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. Molecular .
_and Developmental Blology‘ .

_of Neuroblastoma

5.1 Neural Crest Development
and Neuroblastoma

Cancer has its own face reflecting the characteristics
of the tissue from which it is derived. This can be
demonstrated by histopathologic examination, by
immunohistochemistry, and/or by in situ hybridiza-
tion. Recent advances in molecular biology and ge-
netics have also revealed that these morphological
distinctions among cancers are associated with dif-
ferences in gene expression profiles within tumor cell
and stromal cell components. Furthermore, the pat-
terns of gene expression unique for each cancer are
dictated by genetic abnormalities which have oc-
curred in progenitors of the specific developmental
lineage. Neuroblastoma originates from the sympa-
thoadrenal lineage, and its biology is closely related
to that of normal sympathetic neurons. In this chap-
ter, the molecular and cellular bases for the genesis
and biology of neuroblastoma are summarized.

5.1.1 Genes of Neural Development
and Molecular Targets of Neuroblastoma

During neural development, neural crest cells mi-
grate and differentiate into several cell lineages, e.g.,
melanocytes, sensory neurons, enteric ganglion cells,
and sympathetic neurons (Fig. 5.1). The first signal-
ing molecules which trigger crest cells to differentiate
or migrate are bone morphogenetic proteins (BMPs)
and their receptors (Huber et al. 2002). The commit-
ment to differentiate into sympathetic neurons is
associated with the transient expression of (a) basic
helix-loop-helix transcription factors, e.g., MASH]I (a
proneural gene homologous to drosophila achaete-
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scute), HES1, MYCN, HIF1o and HuD, (b) homeobox
genes, e.g., Phox2a and Phox2b, and (c) p73 (a family
member of the tumor suppressor gene p53; Naka-
gawara 2004). Several lines of investigation support
the importance of these genes. MASHI null mice lack
sympathetic ganglion cells (Guillemot et al. 1993).
Notch signaling, through its intracellular domain
translocation into the nucleus, stimulates the tran-
scriptional activation of the HESI and HES5 genes
whose products in turn inhibit transcription of the
MASH]1 gene (Radtke and Raj 2003). MYCN is indis-
pensable for the normal neural development. It in-
duces Id2 which is a negative regulator of HESI and
pRb, a retinoblastoma suppressor (Lasorella et al.
2000). p73 knockout mice also show abnormalities in
cell survival in both the nervous and immune sys-
tems (Yang et al. 2000). Gene targeting of HIF2a dis-

turbs the catecholamine metabolism in sympathetic
neurons (Tian et al. 1998). All these genes regulate
each other in an orchestrated manner to drive the
correct differentiation of neural crest cells into sym-
pathetic neurons.

Further downstream, terminal differentiation to
mature sympathetic cells is strongly regulated by the
signaling of neurotrophin family members and their
receptors (Nakagawara 2001, 2004). In addition, oth-
er genetic aberrations associated with neuroblas-
toma have been mapped to specific genomic regions
or genes well known to be important in regulating the
normal development of neurons (Nakagawara 2001,
2004). It seems obvious that a relationship should
exist between the genetic or biological targets of neu-
roblastoma and the key molecules involved in the
normal development of neural crest cells.
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5.1.1.1 Bone Morphogenetic Proteins

Bone morphogenetic proteins (BMPs), members of
the transforming growth factor-f8 (TGF-) superfam-
ily, may be the first signal that defines the early phase
of differentiation and migration of neural crest cells
during development (Oppenheim 1991). The ligand-
dependentactivation of BMP receptors transduces its
signal into the nucleus through the sequential activa-
tion of Smad signaling molecules by phosphoryla-
tion. Although the role of BMPs in neuroblastoma has
long been elusive, Nakamura et al. (2003) have re-
cently reported that SH-SY5Y and RTBM1 neuroblas-
toma cell lines are responsive to BMP2 leading to
growth arrest and differentiation. Of interest, BMP
treatment also induces the downregulation of p53
family members including p53 and p73, as well as
their target gene, p21 WA In contrast, a similar cyclin-
dependent kinase inhibitor, p275", is markedly in-
duced at the protein level by downregulation of Skp2,
a component of its E3 ubiquitin ligase complex. BMP
is also a direct transcriptional target of retinoic acid
which induces neuroblastoma differentiation (see
Chap. 15; Rodriguez-Leon et al. 1999). The DAN fam-

ily members are inhibitors of BMP, and are also ex-
pressed in neuroblastomas (Enomoto et al. 1994). The
DAN gene itself, which is mapped to chromosome
1p36,is a transcriptional target of BMP (Nakamura et
al. 2003; Shinbo et al. 2002), suggesting that the BMP
signaling network may be important in the differen-
tiation and survival of neuroblastoma (Nakamura et
al. 2003). The role of other important signals which
function during neuronal development, including
Sonic Hedgehog (Shh) and Wnt, is less well known in
neuroblastoma. Interestingly, the Shh downstream
signaling molecule, Gli, can transactivate MYCN and
cyclin D1 (Altaba et al. 2004) (Fig. 5.2).

5.1.1.2 MASH1/hASH1

Achaete-Scute homolog-1 (MASHI in rodents and
hASHI in humans) is a basic helix-loop-helix tran-
scription factor which plays an important role in the
early development of neural and neuroendocrine
progenitor cells (Ball 2004). Helix-loop-helix proteins
include achaete-scute homologs, E proteins, MYCN,
Math, NeuroD, neurogenin, Id, and HES. Targeted dis-
ruption of MASHI in mice has led to the absence of
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sympathetic neurons, suggesting the important role
of MASH]1 in sympathetic differentiation (Guillemot
et al. 1993). MASHI is transiently induced during
neural development to promote neuronal cell differ-
entiation; however, high hASHI expression persists in
neuroblastoma tumors and cell lines (Soderholm et
al. 1999; Ichimiya et al. 2001). Retinoic acid treatment
decreases the expression of hASHI and induces neu-
rite extension (Ichimiya et al. 2001). hASHI also
directly represses the expression of PACE4, a mam-
malian subtilin-like proprotein convertase that acti-
vates TGF-fB-related proteins (e.g., BMPs) in neuro-

blastoma cell lines (Yoshida et al. 2001). The Notch
signaling pathway also plays a key role during neu-
ronal development (Axelson 2004). One of the impor-
tant regulators of hASH1 is a basic HLH protein, HES1
(Fig. 5.3). HESI is regulated, at least in part, by Notch
signaling and is induced at the transcription level.
HES]I directly binds to the promoter of hASHI and in-
hibits its transcriptional activation. A constitutively
active form of Notch could block neurite extension
during the induced differentiation of human neurob-
lastoma cells, possibly by inhibiting hASHI through
the induction of HESI (Radtke and Raj 2003).

5.1.1.3 Phox2a and Phox2b

Phox2a and Phox2b are paired-like homeodomain
transcription factors with complete conservation in
their homeodomain. They are specifically expressed in
noradrenergic neurons and activate the tyrosine hy-
droxylase and dopamine-B-hydroxylase genes (Schnei-
der et al. 1999; Stanke et al. 1999; Ernberger 2000).
While the expression of Phox2a is regulated by
MASH1, Phox2b is not (Lo et al. 1999) (Fig. 5.4). The
genetic disruption of either Phox2a or Phox2b gene
de-monstrated that both genes are essential for the
development of autonomic neural crest derivatives
(Morin et al. 1997; Pattyn et al. 1999). Interestingly,
Trochet et al. (2004) reported that the Phox2b gene was
mutated in a family case of neuroblastoma and in a
neuroblastoma patient with Hirschsprung’s disease.

5.1.14 Id

Id proteins generally function as inhibitors of differen-
tiation and as positive regulators of proliferation in
neuronal development (Lavarone and Lasorella 2004).
Id is a protein with the helix-loop-helix domain with-
out a basic region and forms heterodimers with bHLH
proteins, e.g., MASHI and HESI to inhibit their trans-
activation function (Massari and Murre 2000). In pedi-
atric cancers, MYC oncoproteins and EWS-Ets fusion
proteins are targeted to induce Id2 which in turn in-
hibits Rb and other target proteins including bHLH
proteins, Ets and Pax. In neuroblastoma, MYCN has
been shown to induce Id2 which stimulates cell prolif-
eration by inhibiting Rb function (Lasorella et al. 2000)-
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5.1.1.5 MYCN

MYCN is a member of the group of MYC-box genes,
and its product is a bHLH protein (Schwab et al.
2003). MYCN is transiently expressed during normal
neural development and defines the direction of neu-
ronal differentiation. MYCN is frequently amplified
in advanced-stage neuroblastoma (Schwab et al.
1983,1984; Brodeur et al. 1984; Seeger et al. 1985),and
the biology of high-risk neuroblastoma is influenced
by the subsequent overexpression of MYCN oncopro-
tein and its targets including telomerase and those
functioning in ribosome biogenesis and protein syn-
thesis (Mac et al. 2000; Boon et al. 2001).

5.2 Molecular Bases of Differentiation
and Programmed Cell Death

5.2.1 Molecular Aspect
of Spontaneous Regression

1t is well known that some subsets of neuroblastoma
can regress spontaneously. One of the most impor-
tant hints to understand the mechanism of sponta-
neous regression is age of the patient at the onset of
neuroblastoma. Regression rarely occurs when the
tumor is found in patients over 1 year of age. The dra-
matic regression of the stage 4s tumor after its rapid
growth usually occurs within 6 months after birth;
therefore, it is plausible that epigenetic regulations,
timed with the development of sympathetic neurons,
might also control neuroblastoma regression. It is
well known that massive death of sympathetic neu-
rons is induced during the perinatal period - a
process called developmentally regulated neuronal
programmed cell death following deprivation of tar-
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get tissue-derived neurotrophins (Oppenheim 1991).
This same death mechanism appears to be conserved
in primary neuroblastomas found in infants, leading
to the induction of their spontaneous regression
(Nakagawara 1998b).

5.2.2 Neurotrophic Factors and Their Receptors

5.2.2.1 Neurotrophins and Their Receptors
in Neuroblastoma

The neurotrophin family of growth factors consists
of nerve growth factor (NGF), brain-derived neu-
rotrophic factor (BDNF), neurotrophin-3 (NT-3),and
neurotrophin-4/5 (NT-4/5; Huang and Reichardt
2003). The corresponding high-affinity neurotrophin
receptors with tyrosine kinase activity have been
identified as TrkA, TrkB, and TrkC (Snider 1994)
(Fig.5.5a,b). TrkA is a preferred receptor for NGF,
TrkB for BDNF and NT-4/5, and TrkC for NT-3. All
of the neurotrophins also bind similarly to a lower-
affinity neurotrophin receptor p75"™®, a member of
the tumor necrosis factor receptor (TNFR)/Fas fami-
ly (Snider 1994). The targeted disruption of neu-
rotrophins and their receptors has demonstrated that
NGF/TrkA signaling supports the survival and differ-
entiation of sympathetic and sensory neurons re-
sponsive to temperature and pain, while BDNF/TrkB,
NT-4/TrkB, and NT-3/TrkC signaling supports those
of sensory neurons responsive to tactile stimuli and
motor and sensory neurons responsive to limb move-
ment and position, respectively (Klein 1994). These
results suggest that neural development and mainte-
nance of the neural network are spatiotemporally
controlled by neurotrophin signaling with or without
some redundancy in both peripheral and central
nervous systems. '
In neuroblastoma, high levels of TrkA are ex-
pressed in subsets of tumors with good prognosis,
often showing spontaneous regression (Nakagawara
etal. 1992,1993; Suzuki et al. 1993; Kogner et al. 1993).
Such tumors usually occur in patients under 1 year of
age, and their DNA ploidy is aneuploid. A very limit-
ed amount of NGF may be supplied from stromal
cells, e.g., Schwannian cells and fibroblasts, which at
least partly regulate the differentiation and pro-

grammed cell death of neuroblastoma cells (Naka-
gawara 1998a). On the other hand, TrkA expression is
strongly downregulated in tumors with aggressive
behavior that usually possess amplification of the
MYCN oncogene and allelic loss of chromosome
1p36 (Nakagawara et al. 1992, 1993). TrkB is preferen-
tially expressed in aggressive neuroblastomas togeth-
er with its preferred ligands BDNF and NT-4/5 which
stimulate in an autocrine/paracrine manner, confer-
ring an enhanced malignant phenotype to the tumor
cells (Nakagawara et al. 1994; Matsumoto et al. 1995).
TrkC is expressed in favorable neuroblastomas at
variable levels (Yamashiro et al. 1996), but its pre-
ferred ligand, NT-3,is nearly undetectable by RT-PCR
in primary neuroblastomas (Nakagawara 1998a);
thus, in regressing neuroblastomas, tumor cells ex-
pressing the TrkA receptor may be dependent on a
limited amount of NGF supplied from stromal cell. In
the presence of NGF the cells mature, whereas they
will die in the absence of this ligand (Nakagawara
1998a,b); however, in clinically aggressive neuroblas-
tomas, the TrkA is downregulated and the down-
stream signaling cascades are disturbed, and these
cells utilize the BDNF or NT-4/TrkB autocrine system
for efficient growth. Neurotrophin signaling may also
regulate tumor metastasis (Matsumoto et al. 1995),
proliferation (Matsumoto et al. 1995), and angiogen-
esis (Canete et al. 2000). The role of p75N™® in neuro-
blastoma is unclear. The p75NT® receptor is expressed
in both neuroblastoma cell lines (Azar et al. 1990) and
primary neuroblastomas (Nakagawara et al. 1993).
Interestingly, the expression levels of p758™ mRNA
are significantly higher in favorable neuroblastomas
(stages 1,2 and 4s) as compared with the advanced
stage tumors, especially those with MYCN amplifica-
tion (Nakagawara et al. 1993).

5.2.2.2 Neurotrophin Signaling
in Neuroblastoma

In a rat pheochromocytoma cell line PC12, differen-
tiation signals by NGF may be mediated through the
tyrosine phosphorylation of the Trk receptor and
through the subsequent activation of Shc/Grb2/SOS,
Ras, Raf, MEK, and ERKs, while survival signals in the
same cells may be transduced through the direct
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activation of PI3-kinase which in turn activates
downstream molecules, e.g., Akt and Bad (Klesse and
Parada 1999). On the other hand, in normal sympa-
thetic neurons, the activation of PI3-kinase is medi-
ated not by the tyrosine phosphorylation of the re-
ceptor but by the Ras activation which promotes neu-
ronal survival, suggesting that the Trk intracellular
signaling pathway might be deregulated in cancer
cells. This is also the case in neuroblastoma. In the
neuroblastoma cell lines with a single copy of MYCN,
NGF can induce differentiation when exogenous
TrkA is overexpressed (Eggert et al. 2000). In the cell
lines with MYCN amplification, however, the NGF-
stimulated TrkA receptors which were overexpressed
cannot normally activate downstream signaling mol-
ecules, resulting in unresponsiveness to the ligand.
Furthermore, it is surprising that BDNF/TrkB signal-
ing appears to be functioning in the same cells by
promoting survival (Nakagawara et al. 1994; Hishiki
et al. 1998), although the signaling pathway might be
different from that of sympathetic neurons (Klesse
and Parada 1999).

5.2.2.3 GDNF Family Receptors

Neurotrophic factors of the glial cell line-derived
neurotrophic factor (GDNF) family, which include
GDNE, artemin and neurturin, are secreted by neu-
roblastoma cells as well as stromal cells and activate
their receptor complex composed of Ret tyrosine
kinase and the GFRa co-receptors expressed in neu-
roblastoma cells (Hishiki et al. 1998; Ichikawa et al.
2004). In contrast to NGF/TrkA and BDNF/TrkB,
however, the GDNF/Ret/GFRo autocrine system is
functioning in both favorable and unfavorable neu-
roblastomas to enhance the survival and differentia-
tion of tumor cells (Hishiki et al. 1998).

5.2.2.4 Other Factors and Receptors

Neuroblastoma cells express other growth factors
and receptors. Both pleiotrophin (PTN) and midkine
(MK) are factors in the same family with neurotroph-
ic function (Kadomatsu et al. 1990; Li et al. 1990;
Kadomatsu and Muramatsu 2004). PTN is expressed
significantly at high levels in favorable neuroblas-

tomas, while MK is highly expressed in almost all
neuroblastomas with a tendency to be expressed at
high levels in tumors in advanced stages (Naka-
gawara et al. 1995). Neuroblastoma also expresses
many other receptors, e.g., fibroblast growth factor
receptor (FGFR; Schweigerer et al. 1991), insulin-like
growth factor (IGFR; El-Badry et al. 1991), DCC
(deleted in colon cancer) (Reale et al. 1996), and neu-
ronal leucine-rich repeat receptors (NLRRs; Hamano
et al. 2004), as well as a novel plasma membrane
enzyme ECEL1, which is significantly highly ex-
pressed in favorable neuroblastomas (Kawamoto et
al. 2003). The biological significance of these factors
and receptors in neuroblastoma are not currently
known.

5.2.3 Fun_ctional Role of p53 Family Genes

Recent lines of evidence suggest that both the p53
tumor suppressor protein and its related protein p73
are involved in the induction of programmed cell
death and growth arrest in neuronal cells (Pozniak et
al. 2000). p73 is a recently identified candidate tumor
suppressor gene mapped to chromosome 1p36.2,
a frequently deleted region in many human cancers
including neuroblastoma and oligodendroglioma
(Ichimiya et al. 1999; Billon et al. 2004). In cultured
neonatal sympathetic neurons, p53 protein levels are
increased in response to NGF withdrawal as well as
p75NTR activation, and it functions downstream of
c-Jun NH,-terminal kinase (JNK) and upstream of
Bax to induce apoptosis (Aloyz et al. 1998) (Fig. 5.6).
Indeed, in p53~~ mice, naturally occurring sympa-
thetic neuron death is inhibited. Pozniak et al. (2000)
have also reported that p73 is primarily present in
developing neurons as ANp73, an NH,-terminally
truncated isoform, whose level is decreased when
sympathetic neurons undergo apoptosis after NGF
withdrawal, and that p53 becomes activated to be
pro-apoptotic. In contrast to the truncated form of
p73, full-length p73 has induced neuronal differenti-
ation in a mouse neuroblastoma cell line N1E115
(Laurenzi et al. 2000). These data suggest that the
neuronal apoptosis induced by NGF withdrawal is at
least partly regulated by a reciprocal balance between
levels of pro-apoptotic p53 and anti-apoptotic ANp73.
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The importance of p53 and p73 has also been em-
- phasized by the important observation that, in cul-
tured neuroblastoma and other cancer cells, p73 di-
rectly transactivates the ANp73 gene by binding to its
promoter after treating the cells with genotoxic
reagents, e.g., cisplatin (Nakagawa et al. 2002). The
induced ANp73 protein in turn interacts with either
wild-type p53 or TAp73 and inhibits their proapop-
totic function; thus, ANp73 can act as an oncogene
and as an inhibitor of wild-type'p53 and TAp73. The
presence of this autoinhibitory feedback loop among
p53, TAp73, and ANp73 may at least in part explain
why there is no mutation of the p73 gene in cancers.
p53 is associated with TrkA via the proto-oncogene
product c-Abl as an adaptor or bridging molecule,
suggesting that it may also play a role in Trk signaling
(Yano et al. 2000) (Fig. 5.7). The activation of Ras by
NGF stimulation of the TrkA receptor induces p53 nu-
clear translocation and growth arrest in PC12 cells
(Hughes et al. 2000). The c-Ha-Ras gene could be a
target of p53, and protein products induce a positive
feedback loop by activating p14A%f which counteracts
the negative feedback loop mediated by mdm2
{Deguin-Chambon et al. 2000). These observations
strongly suggest that p53 and p73 tumor suppressors
function in neurotrophin signaling and modulate the
growth, differentiation, and apoptosis of neurons.

In neuroblastoma and some other human cancers,
wild type p53 is often localized in the cytoplasm
(Moll et al. 1995). Although the regulatory mecha-
nism of cellular localization of p53 and p73 is still un-
known, activated Ras in NGF/TrkA signaling stimu-
lates the nuclear translocation of p53 and leads to
growth arrest by the induction of p21"4" in PC12
cells (Hughes et al. 2000). Furthermore, some frac-
tions of recurrent neuroblastomas and neuroblas-

toma cell lines acquire mutation of the p53 gene
(Tweddle et al. 2001).

5.2.4 Apoptotic Signals in Neuroblastoma

To date, the spontaneous regression of neuroblas-
toma, has occurred only in vivo. Although this makes
the analysis difficult, there are some important re-
ports. An anti-apoptotic protein, Bcl-2, is expressed
in primary neuroblastomas and neuroblastoma cell

lines. The expression levels of Bcl-2 and Bcl-X; are
high in aggressive tumor cells but are low in regress-
ing cells (Ikeda et al. 1995; Ikegaki et al. 1995). Cas-
pase-1 and caspase-3 are expressed at significantly
higher levels in favorable neuroblastomas (Naka-
gawara et al. 1997), and caspase-8 is silenced in ag-
gressive neuroblastomas by the methylation of its
promoter as one of mechanisms (Teitz et al. 2000).
Silencing of caspase-8 is observed in 25-35% of pri-
mary neuroblastomas with a high frequency in more
aggressive tumors (Teitz et al. 2000; Eggert et al. 2001;
van Noesel et al. 2003). Survivin, a member of the
inhibitors of apoptosis protein (IAP), is mapped to
the long arm of chromosome 17. In neuroblastoma,
survivin is highly expressed in high-risk tumors, and
its overexpression inhibits cellular apoptosis (Islam
et al. 2000). Kitanaka et al. (2002) have recently re-
ported an interesting observation that “autophagy”
may be involved in the regression of neuroblastoma
cells.

5.3 Conclusions

Development of neuroblastoma may be triggered
by a genetic event(s) that leads to chromosome
and/or the genomic DNA abnormalities such as
amplification of the MYCN gene and deletions or
gains in chromosomal regions including 1p,11q,and
17q. Together with other epigenetic mechanisms
of gene activation or gene silencing, they affect gene
and protein expression which in turn deregulate
cellular signaling. In neuroblastoma the normal
biology of developing neuronal cells and cancer
biology appear to overlap. A further understanding
of the mechanisms involved in the transformation
of progenitors or the stem cells into neuroblasto-
ma with significant cellular heterogeneity may
provide clues for the development of novel thera-
peutic strategies for this often aggressive lethal dis-
ease.
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PAST AND FUTURE ROLE OF SURGERY IN NEUROBLASTOMA

Michio Kaneko
Department of Pediatric Surgery, University of Tsukuba, Tsukuba, Japan

The significance of surgery in the treatment of neuroblastoma remains unresolved. Moderate surgical re-
section has been employed in both infantile and advanced neuroblastoma since 1985 at the University of
Tsukuba Hospital. Resection of the original tumor accompanied by lymph node sampling was performed in 39
cases of infantile neuroblastoma detected by mass screening. The patients are alive without tumor and with no
treatment sequelae. In 20 patients with advanced neuroblastoma aged 1 year or older, the same surgery was
performed with intraoperative radiation after more than 5 cycles of induction chemotherapy. Four patients ex-
perienced local recurrence with recurrence of remote metastases which were the cause of patient death. The
overall survival rate of patients with stage 4 neuroblastoma was 70% at 5 years and 62% at 10 years. A clinical
trial in which local therapy will be performed after myeloablative chemotherapy will be carried out from 2005
to evaluate separately the efficacy of chemotherapy and local therapy avoiding their direct interference. This
will elucidate the value of local therapy and also moderate surgical resection in the treatment of advanced neu-
roblastoma.
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Elevated BNP is a useful predictor of cardiac dysfunction during
treatment of ¢:A; protocol in two patients with stage 4 neuroblastoma.
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