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Introduction

The first case of neuroblastoma was mentioned by the German pathologist Virchow in a 1864
in study on hyperplasia of the pineal and the adrenal glands. Virchow regarded his finding as
a form of glioma, but in 1891 Marchand histologically linked the disease to the sympathetic
nervous system. This notion was further supported by Wright who in 1910 coined the term
neuroblastoma. Grade of tumor differentiation was early recognized as a prognostic factor
and in 1927 Cushing and Wolbach described the spontaneous differentiation of a malignant
neuroblastoma into a benign ganglioneuroblastoma. Interestingly, differentiation therapy
was one of the first treatments other than surgery, radiation and chemotherapy tried on
neuroblastoma patients. In the 1954 British report on “progress in cancer research” (a whole
three pages) it was reported on the partly successful use of vitamin B, as a differentiation
inducing therapy. Neuroblastoma research was brought into the molecular era in the early
1980’s, when the MYCN proto-oncogene was found to be amplified and to contribute to poor
patient outcome. This genetic alteration is still one of the most powerful prognostic markers
in neuroblastoma. Tumor hypoxia is a physiological state that occurs due to excessive tumor
growth accompanied with a lack of vascular supply of oxygen. Hypoxia has been correlated to
resistance to treatment, a diminished response to radiation therapy and to tumor progression.
Specifically in neuroblastoma, hypoxia pushes cells towards a more undifferentiated state.

In this thesis, I have investigated the role of hypoxia and the hypoxia inducible transcription
factors in neuroblastoma. Furthermore, I examine signaling downstream of the Myc-family
transcription factors and stage of neuronal differentiation in relation to neuroblastoma patient
prognosis. With the results presented here I emphasize the importance of these pathways in
the understanding of neuroblastoma progression and aggressiveness.



Background

The sympathetic nervous system

Overview

The efferent branch of the autonomous ner-
vous system is divided into two counteract-
ing parts involved in the regulation of organ-
ism homeostasis. As a general difference to
the somatic part of the peripheral nervous
system the autonomous nervous system has
pre- and postganglionic neurons connected
from the spinal cord and medulla oblongata
in extra-spinal ganglia to effector organs. In
addition, the synapses of the autonomous
nervous system are less effective in transmit-
ter substance re-uptake, leading to a local as
well as a systemic effect, as elegantly dem-
onstrated by Otto Loewi in 1921 (Loewi,

1921). The parasympathetic nervous system
emanates from preganglionic neurons in
the brain stem and spinal cord. Axons from
these neurons exit the spinal cord at the cra-
nial and sacral regions and connect to para-
sympathetic ganglia, which generally are lo-
cated in proximity to or incorporated in their
affected organs. Stimulation from this sector
of the autonomous nervous system results in
the body having a resting state, ¢.g. lower-
ing heart rate and blood pressure and also
enabling food intake through stimulation of
the digestive system.

On the contrary, the sympathetic nervous
system regulates bodily functions into a
“fight or flight” response. Blood flow and
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pressure are raised by increased heart rate
and vasoconstriction, pupils become dilated
and glucose is released from the liver into
the blood. This systemic response is due to
the release of the catecholamines epineph-
rine (adrenaline) and norepinephrine (nor-
adrenaline) by sympathetic postganglionic
neurons to their affected organs, as well as
into the blood stream, thus generating a true
systemic response. Preganglionic sympa-
thetic neurons originate from the thoracic
and lumbar regions of the spinal cord and
their axons link to postganglionic neurons in
ganglia which, in contrast to the parasympa-
thetic nervous system, are distant from their
peripheral target organs. These ganglia are
the interconnected sympathetic chain gan-
glia located in the paravertebral sympathetic
trunks, and the cervical and mesenteric gan-
glia. Neurons from the sympathetic ganglia
connect the sympathetic nervous system to
its peripheral targets. Contributing to the
systemic response of sympathetic nervous
system activation is the medulla of the adre-
nal gland. This juxtarenal organ consists of
chromaffin cells that resemble sympathetic
neurons, but are phenotypically distinct. The
adrenal gland is in essence a sympathetic
ganglion able to release catecholamines di-
rectly into the circulatory system, thus giv-
ing a prolonged and enhanced nonspecific
response to sympathetic stimuli. The enteric
nervous system of the digestive tract is of-
ten regarded as a third and independent part
of the autonomous nervous system. Even
though stimuli from both the sympathetic
and parasympathetic nervous systems con-
verge and adjust this system, it can also
function self-sufficiently.

Development of the sympathetic nervous
system

All parts of the nervous system are derived
from the neural plate, defined as a thicken-

ing along the midline of the dorsal part of
the embryonal ectoderm (Fig. 1). This struc-
ture is formed early in embryogenesis. At
approximately week 4 of human embryonal
development it folds inwardly to form the
neural tube, which eventually will develop
into the central nervous system. The neural
crest is a transient structure present on the
dorsalmost part of the neural tube or on the
fold itself, i.e. the border between the devel-
oping neural tube and the ectoderm. The cells
of the neural crest are migratory, explaining
the transient existence of the structure, and
are best known for their multipotent poten-
tial. Dependent on anteroposterior origin the
neural crest cells give rise to such diverse
structures as the peripheral nervous system,
glial cells, facial bones and cartilage, mela-
nocytes of the skin and hair, and the outflow
tract of the heart (Gilbert, 2000). The neu-
ral crest cells migrate non-randomly along
specified pathways in the embryo and these
paths of migration determine cell fate. Cues
from the surrounding extracellular matrix
provide both migratory guidance and affect
cell transcriptional programs, thus leading to
lineage commitment (Gammill and Bronner-
Fraser, 2003).

The sympathetic nervous system is derived
from neural crest cells. In the trunk region,
these cells migrate ventrally through the an-
terior part of the somites and aggregate adja-
cent to the dorsal aorta. At this location sig-
nals from surrounding embryonal structures
lead to commitment to the sympathoadrenal
lineage. From here cells migrate further ven-
trally to develop secondary structures such
as the sympathetic ganglia and the cells of
the adrenal medulla (Pdhlman and Hedborg,
2000). During and after this second line of
migration the sympathoadrenal precursor
cells encounter environmental cues signal-
ing for further migration, proliferation and
eventually differentiation (Harris and Er-
ickson, 2007; Pahlman and Hoehner, 1996).

-11-
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Figure 1. Formation of the neural crest during
embryonal development. The neural crest is a
transient structure on the border between the
epidermis and the developing neural tube. Pat-
terning of the neural plate is induced by signals
emanating from the notochord. Subsequent to
these signals, the neural plate invaginates and
Jolds to form the neural tube. During this process
the neural crest cell population is induced. By
migration through specified paths in the embryo,
they adapt diverse developmental fates.

At their final locations the precursor cells
acquire one of the three postulated special-
ized fates of cells of the sympathoadrenal
lineage: the sympathetic neurons, the chro-
maffin cells, and the small intensely fluo-
rescent (SIF) cells (Anderson, 1993). The
sympathetic neuronal cells initially pattern
the paravertebral trunk and subsequent cell

division and differentiation give rise to the
sympathetic ganglia. Also developing in
the sympathetic ganglia are scattered SIF
cells. Morphologically SIF cells have both
neuronal and secretory chromaffin features,
suggestive of an intermediate sympathetic
phenotype, and this cell type has been pro-
posed to function as ganglionic interneurons
(Huber, 2006). The secretory chromaffin
cells aggregate adjacent to the developing
adrenal glands and into distinct extra-adre-
nal bodies, the paraganglia, the largest being
the Organ of Zuckerkandl. During embryo-
nal development the chromaffin cells enter
and expand into the adrenal gland, forming
a rudimentary adrenal medulla. This struc-
ture remains comparatively small until birth
and also contains undifferentiated sympa-
thetic neuroblasts (Hoehner et al., 1996).
In the absence of a fully functional adrenal
medulla the main embryonic source of cat-
echolamines are the extra-adrenal chromaf-
fin tissues.

After birth the sympathetic nervous sys-
tem encounters extensive remodeling. The
adrenal chromaffin cells expand, creating
a proper adrenal medulla at the expense of
the adrenal cortex. Simultaneously the un-
differentiated neuronal cells of the adrenal
medulla differentiate and within the mature
medulla present as nests of sympathetic neu-
rons (Holgert et al., 1996). In addition, the
SIF cells of the sympathetic ganglia are di-
minished in number and are sparsely present
in the adult (Pdhlman and Hedborg, 2000).
The gradual process of adrenal medulla mat-
uration occurs in conjunction with regres-
sion of the paraganglia, evidencing a shift
in catecholamine supply from extra-adrenal
to adrenal. This process is thought to be fin-
ished at app. 2-3 years of age, however the
increase in size of the adrenal medulla con-
tinues during childhood and adolescence.

-12-



Cues and transcription factors in sympa-
thoadrenal development

Sympathetic lincage determination and di-
versification are thought to be regulated
under the influence of growth factors and
hormones secreted by embryonal structures
in the path of migrating neural crest cells
(e.g. Groves et al., 1995; Stern et al., 1991).
One theory proposes the existence of a
sympathoadrenal precursor cell common to
the above mentioned cell fates; this notion
is based on the early expression of marker
genes relating to both neuronal and chro-
maffin precursors (Anderson et al., 1991;
Carnahan and Patterson, 1991). Early after
trunk neural tube closure, ventrally migrat-
ing neural crest cells in avians and mouse
arrive at the dorsal aorta where they are ex-
posed to members of the bone morphogenet-
ic protein (BMP) family secreted from this
embryonal structure. BMP stimulation leads
to neural crest cell upregulation of the pri-
mary sympathoadrenal lineage marker gene
HASH-1 (CASH-1 and MASH-1 in chicken
and mouse respectively), corresponding to
sympathetic adrenal lineage determination
(Reissmann et al., 1996; Shah et al., 1996).
HASH-1 is a member of the basic-helix-
loop-helix transcription factors and in mouse
and chicken models BMP mediated CASH-
1/MASH-1 induction has been shown to be
pivotal in sympathoadrenal lineage com-
mitment (Guillemot et al., 1993; Schneider
et al., 1999). Independently of HASH-I,
the paired homeodomain transcription fac-
tor Phox2b is induced by BMP stimulation
and this protein too has been shown to be
essential for sympathetic structures (Pattyn
et al., 1999). Acting under, and regulated
by HASH-1 and Phox2b are the transcrip-
tion factors dHAND, Phox2a and GATA2
(Hirsch et al., 1998; Howard et al., 2000;
Pattyn et al., 1997). Together these five fac-
tors create an interconnected transcriptional
network that concert early sympathetic dif-

ferentiation (Goridis and Rohrer, 2002; Hu-
ber, 2006). This is marked by upregulation
of the key enzymes tyrosine hydroxylase
(TH) and dopamine B-hydroxylase (DBH) of
the catecholamine synthesis, as well as pan-
neuronal markers such as superior cervical
ganglion 10 (Scg10) and neurofilament (me-
dium polypeptide 150kDa; NF) (e.g. Groves
et al., 1995; Stanke et al., 1999).

Sympathetic neuronal differentiation is de-
pendent on upregulation of specific neuro-
trophin receptors (Pahlman and Hoehner,
1996). During development of the sympa-
thetic ganglia proper neuronal precursor
cells are exposed to growth factors such as
basic fibroblast growth factor (bFGF) and
insulin like growth factors (IGF). Initially
this leads to upregulation of the neurotroph-
in receptor TrkC and signaling by binding
of the ligand neurotrophin 3 (NT3) results
in growth inhibition and upregulation of a
second neurotrophin receptor, TrkA. TrkA is
the cognate receptor to nerve growth factor
(NGF) and its presence corresponds to ter-
minally differentiated sympathetic neurons
that are dependent on NGF for survival (An-
derson, 1993; Anderson and Axel, 1986).
Early in vitro experiments showed that ex-
posure of sympathoadrenal precursors to
glucocorticoids promoted downregulation
of neuronal markers and subsequent differ-
entiation into the SIF and adrenal chromaf-
fin phenotypes (Anderson and Axel, 1986;
Carnahan and Patterson, 1991). Glucocorti-
coids are produced and secreted by cells of
the adrenal cortex and it was consequently
believed that arrival of precursor cells at this
location was pivotal to their terminal chro-
maffin differentiation. This theory has since
been questioned by several lines of evidence
showing partial adrenal chromaffin differ-
entiation independently of glucocorticoid
stimulation or indeed the adrenal cortex (Fi-
notto et al., 1999; Gut et al., 2005). Thus, the
instructive cues leading to this line of differ-
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entiation are largely unknown. However, the
systemic catecholamine secretory function
of chromaffin cells requires access to the
vascular system, and it has been suggested
that signals from blood vessels contribute to
chromaffin differentiation (Hall and Landis,
1991). Furthermore, the theory of sympa-
thoadrenal specification, outlined above,
has recently encountered several caveats
(reviewed in Harris and Erickson, 2007; Hu-
ber, 20006), suggesting the existence of alter-
nate migration routes and perhaps additional
sympathetic progenitor lineages (Ernsberger
et al., 2005).
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Neuroblastoma

Overview

Neuroblastoma is a childhood malignancy of
the sympathetic nervous system, more specif-
ically stemming from immature neuroblasts
of the sympatho-neuronal lineage (De Preter
etal., 2006; Hoehner et al., 1996; Hoehner et
al., 1998). Tumors locate to structures where
these cells are found during development,
the major sites being the sympathetic gan-
glia and the adrenal gland. Neuroblastoma
accounts for 7-8 % of all diagnosed child-
hood cancers, making is the most common
solid extracranial malignancy in this patient
group (American Cancer Society, 2005).
Furthermore, it is by far the most commonly

diagnosed tumor of infancy, and 90 % of all
neuroblastoma patients are diagnosed before
the age of five (Brodeur and Maris, 2002).
Clinically, neuroblastoma is characterized
by considerable heterogeneity, with patient
outcome ranging from spontaneous tumor
regression (Cushing and Wolbach, 1927) to
malignant disease progression despite in-
tense treatment. Approximately 40-50% of
all patients present with metastatic spread
at diagnosis (Brodeur, 2003; Maris et al.,
2007), and thus neuroblastoma is estimated
to cause approximately 15 % of all child-
hood tumor related deaths (American Can-
cer Society, 2005).
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Table 1. The International neuroblastoma staging system. From Brodeur and Maris

(2002).

Stage 1

Localized tumor with complete gross excision, with or without microscopic residual disease;
representative ipsilateral lymph nodes negative for tumor microscopically (i.e., nodes attached
to and removed with the primary tumor may be positive).

Stage 2A

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

Stage 2B

Localized tumor with or without complete gross excision, with ipsilateral nonadherent
lymph nodes positive for tumor. Enlarged contralateral lymph nodes must be negative
microscopically.

Stage 3

Unresectable unilateral tumor infiltrating across the midline, with or without regional lymph
node involvement; or localized unilateral tumor with contralateral regional lymph node
involvement; or midline tumor with bilateral extension by infiltration (unresectable) or by
lymph node involvement. The midline is defined as the vertebral column. Tumors originating
on one side and crossing the midline must infiltrate to or beyond the opposite side of the
vertebral column.

Stage 4

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

Stage 4S

Localized primary tumor, as defined for stage 1, 2A, or 2B, with dissemination limited to skin,
liver, and/or bone marrow (limited to infants younger than 1 year). Marrow involvement should
be minimal (i.e., <10% of total nucleated cells identified as malignant by bone biopsy or by
bone marrow aspirate). More extensive bone marrow involvement would be considered stage

4 disease.

Clinical factors

The two most prominent clinical factors re-
lating to patient prognosis are patient age
and tumor spread at diagnosis. Regardless of
other clinical parameters patients diagnosed
at an age less than 12 months (Shimada et
al., 1984), or recently suggested 18 months
(London et al., 2005a; London et al., 2005b)
have a better prognosis than older patients.
While this has been known for some time
(Breslow and McCann, 1971) no biologi-
cal explanation has been offered. The in-
ternational neuroblastoma staging system
(INSS) uses a four grade scale to describe
neuroblastoma clinical presentation (Table
1; reviewed in Brodeur and Maris, 2003).
In general, patients with localized disease
(INSS stages 1 to 3) have favorable prog-
nosis, whereas patients diagnosed with dis-
seminated disease (INSS stage 4) have com-
paratively poor prognosis. Children younger
than 1 year with metastatic spread limited

to liver, skin and minimal bone marrow in-
volvement are generally considered to have
favorable prognosis; this disease pattern has
been termed INSS stage 4S. To date very few
genetic and molecular markers have outper-
formed this system as a prognostic tool for
patient outcome.

Genetic markers

Several genetic markers correlating to poor
patient outcome have been described, the
most prominent being amplification of chro-
mosomal region 2p24, harboring the MYCN
oncogene (Brodeur etal., 1984) (as described
further on). Also of clinical importance is
deletion of the 1p36 region of the short arm
of chromosome 1, a region frequently delet-
ed in several cancer forms (Knuutila et al.,
1999). This deletion has been reported to be
present in as much as 20 to 30 % of all neu-
roblastomas and correlates strongly to poor
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patient outcome and MYCN amplification
(Attiyeh et al., 2005; Caron et al., 1996). The
high frequency of deletions of the 1p36 re-
gion in neuroblastoma suggests the existence
of a tumor suppressor located to this region.
Recently the pl19RF/p53 modulator chro-
modomain helicase DNA binding domain 5
gene (CHDS5) was proposed as such a tumor
suppressor, due to its location in this region
(Bagchi et al., 2007). Chromatin remodeling
is developmentally regulated (Kiefer, 2007)
and CHD?S is expressed in neuronal tissues
including the adrenal gland. Low expres-
sion in neuroblastoma has been correlated
to poor prognostic (Thompson et al., 2003).
Another gene most recently suggested to be
a 1p36 tumor suppressor is kinesin family
member 1B (KIF1Bp). This gene, originally
described as a microtubule related trans-
porter (Zhao et al., 2001), has been shown to
negatively affect NGF withdrawal-induced
apoptosis and to have reduced expression
in 1p36 deleted neuroblastomas (Kaelin,
2008). Also associated with an adverse pa-
tient prognosis are deletions at chromosomal
region 11q (Attiyeh et al., 2005; Maris et al.,
2001) and partial gain of 17q (Bown et al.,
1999; Caron et al., 1996). No putative neu-
roblastoma tumor suppressors or oncogenes
have been reported at these regions.

Total tumor cell DNA content (DNA index)
has also been shown to have prognostic
value, especially for patients diagnosed be-
fore their second year (Bagatell et al., 2005).
Less aggressive tumors in this patient group
tend to be hyperdiploid (or near-triploid),
whereas more malignant tumors have a near
diploid karyotype. Based on DNA-index and
the specific chromosome region gains and
losses mentioned above, a genetic model of
neuroblastoma development has been sug-
gested (Brodeur, 2003).

The clinical impact of tumor cell differ-
entiation

The concept of tumor cell differentiation has
proven very useful in predicting neuroblas-
toma patient outcome. On the morphologi-
cal level a differentiated histopathology has
for some 80 years been known to correlate to
favorable prognosis (Cushing and Wolbach,
1927). Histologically neuroblastoma is,
along with e.g. the childhood neoplasms reti-
noblastoma, Wilm’s tumor, Ewing’s sarcoma
and rhabdomyosarcoma, described as one of
the small round blue cell tumors (Maris and
Denny, 2002). These tumors are character-
ized by an undifferentiated morphology and
small cell size with scant cytoplasm and en-
larged DNA-rich nuclei (staining blue with
hematoxylin-eosin). Neuroblastomas are
subcategorized into three histological groups
ranging from poorly differentiated tumors
(neuroblastoma proper), via semi-differ-
entiated ganglioneuroblastoma, containing
both undifferentiated and neuron-like cells,
to highly differentiated non-dividing tumor
cells of ganglioneuroma. An undifferentiated
phenotype correlates to poor patient progno-
sis, whereas the differentiated ganglioneu-
romas are considered benign (Shimada et
al., 1984). This morphological evaluation
of tumor cell differentiation is together with
DNA index and the mitotic-karyorrhectic
index, relating to number of mitotic and ne-
crotic/apoptotic cells, incorporated into the
Shimada histopathological tumor classifica-
tion system (Shimada et al., 1999; Shimada
et al., 1984). Unfavorable biology according
to this system is highly correlated to poor
patient prognosis (Shimada et al., 1999).

The clinical implications of stage of tumor
cell differentiation have also been inferred
from expression marker studies on the mo-
lecular level. One prominent example of
this is the correlation between high expres-
sion of the neurotrophin receptors TrkA and
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TrkC and favorable patient prognosis (Kog-
ner et al., 1993; Nakagawara et al., 1993;
Suzuki et al., 1993; Yamashiro et al., 1996).
These proteins have been related to a more
differentiated tumor phenotype (Hoechner
et al., 1995; Suzuki et al., 1993), but while
they have a role in the development of the
sympathetic nervous system (Pahlman and
Hoehner, 1996) the functional role of e.g.
TrkC in mature sympathetic neurons is un-
clear. The concept is corroborated by stud-
ies showing low expression of markers for
mature sympathetic neuronal differentiation
in malignant neuroblastoma tumor samples
(Hedborg et al., 1995). Perhaps contrary to
the expected, an undifferentiated morphol-
ogy does however not seem to correlate to
the molecular characteristics of immature
cells committed to the sympatho-adrenal
lineage. Expression of earlier sympathetic
neuronal markers such as dHAND, HASH-1
and Phox2B seems ubiquitous in neuroblas-

toma and does not relate to neither tumor
stage of differentiation nor other prognostic
factors (Gestblom et al., 1999; Raabe et al.,
2008). While this suggests that neuroblas-
toma cells retain early sympathetic neuronal
characteristics (Hoehner et al., 1998), poor
differentiation assessed in this way does not
seem to relate to an increased tumor aggres-
siveness. The role of early neural crest ex-
pressed genes such as Notch is more enig-
matic. While neuroblastoma cell lines and
tumors have been shown to express Notch
receptors and ligands (De Preter et al., 2006;
van Limpt et al., 2000; Van Limpt et al.,
2003), the functional data remains sparse. In
a recent study high levels of NOTCH3 and
HEYI in ganglioneuromas as compared to
neuroblastomas suggesting that Notch3 and
Hey! support or maintain neuronal differen-
tiation (Revet et al., 2008). Possibly in con-
trast to these findings, expression of Notchl
and the down-stream target Hes-1 have been

Table 2. Neuroblastoma risk classifiation according to the Children’s Oncology Group. From

National Cancer Institute (www.cancer.gov).

INSS Stage Age MYCN Status Shimada Classification DNA Ploidy Risk Group

1 0-21y Any Any Any Low

2A/2B <365d Any Any Any Low
2365d-21y | NonAmplified | Any - Low
2365d-21y | Amplified Favorable - Low
>365d-21y | Amplified Unfavorable - High

3 <365d NonAmplified | Any Any Intermediate
<365d Amplified Any Any High
2365d-21y | NonAmplified | Favorable - Intermediate
2365d-21y | NonAmplified | Unfavorable - High
>365d-21y | Amplified Any - High

4 <548d NonAmplified | Any Any Intermediate
<548d Amplified Any Any High
2548d-21y | Any Any - High

4S <365d NonAmplified | Favorable >1 Low
<365d NonAmplified | Any 1 Intermediate
<365d NonAmplified | Unfavorable Any Intermediate
<365d Amplified Any Any High
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shown in undifferentiated, neural creast-
like perivascular neuroblastoma tumor cell
populations (Pietras et al., 2008) and active
Notchl has also been shown to be important
for maintaining a pool of neuronal precur-
sor cells in developing sympathetic ganglia
(Tsarovina et al., 2008).

Risk assessment and outcome

The overall survival for neuroblastoma pa-
tients has been reported to be some 60-70%
(Gatta et al., 2005; Spix et al., 2006), but
specific groups of patients have substan-
tially better or worse prognosis. The clinico-
pathological staging systems of the INSS
and Shimada, together with age at diagnosis,
DNA index, and amplification status of the
MYCN oncogene, have been grouped to a
risk classification system maintained by the
Children’s oncology group (COG) (Maris,
2005). The COG risk system (Table 2) can
quite accurately predict patient prognosis
and is therefore used for treatment guid-
ance. Low and intermediate risk patients
have estimated overall survival rates of
above 90% (Matthay et al., 1998; Perez et
al., 2000). Current recommended treatment
interventions for these patients are limited
to surgical removal of the primary tumor, in
some instances combined with radiation and
low to intermediate levels of chemotherapy
(Matthay et al., 1998; Perez et al., 2000).
High risk patients present with several of the
unfavorable prognostic markers as outlined
above. These patients receive very intense
treatment, including induction chemother-
apy, myeloablative chemotherapy followed
by autologous bone marrow transplantation,
and treatment for reduction of minimal re-
sidual disease (Brodeur and Maris, 2002).
Despite initial treatment response, a large
proportion of high risk patients suffer from
relapse or refractory disease (Brodeur and
Maris, 2002). As a consequence overall sur-

vival for this group of patients is estimated
to some 40% (Matthay et al., 1999).
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Tumor hypoxia

Overview

In the 2000 review “The hallmarks of can-
cer” Hanahan and Weinberg (Hanahan and
Weinberg, 2000) in a reductionistic view of
cancer stipulate six capabilities that cells
must acquire in order to become a malig-
nant cancer. Though referring to diverse
cellular processes, the six capabilities all
have in common that they in effect subdue
extra- and intracellular constraints on limit-
less cellular growth and tumor expansion.
This is particularly true with regard to tumor
hypoxia and onset of angiogenesis, since
without adequate supply of oxygen and nu-
trients the tumor cells loose the majority of

their growth advantage. Tumor hypoxia has
been estimated to be a rather early event of
solid tumor expansion. The diffusion limit
for oxygen is 100 to 150 um and studies
have shown necrotic tumor cells located less
than 200 um from blood vessels (Thomlin-
son, 1977). Reduction of available oxygen
will cause cells to suffer from decreased lev-
els of available ATP, disturbing all energy
consuming intracellular processes; the cells
are experiencing metabolic hypoxia (Hockel
and Vaupel, 2001). The oxygen level break-
point for this energy depletion/hypoxia to
occur has been shown in various in vivo
and in vitro studies, including neuroblas-
toma, to be approximately 8-10 mmHg (1%
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Figure 2. Solid tumors are generally hypoxic, as compared to normal tissue. The tumor oxyge-
nation status (dark gray, shown in front), against surrounding normal tissue (light gray; shown in

back). Adapted fiom Brown and Wilson (2004).

O,) (Hockel and Vaupel, 2001; Robiolio et
al., 1989). Even after onset of angiogenesis
the inherent unconstrained tumor growth,
as well as the uncoordinated growth and
malformed structure of tumor vasculature,
causes oxygen shortage to be the regular
tissue state (Fig. 2) (Brown and Wilson,
2004; Carmeliet and Jain, 2000). This, in
combination with frequently occurring ves-
sel occlusions and caotic blood flow leads
to fluctuations in intratumoral oxygen pres-
sure that varies both on a long and a short
term basis (Kimura et al., 1996; Lanzen et
al., 2006; Torres Filho et al., 1994). In order
to maintain intracellular homeostasis and a
continued growth advantage tumor cells ad-
just to these strenuous environmental con-
ditions by manipulating both their intracel-
lular and extracellular space. Two examples
of this are metabolic adaptation to a hypoxic
environment, leading to an upregulation of
glycolysis (Gatenby and Gillies, 2004), and

increased proangiogenic extracellular sig-
naling via e.g. vascular endothelial growth
factor (VEGF) (Carmeliet and Jain, 2000).

The hypoxia inducible transcription
factors

On the molecular level adaptation to hypox-
ia is mediated primarily via the hypoxia in-
ducible factors HIF-1 (Semenza and Wang,
1992; Wang et al., 1995) and HIF-2 (Tian et
al., 1997; Wiesener et al., 1998). These het-
erodimeric transcription factors consists of a
hypoxia regulated alpha subunit, either HIF-
la or HIF-2a, and the constitutively pres-
ent § dimerization partner aryl hydrocarbon
receptor nuclear translocator (ARNT, or
HIF-1B). Structurally the HIFa subunits are
bHLH-PAS proteins, where the N-terminal
basic domain is responsible for DNA bind-
ing and the HLH and PAS domains mediates
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ARNT protein interactions. Furthermore,
the protein contains one C-terminal and one
N-terminal transactivation domain, through
which interactions with transcriptional co-
regulators occur. The N-terminal transac-
tivation domain also includes an oxygen
degradation domain (ODD) responsible for
the oxygen sensitive action of the transcrip-
tion factors (Ivan et al., 2001; Jaakkola et al.,
2001).

In the presence of oxygen the HIFa subunits
are hydroxylated at conserved proline resi-
dues located in the ODD by the prolyl hy-
droxylase enzymes PHD1, PHD2, and PHD3

NORMOXIA

(reviewed in Schofield and Ratcliffe, 2004;
Wirthner et al., 2007). This leads to recogni-
tion by and HIFa interaction with the von
Hippel-Lindau (VHL) E3 ligase complex
targeting HIFs for ubiquitylation and sub-
sequent proteasomal degradation (Huang et
al., 1998; Kallio et al., 1999). At hypoxia the
function of the oxygen dependent PHDs is
inhibited and HIFa subunits can accumulate
and dimerize with ARNT. The fully function-
al dimers translocate to the nucleus where it
binds to specific hypoxia responsible DNA
elements and, together with transactivation
partners such as CBP/p300, regulate the ex-
pression of some one hundred known target

HYPOXIA

HIF-a»

PH‘%H /

" HIF-al»
oH

OH

Proteasomal degradation

N

HIF-a»
ARNT®

| HIF target gene |

Figure 3. Oxygen mediated regulation of hypoxia inducible factor activity. At normoxia (left panel)
the oxygen dependent prolyl hydroxylases (PHD) hydroxylases the HIFo subunits. This leadls to
recognition by VHL, ubiquitination of the HlFo and subsequent proteasomal degradation. Further-
more, HIF transactivation is inhibited in an oxygen dependent manner by FIH (factor inhibiting
HIF)-mediated hydroxylation at a specific asparagine residue. At hypoxia (right panel) the prolyl
and asparaginyl hydroxylases are inhibited and consequently HIFa subunits are stabilized. Dimeri-
zation with ARNT leadls to nuclear translocation and the heterodimers binds to specific DNA hypoxia
responsive elements (HRE). Target gene transactivation is performed by recruitment of additional

co-factors such as CBP/p300.
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genes (Semenza, 2003; Wenger et al., 2005).
Further hypoxia-regulated control is medi-
ated via the factor inhibiting HIF (FIH). FIH
is an oxygen dependent asparaginyl hydrox-
ylase that suppresses HIF transcriptional
activity via hydroxylation of an asparagine
residue in the C-terminal transactivation do-
main, thus abrogating HIF interaction with
CBP/p300 (Fig. 3) (Lando et al., 2002). In-
terestingly FIH seems to have higher affinity
for HIF-1a than for HIF-2a (Bracken et al.,
2000).

The HIF pathway, as with most intracellu-
lar signaling pathways, is densely regulated.
Negative feedback loops are provided at
several levels. The PHD proteins have been
shown to be regulated by hypoxia both at the
protein and mRNA levels (Aprelikova et al.,
2004; Epstein et al., 2001; Holmquist-Men-
gelbier et al., 2006). This upregulation might
reflect a compensatory mechanism leading
to some PHD dependent HIFa degradation
at lower oxygen levels. It might also be a
mechanism for fast shut-down of the hypoxic
response at cellular reoxygenation. A third,
inhibitory, hypoxia inducible factor alpha
subunit HIF-3a has also been identified (Gu
et al., 1998). HIF-3a contains bHLH, PAS
and ODD domains, but lacks the transacti-
vating domains (Makino et al., 2002; May-
nard et al., 2005). It has been shown to elicit
dominantly negative control on HIF medi-
ated gene regulation (Makino et al., 2001).
Besides hypoxia, stabilization of the HIF-1a
and HIF-2a proteins has been shown to be
regulated under non-hypoxic conditions by
several oncogenic signaling pathways, in-
cluding Ras (Blancher et al., 2001), EGFR
(Zhong et al., 2000), HER2 (Laughner et al.,
2001), IGF-1 (Laughner et al., 2001), VEGF
(Calvani et al., 2008) and insulin (Treins et
al., 2002). These modulators of HIF protein
activity and protein and mRNA levels seem
to act via several intracellular signaling
pathways including PI3K/AKT, mTOR and

the ERK1/2 MAP kinases (Semenza, 2003).
These observations highlights the complexi-
ty of the HIF-regulated signaling pathway as
also VEGF is positively regulated by ERK
and PI3K signaling (Pages and Pouyssegur,
2005).

Another prominent HIF activating mecha-
nism is loss of VHL (reviewed in Kaelin,
2002). Germline mutations in VHL are as-
sociated with increased susceptibility to a
number of cancers including pheochromocy-
toma and clear cell renal carcinoma (RCC).
VHL-mutation dependent induction of HIFa
has been shown to be one of the earliest pre-
lesional events in these tumor forms (Man-
driota et al., 2002; Vortmeyer et al., 2006).

Expression of hypoxia-inducible factors

The importance of the hypoxia inducible fac-
tors in development has been demonstrated
through mouse knock-out models. Hifla”

mice consistently die at approximately em-
bryonal day (E) 11 with neural tube and
vascular defects (Iyer et al., 1998; Ryan et
al., 1998). Interestingly, wild type embryos
showed increased hif-1a expression at E8.5
to E9.5 (Iyer et al., 1998), which in combi-
nation with increased levels of hypoxia in
hifla” embryos (Ryan et al., 1998) suggests
a role for hypoxia/HIF as a developmental
cue in these organ systems. On the con-
trary, several phenotypes have been reported
for epasli/hif-207- mice (Peng et al., 2000;
Scortegagna et al., 2003; Tian et al., 1998),
differences that to some extent could be re-
lated to mouse strain genetic background
(reviewed in Lofstedt et al., 2007). These
studies indicate a role for Epasl in sympa-
thetic nervous system and vascular develop-
ment (Peng et al., 2000; Tian et al., 1998), as
well as in regulating homeostatic responses
during embryonal maturation (Scortegagna
et al., 2003). In this context HIF-2a protein
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Figure 4. Oxygen pressure at different vascular levels and effects of hypoxia on cellular functions.
The blood oxygen partial pressure diminishes substantially from arterial to end-capillary vascular
levels. At even lower levels in solid tumors, lack of oxygen impairs radiation treatment, metabolism,

and maintenance of genomic stability.

is expressed in the oxygen sensing paragan-
glia of the developing sympathetic nervous
system in mouse at E12.5-15.5 (Tian et al.,
1998) and in humans during the correspond-
ing developmental period, fetal week 8.5
(Nilsson et al., 2005).

In adult tissues hif~/a is ubiquitously ex-
pressed (Jain et al., 1998), whereas epas!
has a more restricted expression pattern,
mainly confined to vascular epithelium (Jain
et al., 1998) and distinct cell populations of
other organs such as smooth muscle cells,
and epithelial cells of the lung and kidney
(Ema et al., 1997; Flamme et al., 1997; Wi-
esener et al., 1998). Indeed, HIF-2a has been
shown to have a pivotal role in regulation
of hematopoiesis (Scortegagna et al., 2005)
and in concordance with this a gain of func-
tion mutation in EPAS/ has been associated
with erythrocytosis (Percy et al., 2008). At
the protein level very few normal human
tissues express active HIF, with the excep-
tion of HIF-2a in macrophages (Talks et al.,
2000).

Hypoxia and HIFs in cancer
Decreased tissue oxygen levels have been

shown to have negative effects on cancer
treatment and patient outcome before onset
of metabolic hypoxia. End-capillary oxygen
pressure is normally about 45-50 mmHg and
a drop of about 50% leads to decreased ef-
ficiency of radiotherapy (Fig. 4). Onset of
metabolic hypoxia is estimated to occur at
app. 10 mmHg (Hockel and Vaupel, 2001).
Further decreased oxygen partial pressure
levels contributes to increased genomic in-
stability by reducing apoptotic potential and
inhibiting DNA repair (Huang et al., 2007),
but also through inducing gene amplification
and DNA breakage (Huang et al., 2007; Rus-
so etal., 1995). Indeed, direct measurements
of oxygen partial pressure in primary tumors
have demonstrated a correlation between
low oxygen levels and poor patient outcome
in several cancer forms (Vaupel and Mayer,
2007).

Contrary to what is seen in healty tissues,
the HIF proteins have been shown to be ex-
pressed in several cancer forms (Lofstedt et
al., 2007; Semenza, 2003), including tumor
associated macrophages (Knowles et al.,
2004). The hypoxia inducible factors are
known to regulate genes involved in diverse
cellular processes such as angiogenesis,
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glycolysis and apoptosis (Lofstedt et al.,
2007; Semenza, 2003). These mechanisms
are important in normal processes such as
development and tissue homeostasis, but
are in tumor cells they in a sense hijacked
to contribute to tumor growth, invasion and
metastasis. Consequently, expression of the
HIF transcription factors correlate to tumor
progression and poor patient outcome in
several tumor forms (Lofstedt et al., 2007,
Semenza, 2003).

Hypoxia induced angiogenesis is primarily
mediated through direct HIF regulation of
VEGEF transcription (Holmquist-Mengelbier
et al., 2006; Semenza, 2003). Short VEGF
splice forms diffuse from hypoxic areas
to induce sprouting from existing vessels.
In combination with longer matrix bound
isoforms providing more directional cues,
VEGF secretion functions both by attract-
ing and by guiding newly formed vessels
into hypoxic tumor areas (Carmeliet, 2003).
While in theory this would provide the tumor
with extensive vascular supply, the lack of
coordination between available oxygen and
nutrients and tumor cell growth leads to con-
stant evolvement of hypoxic areas in most
solid tumors (Brown and Giaccia, 1998).

Hypoxia, through the HIFs, regulates gly-
colysis via upregulation of the glucose trans-
porters GLUTI and GLUT3 as well as sever-
al enzymes involved in (anaerobic) glucose
metabolism (Iyer et al., 1998; Semenza et
al., 1994). An increased uptake of glucose
and induced glycolysis are thought to give a
growth advantage and is a common feature
of aggressive tumors also in the non-hypox-
ic setting (Gatenby and Gillies, 2004). An
interesting side effect of increased glycoly-
sis is modifications of the tumor microenvi-
ronment. Extracellular pH is lowered by two
direct HIF regulated processes: extracellular
bicarbonate production through carbonic an-
hydrase 9 (CAIX) (Swietach et al., 2007),

and lactic acid efflux via upregulation of
monocarboxylate transporter pumps (Ullah
et al., 2006). While induction of these events
are prerequisites for maintaining a functional
intracellular pH (reviewed in Pouyssegur et
al., 2006) the acidification of the surround-
ing microenvironment furthermore perturbs
the extracellular matrix structure and basal
membrane integrity, thus abrogating tumor
cell invasion into surrounding tissues (Swi-
etach et al., 2007).

Interestingly, efforts are now being made
to make use of tumor hypoxia in itself as a
therapeutic handle. The strategies behind this
uses inventive techniques such as hypoxia
activated prodrugs and hypoxia homing
drug secreting Clostridia bacteria (Brown
and Wilson, 2004).
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MYCN and the Myc-family transcription factors

Overview

The c-myc gene was originally cloned as the
chicken cellular homologue of the viral my-
elocytomatosis (v-myc) gene (Sheiness and
Bishop, 1979). The v-myc gene was known
to cause various neoplasms in chickens and
subsequent identification of the human ho-
mologue v-myc avian myelocytomatosis vi-
ral oncogene homolog (gene: MYC, protein:
Myc) came paired with the observation that
this gene was overexpressed in cancer cells
as compared to normal fibroblasts (Eva et
al., 1982). The MYC gene was shortly after
found to be altered by amplification or trans-
location in myeloid leukemia and Burkitt’s

lymphoma cells (Collins and Groudine,
1982; Dalla-Favera et al., 1982). Subse-
quent Southern blot analyses using the new-
ly found MYC gene as genomic probe lead
to the discovery of MYCN (protein: MycN)
and MYCL (protein: MycL), with sequence
homology to MYC. Importantly, MYCN
was found to be amplified in neuroblastoma
(Kohl et al., 1983; Schwab et al., 1983),
while MYCL was identified as amplified in
small cell lung carcinoma (Nau et al., 1985).
The Myc-family of proto-oncogenes has
since been found to be deregulated through
amplification, translocation or overexpres-
sion in several cancer forms (Nesbit et al.,
1999; Vita and Henriksson, 2006).
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The Myc-family members are expressed at
discrete stages and tissues during develop-
ment. Generally, the expression is highest
during embryonic stages and then downregu-
lated at organ differentiation and maturation
(e.g. Zimmerman et al., 1986). During em-
bryonal mouse development, c-myc seems
to be generally expressed in all proliferating
tissues, except neuronal, where n-myc pre-
vails (e.g. Kato et al., 1991; Zimmerman et
al., 1986). N-myc expression is consequently
strongest in the central and peripheral ner-
vous system and in neural crest derivatives,
however expression is also found in specific
tissues of e.g. lung and liver and during limb
development (reviewed in Hurlin, 2005;
Strieder and Lutz, 2002). L-myc expression
is mainly confined to the developing kidney
and nervous system and to the new born and
adult lung, tissues that also show expression
of c-myc and N-myc (Hatton et al., 1996;
Zimmerman et al., 1986). This is in sharp
contrast to c-myc and N-myc expression.
Mice with germline homozygous deletions
of either c-myc or N-myc show embryonic
lethality at E9.5 and EI1.5, respectively,
and present gross organ abnormalities cor-
responding to sites of developmental expres-
sion (e.g. Davis et al., 1993; Sawai et al.,
1993). This is in sharp contrast to the lack of
phenotype and apparently normal develop-
ment of L-myc” mice (Hatton et al., 1996),
suggesting the idea that Myc proteins can
substitute for each other. Further confirma-
tion of Myc protein redundancy was provid-
ed in a study where mice homozygous for
the replacement of c-myc coding sequences
with those of N-myc developed as normal,
with only slight differences in e.g. body
weight (Malynn et al., 2000). Therefore, dif-
ferential expression might be the key to the
divergent functions of the Myc proteins dur-
ing development.

The Myc/Max/Mad network

The Myc proteins are transcription factors
containing C-terminal basic helix-loop-he-
lix / Leucine zipper (bHLH/LZ) domains,
where the basic domain is responsible for
DNA binding and HLH/LZ domains func-
tion in protein-protein interactions (Gran-
dori et al., 2000; Hurlin and Huang, 2006).
The N-terminal parts contain a transactiva-
tion domain harboring conserved sequences
known as Myc-boxes. The Myc proteins
are part of a densely controlled network,
the centre of which is the bHLH/LZ protein
Max. When Max heterodimerizes with any
of the Myc homologs an active transcrip-
tion factor competent to bind specific DNA
E-box sequences (CACGTG) is formed.
Through the Myc-boxes in the N-terminal
transactivation domain the Myc-Max het-
erodimers interact with transcriptional co-
factors thus leading to interaction with the
general RNA polymerase Il transcriptional
machinery. The Myc-Max complex also
engages histone acetyl transferases such as
TRRAP and CBP/p300, which leads to chro-
matin remodeling with subsequent allevia-
tion of transcriptional activation. Virtually
all mitogenic signaling pathways promotes
Myc, however Myc-Max complexes not
only stimulates proliferation but also apop-
tosis. Therefore, to avoid induced cell death
activation of Myc must be balanced by pro-
survival signaling (Grandori et al., 2000;
Pelengaris et al., 2002). Interestingly, global
studies of Myc-Max DNA binding have
shown binding to several non-E-box se-
quences (e.g. Fernandez et al., 2003; Zeller
et al., 2006) evidencing a more generalized
role for Myc in e.g. chromatin remodeling.
Myc induced transcription is counteracted
by Mnt, Mga and proteins of the Mad-fam-
ily (Madl, Mxil, Mad2 and Mad3). These
proteins are also bHLH/LZ proteins that can
form E-box binding heterodimers with Max,
but in doing so they repress transcription by
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recruiting histone deacetyl transferases via
the Sin3A/B transcriptional co-repressors.
While Mnt is suggested to serve as a general
competitive antagonist of Myc transcrip-
tional activity, Max heterodimerization with
Mad proteins has been shown to promote dif-
ferentiation and cellular quiescence (Gran-
dori et al., 2000; Hurlin and Huang, 2006;
Wahlstrom and Henriksson, 2007). Thus, the
Myc family proteins are part of a densely
controlled network that through transactiva-
tion of targets genes control diverse cellular
processes (Grandori et al., 2000). Both Myc
and MycN have also been shown to regu-
late transcription of ribosomal RNAs and
tRNAs, thus upregulating the total transla-
tional machinery (Boon et al., 2001; White,
2005). Therefore enhanced Myc activity not
only leads to upregulation of specific target
genes, but also through a generally increased
capacity in protein biosynthesis, to cellular
growth (accumulation of mass) (Iritani and
Eisenman, 1999; Kim et al., 2000; Ruggero
and Pandolfi, 2003).

MYCN and differentiation

One of the first observations regarding MYC
transcription was a downregulation in re-
sponse to induced differentiation accom-
panied with growth control (Westin et al.,
1982). Thus, with few exceptions, MYC ex-
pression is: high in proliferating and low in
differentiated tissues/cells (Grandori et al.,
2000). The role of MYCN is more complex.
In vitro studies in neuroblastoma cells have
shown that MYCN expression decreases dur-
ing induced differentiation (Hammerling et
al., 1987; Smith et al., 2004) and a recent
study showed that MYCN knock-down lead
to spontaneous morphological differentiation
and upregulation of TrkA and TrkC (Nara et
al., 2007). Furthermore, overexpression of
MYCN enhances proliferation and confers
resistance to induced differentiation (Lutz et

al., 1996; Peverali et al., 1996). In vivo, the
N-myc levels in developing mice are higher
in undifferentiated as compared to more ma-
ture organs (Kato et al., 1991; Zimmerman
et al., 1986). However, there does not seem
to be a direct contradiction between MYCN
expression and differentiation. In chicken
and quail embryos MycN expression was
shown to be present in distinct cells of the
sympathetic and dorsal root ganglia at the
same time as these cells are differentiating
(Wakamatsu et al., 1997). The same study
showed that transient MycN overexpression
induced neuronal differentiation in neural
crest cells in vitro and increased migration
and differentiation in vivo (Wakamatsu et
al., 1997). In human tissues MYCN mRNA
has been shown to be expressed in human
sympathetic ganglia at embryonal week 8.5
(Edsjo et al., 2004) at the same time as these
structures express markers for neuronal dif-
ferentiation and the cells are non-migra-
tory (Gestblom et al., 1999; Gestblom et al.,
1997; Hoehner et al., 1996). Furthermore, in
human week 16-19 fetuses MYCN-expres-
sion was found in the neural crest derived
striated ocular musculature (Hirvonen et al.,
1989). While MYCN levels clearly are low
or not expressed in mature tissues these data
suggests that there is an instructive, rather
than inhibitory, role for MycN in differentia-
tion of neural crest derived tissues.

MYCN in neuroblastoma

As previously mentioned, MYCN was cloned
from neuroblastoma tumors and shortly after
amplification of the MYCN locus was found
to be a characteristic of high stage aggres-
sive tumors (Brodeur et al., 1984; Schwab
et al, 1984). Approximately 20-25% of
neuroblastoma patients present with MYCN
amplification at diagnosis and the majority
of these are clinically considered as high
risk irrespective of other clinical features
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Table 3. MYCN mRNA and protein expression in relation to neuroblastoma patient outcome.
MYCN mRNA or protein correlation to prognosis before and afier correction for MYCN amplifica-

tion is presented.

MYCNIMycN  Correction for MYCN

Study name* Year No patients Method prognosis amplification
Nisen 1988 33 NB No Not prognostic
Hashimoto 1989 18 IHC Yes -

Nakagawara | 1990 35 NB Yes -

Slave 1990 45 NB No -

Hiyama 1991 41 IHC Yes -

Nakada 1993 36 IHC Yes -

Nakagawara | 1993 77 NB Yes Not prognostic
Chan 1997 57 IHC Yes Poor prognosis
Bordow 1998 60 RT-PCR Yes Poor prognosis*
Cohn 2000 69 gPCR, WB No** -

Matsunaga 2000 70 RT-PCR Yes Not prognosis
Tanaka 2004 66 gPCR No Not prognosis
Alaminos 2005 99 qPCR, WB Yes Poor prognosis
Tang 2006 91 gPCR No Good prognosis™*

(-) Correction for MYCN amplification was not performed.

(#) Study named after first author on publication.

(*) Children younger than 12 months showed comparatively high levels of MYCN expression, but MYCN expres-
sion was only prognostic in patients diagnosed after 12 months of age.

(**) This study only investigated high stage MYCN non-amplified cases.

(***) MYCN expression levels only correlated to poor prognosis in MYCN amplified cases.

Abbreviations: NB: Northern blot; IHC: immunohistochemistry; RT-PCR: reverse transcriptase polymerase chain
reaction; qPCR: quantitative real time polymerase chain reaction; WB: Western blot.

(Table 2). Exceptions from this rule are in-
fants diagnosed with localized disease and
INSS stage 1 patients showing favorable
tumor histology (e.g. Schneiderman et al.,
2008). Consequently, MYCN-amplification
correlates strongly to poor outcome and tu-
mors with this amplification are often refrac-
tory to treatment (Brodeur and Maris, 2002;
Cohn and Tweddle, 2004; Schneiderman et
al., 2008).

Surprisingly, the clinical significance of
MYCN amplification does not transform
to MYCN mRNA or MycN protein levels.
Several investigations regarding prognostic
significance of MYCN/MycN expression
have been performed and the results are at
best inconclusive (Table 3) (Alaminos et al.,

2005; Chan et al., 1997; Cohn et al., 2000;
Hashimoto et al., 1989; Hiyama et al., 1991;
Marchand and Roux, 1998; Matsunaga et
al., 2000; Nakada et al., 1993; Nakagawara
et al., 1993; Nakagawara et al., 1990; Nisen
et al., 1988; Slavc et al., 1990; Tanaka et al.,
2004; Tang et al., 2006). Two concordant ob-
servation are made in the studies referenced
in Table 2: MYCN-amplified, as compared
to non-amplified tumors, generally also ex-
press high levels of mRNA and protein, and
both MYCN mRNA and protein levels can
be expressed at high levels also in tumors
defined as MYCN single-copy. Several of the
reports show correlations between MYCN/
MycN levels and patient prognosis, however
only eight of the fourteen studies corrected
the results for MYCN amplification. After
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correction three studies showed a correlation
between high MYCN/MycN expression and
poor prognosis, four showed no correlation
to prognosis, and interestingly, one study
showed a positive correlation between high
MYCN expression and favorable outcome
(Table 3). A fairly recent study by Cohn et
al. (Cohn et al., 2000) used a carefully se-
lected cohort containing MYCN non-ampli-
fied high-stage cases only. These results did
not show any correlation between MYCN
level and patient outcome.

The results presented in Table 3 are further
complicated by the fact that most of these
studies are performed using rather small co-
horts and with varying techniques, both for
measuring transcript and protein levels and
for detecting MYCN amplification. Errors
at these stages are then further propagated
when correcting MYCN/MycN prognostic
significance for MYCN amplification. Of
special interest with regard to this issue is
one study where a combination of Southern
blot, FISH and gene dosage was used to de-
termine MYCN amplification status, as no
specific correlation between MYCN expres-
sion and other markers for poor prognosis
were found (Tanaka et al., 2004). A possible
explanation for the discordant results shown
in Table 2 is provided in the study by Tang et
al.(Tang et al., 2006), where it is suggested
that high MYCN expression in MYCN am-
plified tumors leads to aggressive disease
whereas high MYCN expression in non-am-
plified tumors correlates with high NTRK/
(TrkA) expression, consequentially lead-
ing to a less malignant phenotype. Indeed,
overexpression of MYCN mRNA in MYCN
non-amplified neuroblastoma cell lines has
been shown to induce apoptosis, indicating
a connection high MYCN expression and a
benign tumor phenotype (Tang et al., 2006;
van Noesel et al., 2003). However, MYCN
expression when induced in developing tis-
sues of the sympathetic nervous system in
a murine model leads to neuroblastoma like

tumors (Weiss et al., 1997), arguing for the
importance of MycN in neuroblastoma etiol-

ogy.
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The present investigation

The specific aims of the work presented in this thesis are centered around the roles of tumor
hypoxia, sympathetic neuronal differentiation and Myc/MycN dependent gene regulation, in
relation to neuroblastoma aggressiveness.
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Paper I: Recruitment of HIF-1alpha and
HIF-2alpha to common target genes is
differentially regulated in neuroblasto-
ma: HIF-2alpha promotes an aggressive
phenotype

Summary

In this paper we investigate the different
roles of HIF-1a and HIF-2a in the response
of neuroblastoma cells to hypoxia. Four ma-
jor conclusions were drawn drawn:

1) HIF-1a and HIF-2a function in different
time-frames. HIF-1la is rapidly stabilized,
binds to promoter elements in target genes
such as VEGF and regulates their transcrip-
tion. HIF-2a on the other hand is stabilized
at later time points than HIF-1a and this late
increase in HIF-2a levels is followed by di-
minishing levels of HIF-10, whereas HIF-2a
remains expressed.

2) HIF-2a is stabilized and active at near
physiological oxygen levels (5% O,). Im-
portantly, HIF-lo is not stabilized at this
non-hypoxic oxygen pressure.

3) HIF-10 and HIF-2a generally regulate ex-
pression from the same target genes.

4) HIF-2a expression is present in apparent-
ly well vascularized regions of neuroblas-
toma specimens. Furthermore, high HIF-2a
protein levels correlates to poor outcome in
neuroblastoma patients.

Discussion

Since their discovery, the function of the
hypoxia inducible factors in tissue homeo-
stasis and pathology have been extensively
investigated and the HIFs have been shown
to be expressed and to correlate to adverse
outcome in several cancer forms (Lofstedt et
al., 2007; Semenza, 2003). We now show a
connection between high HIF-2a levels and
neuroblastoma tumor progression. HIF-2a
has been shown to strongly correlate to tu-

mor angiogenesis and high microvascular
density (e.g. Giatromanolaki et al., 2006)
and we demonstrate a pivotal role for HIF-
20 in regulation of VEGF at both hypoxia
and at physiological oxygen levels. In neuro-
blastoma, angiogenesis has been correlated
to tumor aggressiveness. Low stage tumors
are rich in infiltrating Schwannian stroma
and poorly vascularized. A causal link be-
tween these two features has been suggested
as Schwannian derived stroma cells secrete
anti-angiogenic factors and exhibit in vivo
inhibition of angiogenesis (Chlenski et al.,
2002; Huang et al., 2000; Liu et al., 2005).
On the other hand, aggressive neuroblasto-
mas are generally highly vascularized and
express high levels of pro-angiogenic fac-
tors (Eggert et al., 2000; Meitar et al., 1996;
Peddinti et al., 2007). Consequently, a pro-
angiogenic tumor cell phenotype correlates
to tumor progression and HIF-2a could con-
tribute to this. Recently, overexpression of
HIF-2a in a neuroblastoma xenograft model
was shown to exhibit increased tumor vas-
cularization (Favier et al., 2007).

Stability of both HIFa subunits is known
to be regulated by oxygen dependent PHD
hydroxylation, although substrate specific-
ity for the different PHDs apply. PDH2 has
been suggested to be the major regulator of
HIF-1a levels (Berra et al., 2003) and re-
cently HIF-2a was shown to be stabilized in
PHDI1, but not PDH2 and PHD3 knock-out
mice (Aragones et al., 2008). Therefore the
rapid increase in PHD2 and PHD3 levels
seen in hypoxic SK-N-BE(2)c cells could
explain the time-dependent decrease in HIF-
lo protein. Interestingly, both PHD2 and
PHD3 are induced by HIF-la suggesting
a negative feed-back regulation on HIF-la
levels (Metzen et al., 2005; Pescador et al.,
2005). The reasons why HIF-2a levels are
gradually increased at 1% O, and why HIF-
2a. is stabilized at 5% O, in neuroblastoma
cell lines needs further investigation. Clear-
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ly EPASI (HIF-2a) mRNA is increased both
at 1 and 5% O,, the regulatory events behind
this are however unknown. As HIF-2a is
expressed in the developing human sympa-
thetic nervous system (Nilsson et al., 2005)
one mechanism might be hypoxia induced
dedifferentiation (Jogi et al., 2002).

A number of genes have been suggested to
be regulated specifically by one of the hy-
poxia inducible factors and not by the other,
for example HIF-1a has been suggested to
exclusively regulate glycolytic enzymes
(Covello et al., 2006; Hu et al., 2003; Wang
et al., 2005). We clearly show that in SK-
N-BE(2)c cells both HIF-lo and HIF-2a
contribute to hypoxia mediated induction of
the PGKI gene, encoding a key glycolytic
enzyme. The discrepancy in these results
could be cell line specific, but also due to
interactions with other molecular pathways.
For instance, HIF-2 has been shown to aug-
ment Myec transcriptional activity (Gordan et
al., 2007) and Myc is a known regulator of
glycolytic enzymes (Osthus et al., 2000).

In conclusion, we show that HIF-2a corre-
lates to neuroblastoma tumor aggressiveness
and we provide molecular support as to why
HIF-2a. might contribute to tumor progres-
sion. It is of interest to note that in the tu-
mor specimens, specific intensity of HIF-2a
staining in positive cells correlated more to
poor patient outcome than fraction of HIF-
20 positive cells. That is, and as recently
suggested (Pietras et al., 2008), there seems
to be a specific subpopulation of HIF-2a
positive cells that contribute to neuroblas-
toma tumor progression and unfavorable
patient outcome.

Paper II: Transcriptional adaptation of
neuroblastoma cells to hypoxia

Summary

One of the main findings in this study is that
neuroblastoma cell lines grown at hypoxia
(1% O,) elicit heterogeneous gene regula-
tory responses. This was seen both with
regard to specific target genes and to what
levels known hypoxia regulated genes were
induced. However, a core set of known HIF
target genes were concomitantly regulated
and gene sets, relating to a general hypoxic
response, were significantly induced.

Discussion

As mentioned above, the cellular response
to hypoxia is primarily regulated by the
potent HIF transcription factors. These in
turn regulate the expression of other fac-
tors such as VEGF and BHLHB2 (shown
here), thus leading to activation of second-
ary signal transduction and transcriptional
networks (Das et al., 2005; Ivanov et al.,
2007). Therefore the striking heterogeneity
seen in the transcriptional response among
the seven neuroblastoma cell lines is per-
haps not surprising. An important technical
aspect is that we only performed one mea-
surement per cell line. The number of errors
can be expected to be fairly large, and it is
likely that the extensive gene regulatory ef-
fects observed would diminish if additional
replicates had been included.

However, when looking at a set of known
HIF-regulated genes (Semenza, 2003;
Wenger et al., 2005) we do see a similar
transcriptional response among the seven
cell lines. Furthermore, when using a mi-
croarray analysis strategy that takes general-
ized transcriptional responses into account,
several significantly altered transcriptional
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themes were observed. From the gene set
enrichment analysis it was clear that the hy-
poxic response of the seven neuroblastoma
cell lines did correspond to a universal hy-
poxia regulated pattern as determined by
analyses in many different cellular systems.
This conclusion is also supported by the fact
that all seven cell lines stabilize/become
enriched for HIF-1o and HIF-20, presum-
ably leading to activation of HIF-regulated
transcription. One important part of this re-
sponse was changes in metabolic patterns.
There was also a massive response relat-
ing to downregulation of proliferation, both
with regard to gene sets and to enrichment
of E2F-type transcription factor motifs. The
presence of the p21*!/p53 gene sets in the
top enriched downregulated gene sets is in-
triguing. However, promoter analyses of the
genes in these gene sets showed presence of
DNA sequences relating to the E2F1, E2F2
and E2F4 transcription factors (Wu et al.,
2002). Indeed, the majority of the gene sets
shown as downregulated in response to hy-
poxia overlap with each other and with the
E2F transcription factor DNA binding motif
sets (unpublished observations). With the
experiments and analyses presented in this
paper we considerably extend our previous
data on hypoxic gene regulation in neuro-
blastoma cells (Holmquist-Mengelbier et
al., 2006; Jogi et al., 2002; Jogi et al., 2004).
Moreover, we obtain valuable knowledge on
general gene expression in cultured neuro-
blastoma cells.

Paper I1I: HIF-1a induces MXI1 by
alternate promoter usage with limited
effects on the Myc network but strong
enhancement of specific hypoxic target
gene induction.

Summary

In this paper we show hypoxia-mediated
upregulation of MXI/ (Max interactor 1) in
neuroblastoma and breast carcinoma cells.
We define a specific hypoxia responsive ele-
ment in the MX// gene and show HIF de-
pendent transcriptional activation. However,
hypoxia mediated Mxil upregulation did not
affect known Myc/MycN target genes and at
a general level only weak effects were seen
on the Myc/MycN regulated pathway. We
did however, see Mxil dependent effects
on HIF-1a induced transcription, both when
looking at target genes and when employing
a HIF-specific reporter assay.

Discussion

Like the other members of the Mad protein
family, Mxil is a bHLH/LZ protein and is
therefore able to dimerize with Max. Indeed,
several studies have shown repression of
Myc transcriptional activation by competi-
tive Mxil:Max heterodimerization and E-
box binding (e.g. Lahoz et al., 1994; Zervos
et al., 1993). In the presented study, specific
Myc/MycN target genes, such as ODC, were
affected by the general hypoxia-mediated
downregulation of MycN levels (Jogi et al.,
2002), however, no additional effects were
seen when knocking down MX// using siR-
NA.

As mentioned in the article, two MXI! splice
variants (MXI1A4 and MX11B) with differen-
tial effects on Myc dependent transactivation
(Dugast-Darzacq et al., 2007) are transcribed
in SK-N-BE(2)c cells. We show a later in-
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duction of the Myc-inhibitory MXIIA, as
compared to the MX/1B isoform. This could
to some extent explain the weak effects of
MXII knock down seen with both microar-
ray and reporter construct assays. However,
at 24 h of hypoxia, when these assays were
performed, both MXIIA and MXIIB are ex-
pressed at more or less equal levels. More-
over, there were only minor differences in
siMXI1 effect on Myc/MycN dependent
transcription between the MYCN amplified
SK-N-BE(2)c and the non-amplified SK-N-
SH cell line. This could be due to the fact
that while SK-N-SH cells show relatively
low levels of MYCN mRNA, it does express
high levels of both MYC mRNA and protein
(Vandesompele et al., 2003). Recently pub-
lished data evidences that hypoxia-induced
Mxil indeed does affect Myc dependent
transcription in RCC cell lines (Zhang et al.,
2007), but we clearly do not see such strong
effects in the neuroblastoma cell lines as-
sayed here.

However, our results suggest that Mxil can
act as a cooperative transcription factor to
HIF-la. Knock-down of MXI] affected
several previously identified hypoxia target
genes (Paper I; Paper II) and furthermore a
general decrease in hypoxia responsiveness
was found in neuroblastoma cells by micro-
array analyses. Detailed analyses, including
a HIF reporter assay, showed that both MXI1
and HIF-1a were pivotal in the transactiva-
tion of these genes.

This adds a totally new function to MXII,
implicating it in a direct role during adap-
tation of cells to an hypoxic environment.
Moreover, MXI1:HIF-1a dependent regu-
lation of JAG2 transcription suggests an
additional mechanism for hypoxia/HIFs to
maintain neuroblastoma cells in an undiffer-
entiated state (Jogi et al., 2002; Lofstedt et
al., 2004; Pietras et al., 2008). However, it
should be mentioned that results concerning
HIF and Notch cooperative effects on differ-

entiation are at present contradictory (Gus-
tafsson et al., 2005; Yun et al., 2005).

Our results add to the emerging data regard-
ing an intricate HIFa and Myc cooperative
network. Indeed, besides HIF-1a functional-
ly counteracting Myc by induction of MX/1
and promotion of Myc degradation (Zhang
et al., 2007), HIF-1a and Myc/MycN have
been shown to regulate expression of the
same metabolic genes (e.g. Boon et al.,
2001; Osthus et al., 2000; Wenger et al.,
2005). Specifically HIF-1oo and Myc have
been shown to cooperate in shunting cells
towards glycolytic metabolism via induc-
tion of the HK2 and PDK]I genes (Kim et
al., 2007). It has been proposed that this
shift in cellular metabolism is a key feature
in tumorigenesis and tumor aggressiveness
(Gillies and Gatenby, 2007; Thompson and
Thompson, 2004).
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Paper I'V: Myc-pathway activation and
stage of neuronal differentiation identify
more malignant neuroblastomas

Summary

By using transcriptional signatures relating
to sympathetic neuronal differentiation and
Myc/MycN/MycL dependent gene regula-
tion we show that low stage of differentiation
and high expression of Myc/MycN/MycL
target genes correlate to advanced stage
and unfavorable outcome in neuroblastoma.
These measurements outperformed clinically
used prognostic markers such as INSS stage,
COG risk, and amplification of MYCN.

Discussion

Amplification of the MYCN oncogene has
for long been known to correspond to un-
favorable neuroblastoma patient prognosis,
however this genetic alteration is present
in only approximately 40% of tumors in
patients classified as high risk (Attiyeh et
al., 2005). Since the outcome for patients
with high-risk tumors is less than 40% (De
Bernardi et al., 2003; Matthay et al., 1999),
investigations leading to objective markers
of disease progression are warranted. Fur-
thermore, a subgroup of the patients initially
diagnosed as low- to intermediate risk even-
tually progress to aggressive disease. Early
identification of patients with elevated risk
for disease progression could lead to more
adjusted therapeutic intervention.

The basis for the Myc dependent gene ex-
pression signature employed here is that
Myc- and MycN-regulated transcription is
largely redundant. Reports comparing Myc
and MycN dependent transcription using
expression microarrays or SAGE showed
a 40-50 % overlap in target genes (Boon et
al., 2001; Raetz et al., 2003). Importantly,

in these studies MYC and MYCN transcrip-
tional effects were compared between cells
stemming from different malignancies (neu-
roblastoma, medulloblastoma and melano-
ma) and, as argued in this thesis, different
cell lines elicit differential gene regulatory
responses, even to potent transcription fac-
tors (Paper II). Myc and MycN functional
redundancy has been shown in assays where
c-myc and N-myc were replaced with each
other in an Ep mouse plasmacytoma model
or during mouse development (Malynn et al.,
2000; Wang et al., 1992). Moreover, MYCN
has repeatedly been identified as the only
proliferation rescuing factor in MYC deplet-
ed fibroblasts (Berns et al., 2000; Nikiforov
et al., 2000). Chromatin immunoprecipita-
tion analyses have also provided data that
Myc and MycN recognize the same promot-
er elements and regulates expression from
the same subset of target genes (Perini et al.,
2005). Of notable interest, SK-N-SH and its
subclone SH-SY-5Y are neuroblastoma cell
lines that express very little MYCN, but in-
stead high levels of MYC (Vandesompele et
al., 2003 and unpublished observations).

As discussed previously, the data regarding
MYCN mRNA and protein expression in cor-
relation to neuroblastoma patient outcome
are ambiguous. Since MYCN amplified tu-
mor specimens also express high levels of
MYCN/MycN it is likely that this is the fac-
tor leading to elevated activity of the Myc
pathway in these tumors. As for the MYCN
non-amplified tumor specimens presenting
high signaling through the Myc transcrip-
tional network, several explanations are pos-
sible. These fall into two general categories:
upstream regulators of MYC/MYCN tran-
script and protein levels, and modulators of
transactivation. It is known that neuroblas-
toma tumors can show high levels of MycN
in the absence of MYCN amplification, and
indeed high MYCN expression does corre-
late with an aggressive tumor phenotype in
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vitro (reviewed in Cohn and Ikegaki, 2000).
There are several signaling pathways acting
as positive regulators of MYCN expression
in neuroblastoma cells, including E2F and
IGF-1 (Misawa et al., 2000; Strieder and
Lutz, 2002; Strieder and Lutz, 2003). Differ-
entiation induced by e.g. NGF/TrkA has been
shown to downregulate MYCN (Matsushima
and Bogenmann, 1993). Therefore, another
possible explanation to elevated MYCN lev-
els is failure to differentiate, perhaps associ-
ated with low NTRK1 (TrkA) levels as seen
in aggressive neuroblastomas (Nakagawara
et al,, 1993). In medulloblastoma, sonic
hedgehog (SHH) induces MYCN expression
and in mouse models of this disease MycN
contributes to SHH dependent tumor induc-
tion (Hatton et al., 2006; Oliver et al., 2003).
However, a putative role for SHH in neuro-
blastoma has not been investigated. In vitro
studies have also shown a role for enhancers
of MYCN mRNA stability and protein half-
life in MYCN non-amplified cell lines (Cohn
et al., 1990; Manohar et al., 2002). Since
high levels of MYCN mRNA or protein gen-
erally does not correlate to adverse patient
outcome, this can only be a possible expla-
nation for elevated signaling though the Myc
pathway for a subset of cases. Recently, an-
other deregulated pathway with implications
for Myc dependent signaling was observed
in neuroblastoma (Liu et al., 2007). Wnt/B-
catenin is a developmentally regulated path-
way involved in neuronal development and
regulation of MYC (Bellmeyer et al., 2003;
Raible and Ragland, 2005). Elevated Wnt/f-
catenin signaling in combination with high
MYC levels were found in high-risk MYCN
non-amplified neuroblastoma tumors. The
finding that also some neuroblastoma cell
lines expressed low MYCN and high MYC in
combination with nuclear B-catenin makes
this a very interesting hypothesis (Liu et al.,
2007).

Skp2 is a member of the SCFS%? E3 ubiqui-

tin ligase complex that is involved in degra-
dation of e.g. p27%*'and p21°*! (Bornstein
et al., 2003; Carrano et al., 1999; Sutterliity
et al., 1999). Skp2 has also been shown to
ubiquitylate Myc and in doing so it not only
targets Myc for degradation, but also func-
tions as a coactivator of Myc-dependent
transcription (Kim et al., 2003; von der
Lehr et al., 2003). Whether Skp2 is also in-
volved in MycN dependent transactivation
is not known, however a recent publication
showed that high Skp2 levels were associ-
ated with an adverse prognosis in neuroblas-
toma (Westermann et al., 2007).

A mature stage of differentiation as defined
by morphology has for long been known to
correlate to favorable neuroblastoma prog-
nosis (Cushing and Wolbach, 1927; Shimada
et al., 1999; Shimada et al., 1984). The dif-
ferentiation gene expression signatures used
for the analyses in the presented paper are
based on observations concerning human
development, as well as inferred from stud-
ies on mouse and avian systems (e.g. Gam-
mill and Bronner-Fraser, 2003; Gestblom et
al., 1997; Hedborg et al., 1995; Hochner et
al., 1995; Hoehner et al., 1996; Hoehner et
al., 1998). Our model is based on two sets
of genes: those expressed in migratory and
pre-migratory neural crest cells, and those
that are expressed in mature sympathetic
neuronal tissues. The rationale behind this is
a gradual shift between these two signatures
as cells progress from precursors towards a
terminally differentiated state (Hoehner et
al., 1998). While this might not be entirely
true on the single gene level (especially in
a tumor setting) it is however reasonable to
assume that a cell expressing high levels of
the sympathetic neuronal markers is indeed
more differentiated than a cell expressing
low levels. Observations regarding higher
expression of neuronal markers in differen-
tiated and more benign neuroblastomas have
previously been reported. Furthermore, a
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prognostic implications of gene expression
patterns with reference to a differentiated
neuronal phenotype have been inferred from
clinical neuroblastoma microarray studies
(Asgharzadeh et al., 2006; Krasnoselsky et
al., 2005; Ohira et al., 2005). However, the
data presented in Paper IV is the first com-
prehensive study where stage of neuronal
differentiation measured at the molecular
level is related to patient outcome.
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Populdrvetenskaplig sammanfattning.

Cancer &r ett samlingsnamn pa en grupp
sjukdomar som har gemensamt att de yttrar
sig i att celler som normalt inte ska véxa
och dela sig boérjar gora det okontrollerat.
Dessa celler bildar en tumér och man skiljer
pa benigna och maligna tumérer. En benign
tumor dr godartad och sprider sig inte, men
kan dnda orsaka skada hos patienter genom
att exempelvis trycka pd blodkérl. Maligna
tumorer ir elakartade. De vixer invasivt, det
vill sdga de gar in i intilliggande vévnad. Ett
ytterligare kénnetecken ar att de sprider sig
till andra delar av kroppen, de metastaserar.
Bade invasiv vixt och metastaserande
sjukdom bidrar kraftigt till att forsamra
patientens chanser att 6verleva. Varfor vi
far cancer vet man i vissa fall, i andra inte.
Generellt sett okar risken for cancer med
stigande alder, tva tredjedelar av alla fall
intrffar efter 65 ars alder. Detta kan bland
annat bero pa att man under langre tid
utsatt sig for riskfaktor, till exempel asbest,
radioaktiva dmnen, rokning och vissa typer
av kost. Med tanke pé detta kan det vara
speciellt svart att forsta varfor barn far
cancer. Eftersom barn vanligtvis inte utsétts
for riskfaktorer pd samma sétt som vuxna
tror man att vissa barntumérer kan bero pa
att nagot gatt fel under fosterutvecklingen.

Min forskning handlar om en barntumér
som kallas neuroblastom. Det dr en cancer i
nervsystemet, utanfor skallen. En vildigt stor
del av tumorerna hittas i binjuren, som 4r ett
mycket litet organ lokaliserat ovanpa njuren.
Binjurens normala funktion dr att sldppa ut
adrenalin i1 blodomloppet. Neuroblastom ar
en relativt ovanlig sjukdom, 10 till 15 fall
diagnostiseras i Sverige varje ar. De flesta
patienterna dr vildigt unga, bara 10% av de
drabbade diagnostiseras nér de dr 6ver fem
ar. Att fa neuroblastom ar inte nodvéndigtvis
livshotande for ett barn. Hilften av alla
patienter har en godartad sjukdom och néstan

alla av dessa botas. Den andra halvan far en
mycket aggressiv variant med bade invasiv
och metastaserande vixt. Av dessa patienter
dr det bara cirka 40 % som Gverlever.

I de arbeten som presenteras i den hir
avhandlingen har jag forsokt forstda och
pavisa varfor vissa neuroblastom &r
aggressiva, medan andra dr godartade.

Ett centralt tema for min forskning ar
tumorhypoxi, det vill sdgasyrebristitumoren.
Detta uppkommer till foljd av att tuméren
véxer snabbare dn vad det bildas blodkarl
till den. Det uppkommer da ett scenario
som till viss del liknar vad som sker nér hart
anstrangda muskler férbrukar mer syre @n
vad cirkulationssystemet kan leverera. Bland
annat bildas mycket mj6lksyra. I den forsta
artikeln i avhandlingen (Paper I), visar vi att
det celluldra systemet for att kdnna av och
anpassa sig till omgivande syrenivaer ofta
ar felreglerat i neuroblastom. Vara resultat
pekar tydligt pa att detta bidrar till att 6ka
tumorens aggressivitet.

I den fjarde artikeln (Paper 1V) forsoker vi
skilja ut aggressiva fran icke-aggressiva
tumoérer med hjdlp av berdkningar pa
teman som vi sedan tidigare vet bidrar till
sjukdomens beteende. Vi visar att man pa
detta sitt med relativt god sdkerhet redan i
samband med diagnos skulle kunna forutsdga
patientens sjukdomsforlopp. Férhoppningen
ar att man genom att anvinda sig av den har
typen av metodik kommer kunna anpassa
cancerbehandling mer efter individen.
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