N-(4-hydroxyphenyl)reti-
namide (fenretinide) — induces apoptosis rather than
differentiation, and this agent is, now, undergoing clin-
ical trials in neuroblastoma patients'3-1°, Antisense
oligonucleotides for the BCL2 gene (Genasense) can
block a crucial survival pathway and induce cancer
cells to undergo apoptosis, or to become more sensi-
tive to chemotherapy'®'. Finally, the expression of TrkB
and BDNF in high-risk neuroblastomas, particularly
those with MYCN amplification, might represent an
important survival pathway that confers resistance to
treatment’. Blocking this pathway with Trk-specific
tyrosine kinase inhibitors might reduce this resis-
tance and promote apoptosis when used alone or in
combination with conventional agents!'*1¢2,

Inhibition of angiogenesis is a promising approach
for the treatment of neuroblastomas because of the high
degree of vascularity of these tumours'®. The agent
TNP-470 has proved effective in treating neuroblas-
tomas growing in animal models'®-'% but it might be
too toxic to be a useful therapeutic agent. Various other
agents are under development that target selected
aspects of the angiogenic process'®’~'. In addition, the
chronic administration of low-dose chemotherapy —
known as metronomic therapy — might be another
effective way to inhibit angiogenesis'”!.

Immunotherapy of neuroblastoma is another
approach that is gaining in popularity. Neuroblastomas
are not highly immunogenic, in part because of the low
levels of expression of antigens that are required for
proper recognition by or presentation to the immune
system. However, several antibodies have been raised
against neuroblastoma surface antigens that target the
disialoganglioside G, and have been used as therapeu-
tic agents!’>!7*, These antibodies might also provide a
means of targeting other therapeutic molecules selec-
tively to neuroblastoma cells. A better understanding of
the interface between neuroblastoma cells and the
immune system will allow the development of effective
immunotherapy approaches.

Targeted radiation therapy might also be useful in the
treatment of both localized and disseminated neuroblas-
tomas and obviate some of the limitations and toxicities
of conventional radiation therapy. Meta-iodobenzyl-
guanidine (MIBG) is a compound that is actively taken
up by neuroblastoma cells and concentrated in secretory
granules. Radioactive MIBG has proven to be useful for
diagnostic imaging, and for treatment of de novo and
recurrent neuroblastomas'”>-177, Targeting with radio-
labelled anti-G ), antibodies might also be a useful
approach. PROTON-BEAM THERAPY should become more
widely available in the next few years to treat children
with neuroblastoma and other tumours!73-%, Although
not biologically based, proton therapy approaches can
deliver radiation with much greater precision, thereby
increasing local control and decreasing toxicity to the
surrounding normal tissues.
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PROTON-BEAM THERAPY
Radiation therapy for local
tumour control using a proton
beam, as opposed to an electron
or photon beam (used in more
conventional radiation therapy).

Conclusions
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