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Abstract

It has been proposed that a lack of apoptosis plays an important role in neuroblastoma (NB) progression. We therefore screened
c¢DNA array filters, including 198 apoptotic genes, in order to identify mRNA transcripts that are differentially expressed in tumours
with unfavourable versus favourable biology. Twenty-one genes were analysed further using real-time reverse-transcriptase-polymer-
ase chain reaction (RT-PCR). Significantly lower levels of DNCLI (PIN; P.(corrected) = 0.0054) and NTRKI (TrkA; P. = 0.039)
were found in NB tumours with unfavourable biology. In addition, BID, BCL2, APAFI, CASP2, CASP3 and CASP9Y were found
to be preferentially expressed in tumours with favourable biology, whereas CDKNIA (p21), IL2RA, and MCLI, were found to
be preferentially expressed in NB tumours with unfavourable biology. In conclusion, mRNA levels of transcripts encoding pro-
apoptotic mediators of the mitochondrial apoptotic pathway were found to be expressed to a lower extent in tumours with unfa-
vourable biology. Our data also suggest that the mitochondrial pathway is suppressed in advanced stages of NB tumours, due to an

imbalance between anti-apoptotic and pro-apoptotic mediators which is a finding that may have therapeutic significance.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Neuroblastoma (NB) is a tumour of the sympathetic
nervous system with a complex biological heterogeneity
depending on the clinical stage and age at diagnosis.
Generally, children diagnosed before age one and/or
with localised disease are cured with surgery and little
or no additional therapy. By contrast, older children,
frequently have extensive metastases at diagnosis, and
many of them die from tumour progression despite
intensive chemotherapy. The most important prognostic
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marker in determining the treatment for NB patients is
amplification of the oncogene MYCN, seen in approxi-
mately 31% of advanced NBs (reviewed in Ref. [1]).
Deletion of chromosome arm 1p and gain of chromo-
some arm 17q are also of great prognostic importance
[2,3].

Although the molecular mechanism underlying spon-
taneous regression seen in NB tumours with favourable
biology is still unclear, it is believed that this process, at
least partially, involves factors regulating programmed
cell death or apoptosis. Proper regulation of apoptosis
is essential for normal homeostasis and tissue develop-
ment [4,5]. Aberrations in apoptosis may contribute to
the pathogenesis of cancer, and are therefore likely
to be important in the progression to advanced NB.
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Inactivation of caspase-8 is seen in NB [6,7] and medi-
ates resistance to TRAIL (tumour necrosis factor-re-
lated apoptosis inducing ligand)-induced apoptosis [8].
Bcl-2 (b-cell CLL/lymphoma 2), an apoptotic suppres-
sor, is expressed at high levels in many NBs [9,10] and
is believed to prevent early apoptotic events in neuro-
blasts [11]. Some researchers have shown that the deter-
mination of Bcl-2 protein also provides prognostic
information [10,12,13], while others have found no cor-
relation between Bcl-2 oncoprotein expression and the
clinical features of NB [9,14,15]. High expression of sur-
vivin, a family member of the inhibitor of apoptosis pro-
teins (IAPs) localised to the 17q gain region, has also
been shown to correlate with advanced stages of NB
[16,17]. Moreover, the genes encoding caspase-1, cas-
pase-9 and DFF45 have all been shown to be expressed
to a low extent in advanced tumour stages [18-20].

In addition to inactivation of apoptotic pathways,
constitutive survival signalling can inhibit apoptosis.
Expression of different neurotrophin receptors of the
tyrosine kinase (Trk) family plays an important role in
the biology and clinical behaviour of NBs. Observations
from several independent studies suggest that high
expression of TrkA (encoded by NTRKI, neurotrophic
tyrosine kinase receptor type 1) is present in NB with
favourable biological features and highly correlated with
patient survival, whereas TrkB is mainly expressed in
unfavourable, aggressive NB with M YCN-amplification
[21,22]. Activation of TrkA by its ligand nerve growth
factor (NGF) initiates a cascade of signalling events
and promotes neuronal differentiation in vitro. Activa-
tion of TrkB by its ligand brain-derived neurotrophic
factor (BDNF) has been associated with proliferation
and survival of NB cells (reviewed in Ref. [21]). Other
growth factors essential for the maintenance of the
peripheral nervous system are the fibroblast growth fac-
tor (FGF) and the insulin-like growth factors 1 and 2
(IGF-1, IGF-2; [23]. The NB cell line, SH-SY5Y, ex-
presses both the type I and II IGF receptors [24] and se-
cretes active IGF-2 [25] which promotes autocrine
growth via the type 1 IGF receptor [26,27]. Neuronal
growth is associated with increased IGF-2 mRNA and
protein, whereas decreased IGF-2 mRNA and protein
result in growth arrest [25,27].

Still, there are many important apoptotic mediators
whose involvement in NB progression has not yet been
investigated. Therefore, the aim of this study was to
identify mRNA transcripts of genes involved in the
apoptotic pathway, differentially expressed in NB tu-
mours with favourable versus unfavourable biology. In
this study, we screened cDNA expression filters contain-
ing 198 apoptotic factors for differentially expressed
genes in two groups of clinical NB stages. The expres-
sion data were studied further using real-time reverse-
transcriptase-polymerase chain reaction (RT-PCR).
The results suggest that many apoptotic factors are

downregulated in NB tumours with unfavourable biol-
ogy which lead to suppression, primarily of the mito-
chondrial apoptotic pathway.

2. Materials and methods
2.1. Sample preparation

Tumour samples were obtained fresh frozen at sur-
gery from 19 Scandinavian patients with diagnosed
NB (Table 1; [28,29]). The patients were staged accord-
ing to the International Neuroblastoma Staging System
criteria (INSS; [30]). Total RNA was extracted from tu-
mour samples using the RNeasy mini kit (QIAGEN,
Hilden, Germany) or Totally RNA (Ambion, St. Aus-
tin, TX), according to the suppliers’ protocols. When
using the RNeasy mini kit, an additional DNase step
was added (QIAGEN). Total RNA obtained from 3
normal control individuals was extracted from lympho-
cytes (ethylenediaminetetra-acetic-acid (EDTA) blood),
enriched by Histopaque™ fractionation (Sigma-Aldrich
Corporation, St. Louis, MO) and purified using RNA
STAT-60 (Tel-Test, Friendswood, TX). The total
RNA quality was evaluated by spectrophotometric anal-
ysis (wavelengths 260 and 280 nm) and by electrophore-
sis on a native 1% agarose w/v gel. All RNA samples
showed an A,¢p/Arg0nm ratio in the range of 1.9-2.1,
and both the 28S (at approximately 2 kb) and the 18S
(at approximately 0.9 kb) ribosomal RNA bands were
clearly visible on the gel.

2.2. Experimental design

In this study, tumours were divided into two biolog-
ically based groups by the following criteria: Favour-
able; NB patient with no evidence of disease with a
primary tumour staged 1-3 with no M YCN-amplifica-
tion and no 1p-deletion. Unfavourable; NB patient with
advanced stage of disease or dead of disease with a pri-
mary tumour staged 4, or with a primary tumour staged
3 with M YCN-amplification and 1p-deletion (Table 1).

To identify differentially expressed genes, cDNA ar-
ray analysis was performed in a group of four favour-
able and four unfavourable NB tumours. Genes were
selected using the criteria of a fold-change (ratio) be-
tween the groups (favourable versus unfavourable) of
at least 2. The expression data was further studied using
real-time RT-PCR in a new set of six favourable and five
unfavourable NB tumours (Table 1).

2.3. ¢cDNA filters-laboratory procedures
The commercially available Human Apoptosis

Expression Array (R&D systems, Minneapolis, MN)
represents a collection of 198 genes involved in apopto-
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Table 1

Clinical data concerning primary neuroblastomas used in this study

Assay Group Case Stage 1p-del MYCN 17q gain Ploidy Outcome

cDNA filters F 14F6 1 neg neg neg 3n NED
F 18F1 1 neg neg pos NED
F 18F5 1 neg NED
F 10S7 1 neg ?
UF 10S2 4 pos (pos) DOD
UF 1259 4 pos/neg pos NED*
UF 13S0 4 pos pos pos DOD
UF 1583 4 neg/pos neg pos DOD

Real-time RT-PCR F 12F8 3 neg NED
F 15F3 3 neg neg neg S5n NED
F 18F8 2A neg 4n NED
F 20S9 2 neg neg NED
F 2354 2 neg neg 3n NED
F 2589 2 neg neg NED
UF 4F1 4 neg neg pos 2n DOD
UF 1381 3 pos pos pos DOD
UF 1654 3 neg/pos pos pos NED?
UF 1782 4 neg neg DOD
UF 28S8 4 neg neg ?

Column 2: F, favourable; UF, unfavourable; column 5-7: 1p del, 1p-deletion; MYCN, MYCN- amplification; 17q gain (according to Abel et al. [29)),
neg, negative; pos, positive; (pos), uncertain results; neg/pos, ambiguous results based upon short tandem repeat polymorphism (according to
Martinsson et al. [28]) and fluorescent in situ hybridisation (FISH); empty cells, not determined; column 9: NED, no evidence of disease; DOD, dead

of disease.

& NED, these cases have unfavourable biological markers, but have been subjected to extensive therapy and have no evidence of disease.

sis, including pro- and anti-apoptotic factors, cell-cycle
regulators, caspases, signal transduction factors, cyto-
kines and their receptors, and other factors involved in
apoptosis. The array consists of 206 different cloned
cDNAs, printed as PCR products in duplicate on a ny-
lon filter. Of these, eight are positive controls (house-
keeping genes), and another six negative controls
(empty vector) are also included in the array. Total
RNA (2 pg) from eight NB tumours were annealed to
apoptosis-specific primers (4 pl; R&D systems) in a ster-
ile water-adjusted reaction volume of 15 pl on a thermal
cycler at 90 °C for 2 min and were left to cool slowly to
42 °C. The RNA templates were labelled with **P in a
RT-PCR containing 1x Reverse Transcriptase buffer,
333 uM each of deoxyadenosine triphosphate (dATP),
deoxyguanidine triphosphate (dGTP), deoxythymidine
triphosphate (dTTP), 1.67 uM deoxycytidine triphos-
phate (dCTP), 20 U RNasin, 20 uCi [¢-**P]dCTP, and
50U AMV Reverse Transcriptase. The solutions were
adjusted with sterile water to a final reaction volume
of 30 ul, and were incubated at 42 °C for an additional
2-3 h on a thermal cycler. Unincorporated radioactive
nucleotides were removed from the labelling reaction
in Sephadex G-25 spin columns (R&D-systems), and
the percentage incorporation into the cDNA was
roughly estimated using a hand-held Geiger—Mueller
counter. Only cDNA with >50% incorporation were
hybridised to the cDNA nylon filter. Hybridisations
and washing steps were performed in roller bottles in a
hybridisation oven at 65 °C, according to the suppliers’
protocol. All samples were hybridised overnight (12-18

h). The cDNA arrays were exposed to a Kodak Low En-
ergy Storage Phosphor Screen HD (Molecular Dynam-
ics, Sunnyvale, CA) for 5-6 days and the imaging
screens were scanned at 50 pm pixel size on a Molecular
Imager FX Pro Multilmager System (BioRad Laborato-
ries, Hercules, CA). All tumours were hybridised to two
independent filters in two independent experiments.

2.4. ¢cDNA filters-data analysis

Gene expression image files were exported as lineage
TIFF files. Quantification and evaluation of gene
expression signals were determined using the ArrayVi-
sion software (Imaging Research, Ontario, Canada).
Pixel intensity of each spot was measured using the arte-
fact removed mean (ARM) density parameter, in which
pixels with density values that exceed four median abso-
lute deviations (MADs) above the median are removed
before the average of all pixels are calculated. Back-
ground was subtracted from each spot using the area be-
low each spot group. The intensity of each spot was
normalised using the average of all spots on the same fil-
ter as a reference, and the expression level was repre-
sented by the mean normalised intensity from the pair
of duplicate spots. A comparative expression analysis
was performed between all NB cases, presented as
fold-change ratios between the samples. The logarithms
of normalised expression levels were calculated, and
compared with a two-sample ¢-test reporting two-tailed
P-values.



Table 2
Summary of TagMan data
Gene Assay Probe no. Accession no. Exon Assay Gene Group Nominal Nominal P-value Corrected P-value Combined
boundary location localisation P-value array real-time real-time nominal P-value
IL2RA On demand Hs00166229_ml1 NM_000417 12 nt 223 10p15.1 Up 0.022* 0.067 0.54 0.0099**
MCLI On demand Hs00172036_m1 NM_021960  ? nt 823 1921.2 Up 0.37 0.081 0.57 0.12
CDKNIA (P21) On demand Hs00355782_m1 NM_078467  2/3 nt 679 6p21.31 Up 0.0087** 0.13 0.78 0.0074**
IGF2 On demand Hs00171254_m1 NM_000612 172 nt 550 11pl5.5 Up 0.093 0.24 1 0.1
TRAF2 On demand Hs00184192_m1 NM_021138  6/7 nt 661 9q34.3 Up 0.0082** 0.58 1 0.039*
DNCLI (PIN) by Design 185064448A 02 NM_003746  2/3 nt 225 12q24.31 Down 0.13 0.00049%** 0.0054%** 0.0012%*
NTRKI (TRKA) On demand Hs00176787_ml NM_002529  3/4 nt 363 1g23.1 Down  0.0075** 0.0038** 0.039* 0.00059%**
APAFI On demand Hs00185508_m1 NM_013229 ? nt 3141  12q23.1 Down  0.0061** 0.012* 0.11 0.001%**
BAKI by Design 185123495A 13 NM_001188  3/4 nt 417 6p21.31 Down 0.052 0.27 1 0.072
LTA (TNFB) On demand Hs00236874_m1 NM_000595  3/4 nt 350 6p21.33 Down 0.013* 0.3 1 0.024*
CASP7 On demand Hs00169152_m1 NM_001227  6/7 nt 995 10g25.3 Down  0.040* 0.38 1 0.085
BID On demand Hs0060930_ml  NM_001196  2/3 nt 152 22ql1.21 mito 0.16 0.0055%* 0.055 0.0049**
BCL2 On demand Hs00608023_m1 NM_000633 12 nt 616 18q21.33 mito 0.083 0.0061%* 0.055 0.0032%*
CASP9 On demand Hs0060941_ml  NM_001229  2/3 nt 515 1p36.13-1p36.21 mito 0.480 0.015* 0.12 0.027*
CASP3 On demand Hs00263337_m1 NM_032991 6/7 nt 668 4q35.1 mito 0.29 0.017* 0.12 0.018*
CASP2 On demand Hs00154242_m1 NM_001224  6/7 nt 742 7q34 mito 0.044* 0.026* 0.15 0.0054**
BAD On demand Hs00188930_m1 NM_004322 172 nt 429 11q13.1 mito 0.097 0.17 0.85 0.83
BAX On demand Hs00751844_m1 NM_138762 ? nt 143 19q13.33 mito nd 0.41 1 nd
BCL2L1 (BCLX) On demand Hs00236329_ml1 NM_138578  2/3 nt 929 20q11.21 mito 0.82 0.67 1 0.67
CASPI10 On demand Hs00609648_m1 NM_032976 12 nt 185 2q33.1 mito nd 0.73 1 nd
CASPS8 On demand Hs00154256_m1 NM_001228  6/7 nt 905 2q33.1 mito 0.065 0.97 1 0.17

Column 6: nt, nucleotide; Column 8: up, upregulated in unfavourable NB tumors on cDNA array; down, downregulated in unfavourable NB tumors on cDNA array; mito, mitochondrial
involvement; Column 9: Nominal two-tailed P-values reported from relative expression in cDNA array analysis; Column 10: Nominal P-values reported from relative expression in real-time RT-
PCR TagMan analysis. The up and down groups report one-tailed P-values, and the mito-group reports two-tailed P-values; Column 11: P-values from column 10 corrected by Stepdown

Bonferroni; Column 12: Nominal two-tailed P-values reported from combined cDNA array and TagMan analysis. BAX and CASPI0 (nd, not determined) were both excluded from the cDNA

array analysis because of very weak spot signals (see text for details). Statistical significance is marked: *P < 0.05, **P < 0.01, ***P < 0.001.
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2.5. Real-time RT-PCR — ¢cDNA preparation

2.4 pg total RNA of each sample (12 pl) were reverse-
transcribed in a 20 pl reaction containing 12.5 ng/ul
Random Primers (Promega, Madison, WI), 0.5 mM
deoxynucleotide triphosphate (dANTP)-mix (Amersham
Pharmacia Biotech), 10 mM dithiothreitol (DTT), 1x
First Strand Buffer, and 10 U Superscript II RNase H
Reverse Transcriptase (Invitrogen, Carlsbad, CA). The
samples were incubated at 25 °C for 10 min, reverse-
transcribed at 42 °C for 50 min, followed by an inactiva-
tion step at 70 °C for 15 min.

2.6. Real-time RT-PCR — endogenous control

We used the TagMan Human Endogenous Control
Plate (Applied Biosystems, Foster City, CA) to select
the most appropriate endogenous control for the real-
time RT-PCR quantification analysis. Eight different
samples of primary NB in different stages were tested
for their expression levels of 10 commonly used house-
keeping genes, i.e., acidic ribosomal protein, B-actin,
cyclophilin, glyceraldehyde-3-phosphate dehydrogenase,
phosphoglycerokinase, B,-microglobulin, B-glucuroni-
dase, hypoxanthine ribosyl transferase, transcription
factor IID (TATA binding protein), and transferrin
receptor. The total RNA quantity in each sample was
determined by spectrophotometric analysis at a wave-
length of 260 nm. Real-time RT-PCR was performed
in 96-well plates using a ABI PRISM® 7700 Sequence
Detection System (Applied Biosystems). Amplification
reactions (50 pl) were carried out in duplicate with 0.2
ul template cDNA, 1x TagMan Universal PCR Master
Mix (Applied Biosystems), 1x VIC-labelled Gene
expression Assay Mix (pre-dried in wells), according to
the suppliers’ protocol (Applied Biosystems). Thermal
cycling was initiated with a 2 min incubation at 50 °C,
followed by a first denaturation step of 10 min at 95
°C, and then by 45 cycles of 15 s at 95 °C and 1 min
at 60 °C. The ACt (compared to a calibrator Cr) of each
sample was calculated (data are available upon request).

2.7. Real-time RT-PCR with TagMan

Real-time RT-PCR was performed in 384-well plates
using a ABI PRISM® 7900HT Sequence Detection Sys-
tem (Applied Biosystems). TagMan primers and probes
(Table 2) were derived from the commercially available
“TaqMan® Assays-on-Demand™ Gene Expression
Products” (http://myscience.appliedbiosystems.com). A
keyword search for each gene name or accession number
was performed, and the respective assay kit was ordered
directly from the website. If the gene in question was not
available as Assays-on-Demand, we used the “Taqman®
Assays-by-DesignSM Gene Expression Service” facility
(Applied Biosystems). A selected part of the cDNA se-

quence, followed by information about exon-exon
boundary sites, was uploaded to the website using the
program File Builder (Applied Biosystems), and the best
primer-probe set design was manufactured. Amplifica-
tion reactions (10 pl) were carried out in duplicate with
0.1 pl of template cDNA, 1x TagMan Universal PCR
Master Mix (Applied Biosystems), 1x FAM-labelled As-
say-on-Demand Gene expression Assay Mix (Applied
Biosystems; Table 2). Thermal cycling was initiated with
a 2 min incubation at 50 °C, followed by a first denatur-
ation step of 10 min at 95 °C, and then by 40-50 cycles
of 15sat95°C and 1 min at 60 °C. In each assay, a stan-
dard curve with seven cDNA dilutions was recorded,
and four no-template controls were included.

2.8. Real-time RT-PCR — quantification and
normalisation

Quantification was performed by the standard-curve
method. In summary, a standard curve was recorded
in each PCR assay for all genes using serial dilutions
(1:2.5, 1.5, 1:10, 1:20, 1:40, 1:80, 1:160) of calibrator
cDNA (NB cell line IMR-32 or from normal blood).
The mean Cr-value for duplicates were calculated, and
the gene concentration (or gene copy number) of test
samples were interpolated, based on standard curves.
Standard curve dilutions were estimated to correspond
to approximately 12, 6, 3, 1.5, 0.75, 0.375, 0.1875 ng/ul
of the original total RNA. All samples were normalised
to the housekeeping gene GUSB (B-glucuronidase) in the
same cDNA sample.

2.9. Real-time RT-PCR — data analysis

The logarithms of expression levels were calculated
and genes were compared with a two-sample r-test.
Genes that were followed up by real-time RT-PCR were
analysed in two groups: a confirmation group of 11
genes (up or down, Table 2) reporting one-tailed P-val-
ues, and a group of 10 genes, selected for its role in the
mitochondrial pathway, reporting two-tailed P-values
(Table 2). The P-values of the relative expression levels
were corrected (P.) by Step-down Bonferroni [31] for
each group. In addition, a combined analysis (Peomp)
of the t-statistic from the two experiments was per-
formed by taking Zcombined = \/gtmicroarray + \/gttaqmana
where the weights are chosen to contribute equally to
variance.

3. Results
3.1. ¢cDNA filters

Sixty-seven of 206 genes (33%) were excluded from
the analysis. Of these, 59 yielded a very weak or no
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signal (generally a normalised ARM intensity < 0.1). In
addition, all eight housekeeping genes were also ex-
cluded, since they were not considered to be of interest.
The two independent filters from each tumour showed
almost identical patterns (data not shown). The better
of the two filters from each tumour was selected and
the fold-change (ratio) in each tumour with unfavour-
able biology versus the average intensity in all tumours
with favourable biology was determined (Table 1; Fig.
1). A calculation of the fold-change between groups (F
and UF, Table 1) was also determined, based upon the
average intensity in each group. Eleven differentially ex-
pressed genes were selected (Fig. 1(b)). Of these, TRAF2,
CDKNIA, IL2RA, IGF2, APAFI, NTRKI, LTA,
CASP7, BAK were differentially expressed by a factor
exceeding 2.0 (ratio > 2.0), calculated by the average
intensities between groups, and MCLI and DNCLI
were differentially expressed by a factor exceeding 2.5
(ratio > 2.5) in two comparisons of a tumour with unfa-
vourable biology versus the average of NB tumours with
favourable biology (Fig. 1(b)). Of the selected genes,
TRAF2, CDKNIA, IL2RA, APAFI, NTRKI, LTA,
and CASP7 correlated significantly (P < 0.05; Fig.

(a) F UF
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1(b)) after cDNA array data analysis. All selected genes
were further analysed for verification by real-time RT-
PCR.

3.2. Real-time RT-PCR

In order to select the most appropriate endogenous
control for the real-time RT-PCR quantification analy-
sis, we tested eight different primary NB samples in dif-
ferent stages for their expression levels of 10 commonly
used housekeeping genes. GUSB (B-glucuronidase) and
B2M (P>-microglobulin) showed the lowest variations
in ACr levels, and were expressed at constant levels in
all samples regardless of the NB stage (data are available
on request). GUSB was selected, and used as an internal
reference for normalisation in the real-time RT-PCR
quantification analysis.

The 11 genes selected according to cDNA array anal-
ysis were validated by real-time RT-PCR in three tu-
mours (cases 10S2, 13S0, 15S3) from the same initial
tumour set (Table 1). These cases all showed nice corre-
lations between the cDNA array and real-time RT-PCR
assays. Unfortunately, no more material was available

(b)
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Fold-change vs. favourable NBs

Fig. 1. Eleven differentially expressed genes studied by cDNA array analysis. (a) Array spot signals from four tumours with favourable biology (F,
stage 1) and four tumours with unfavourable biology (UF, stage 4, Table 1). Upper panel; five genes preferentially expressed in tumours with
unfavourable biology (F < UF). Lower panel; six genes preferentially expressed in tumours with favourable biology (F > UF). Signals are from
image TIFF files generated after scanning of Phosphoimager screens exposed to each filter. (b) Diagram showing fold-change, upregulation (+) or
downregulation (—), in each of four tumours with unfavourable biology (case: 10S2, 1259, 13S0, and 15S3), versus the average intensity of four
tumours with favourable biology (14F6, 18F1, 18F5, 10F7, stage 1; Table 1). Statistical significance is marked: *P < 0.05; **P < 0.01 (Table 2).
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Fig. 2. Diagram showing fold-change, upregulation (+) or downregulation (—), of 21 genes analysed by real-time RT-PCR expression analysis. Six
tumours with favourable biology and five tumours with unfavourable biology (Table 1) were analysed. Expression ratios were calculated in each
tumour with unfavourable biology versus the average gene concentration in the six tumours with favourable biology. Up; genes selected from the
cDNA array expressed to a high extent in tumours with unfavourable biology (Table 2). Down; genes selected from the cDNA array expressed to a
low extent in tumours with unfavourable biology (Table 2). Mito; genes selected because of their involvement in the mitochondrial pathway (Table

2). A 138-fold decrease of NTRKI mRNA was found in case 13S1.

from the other five NB tumours from the initial tumour
set, and these could therefore not be investigated by
real-time RT-PCR. All 11 differentially expressed genes
selected from the cDNA array were further analysed by
real-time RT-PCR in a new set of six tumours with
favourable and five tumours with unfavourable biology
(Table 1; Fig. 2). Four mRNA transcripts (MCLI,
APAFI, CASP7, and BAKI) encode proteins involved
in the mitochondrial pathway of apoptosis. This
prompted us to extend our real-time RT-PCR analysis
to include 10 other genes encoding important mediators
of this pathway (five caspases and five Bcl-2 family
members; Table 2; Fig. 3). Significantly lower levels of
DNCLI (P.=0.0054; Table 2) and NTRKI
(P.=0.039) mRNA could be detected in NB tumours
with unfavourable biology. APAFI (P = 0.012) was also
found to be expressed to a low extent in NB tumours
with unfavourable biology, and correlated significantly
based upon the nominal P-value. MCLI (P =0.081)
was expressed to a high extent in some tumours of unfa-
vourable biology (Fig. 2 and Table 2). mRNA tran-
scripts encoded by TRAF2, BAKI, and CASP7 could
not be verified by real-time RT-PCR analysis (Fig. 2
and Table 2). Of the genes selected as a result of their
involvement in the mitochondrial pathway, BID
(P =0.055) and BCL2 (P =0.055; Table 2) showed
apparently lower mRNA levels in tumours in advanced
stages, compared with those with favourable biology.

CASP2, 3, and 9 were also expressed to a lower extent
in tumours with unfavourable biology and correlated
significantly according to nominal P-values (P < 0.05),
following real-time RT-PCR analysis.

3.3. Combined data analysis

The combined data analysis of microarray and real-
time RT-PCR suggest the mRNA level of IL2RA
(Pcomb = 0.0099) and CDKNIA (P.omp = 0.0074; Table
2) to be upregulated in tumours with unfavourable biol-
ogy. In addition, APAFI (Peomp=0.001) CASP2
(Pcomb = 0.0054), CASP3 (Peomp = 0.018), and CASP9
(Peomb = 0.027) were found to be downregulated in NB
tumours with unfavourable biology. Moreover, LTA
(Peomb = 0.024) was found to be expressed to a lower ex-
tent in some NB tumours in advanced stages, but this
could not be verified by real-time RT-PCR analysis
(P =0.3, Table 2).

4. Discussion

In the search for a tumour suppressor gene proposed
to be inactivated in advanced stages of NB tumours, we
and others have been searching for mutations in several
candidate genes, with a focus on the heterozygously de-
leted area on the distal part of chromosome arm 1p [32].
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Fig. 3. Simplified schematic representation of apoptosis focused mainly on the mitochondrial apoptotic pathway. Intracellular stimuli induce the
activation involving proteins of the Bcl-2 family, i.e. Bid, Bad, Bax, Bak (pro-apoptotic), and Bcl-2, Bcl-x, Mcl-1 (anti-apoptotic), which results in
alteration of the permeability of the mitochondrial membrane. Cytochrome ¢ migrates from the intermembrane space into the cytosol and interacts
with the Apaf-1 protein. The resulting complex activates caspase-9 and, in turn, caspase-3. Activated caspase-3 causes the final apoptotic event.
Several transcripts, encoding proteins involved in this pathway, are shown in Fig. 2 to be differentially expressed in tumours with unfavourable versus
tumours with favourable biology in this study. Proteins expressed to a lower extent in tumours with unfavourable compared with those with
favourable biology (Apaf-1, caspase-2, PIN, Bcl-2, Bid, caspase-3, caspase-9), are marked in green, proteins expressed to a higher extent in tumours
with unfavourable compared with those with favourable biology (p21 and Mcl-1) are marked in red, and genes checked by real-time RT-PCR
expressed uniformly in NB tumours of all stages are marked in yellow. Statistical significance is marked: *P < 0.05, **P < 0.01 (Table 2). See text for

more details.

Recently, we found some rare allele variants in two
genes located in 1p36, one encoding the alpha subunit
of the DNA Fragmentation Factor (DFF45), and the
other encoding caspase-9, a key caspase in the mito-
chondrial pathway [19]. A number of publications reveal
a correlation between apoptotic factors and the progno-
sis of NB patients [6-13,16,17,19,20]. In an attempt to
investigate the role of aberrant apoptosis in NB progres-
sion, we have now screened an apoptotic cDNA array in
order to find genes that are differentially expressed in tu-
mours with unfavourable versus favourable biology. Our
intention was to investigate the expression level of indi-
vidual apoptotic genes, as well as to look at mRNA lev-
els of proteins in the apoptotic pathway as a whole, in
NB tumours with different biological characteristics.

4.1. The Bcl-2 family members

Cytochrome c¢ release is a critical step in the activa-
tion of the downstream caspase protease cascade [33].

The anti-apoptotic members, Bcl-2, Bcl-xy (bel-2 like
1), and Mcl-1 (myeloid cell leukaemia sequence 1), all
work by blocking cytochrome c release from mitochon-
dria, whereas the pro-apoptotic members, Bid (BH3
interacting domain death agonist), Bad (bcl-2 antagonist
of cell death), Bax (bcl-2-associated X protein), and Bak
(bcl-2 antagonist killer), promote this release (Fig. 3). In
contrast to the findings from many other studies
[9,10,12,13], we found Bcl-2 (P, = 0.055, Table 2) to be
preferentially expressed in NB tumours with favourable
biology (Fig. 2). This puzzling finding could be ex-
plained by the different techniques used to perform gene
expression analysis in different studies. In all cited pub-
lications, Bcl-2 expression was detected by immunohis-
tochemical analysis, a technique that allows individual
cells to be studied and correlations to other prognostic
markers can be made more easily. The mRNA stability
of the BCL2 transcript in treated and untreated NB pa-
tients is of course also a factor that should be taken into
consideration. BCL2 is localised to 18q21.33, a region
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that displays a high frequency of allelic imbalance in ad-
vanced NB stages [34]. This feature could lead to the
lower copy number in advanced tumours found in this
study. However, according to Takita and colleagues
[35], BCL2 is localised outside of the most commonly
deleted region in 18q21.1.

In contrast to BCL2, the gene encoding myeloid cell
leukaemia sequence 1 (MCLI) is upregulated in some
advanced NB stages (Figs. 1 and 2). Mcl-1 has been
shown to prolong cell viability and, like Bcl-2, to inter-
act with Bax [36,37]. Genetically engineered mice with
MYCN overexpression targeted to cells derived from
the neural crest using the tyrosine hydroxylase promoter
have been shown to develop NB several months after
birth. Interestingly, a comparative genomic hybridisa-
tion (CGH) analysis of the resulting murine NBs reveals
gain of the murine Mcl-1 locus in up to 56% of tumours
[38,39].

Bad works through inhibition of the mitochondrial
membrane-associated partners, Bcl-2 and Bcl-xy, by
complex formation [33]. Bad is rapidly phosphorylated
in response to survival factors, which results in dissoci-
ation from Bcl-2 and Bcl-xp complexes [40]. Using
real-time RT-PCR analysis, slightly lower levels of
BAD could be detected in NB tumours with unfavour-
able versus favourable biology (Fig. 2), while cDNA ar-
ray analysis yielded uniform expression. Low levels of
Bad would lead to decreased levels of cytochrome c¢ re-
lease, decreased activation of the caspase cascade and
apoptosis.

4.2. The cytotoxic and death receptor pathways

Experiments have shown that the Fas/caspase-8
death receptor pathway is coupled to the mitochondrial
pathway through the pro-apoptotic protein Bid ([41,42];
Fig. 3). Both the cytotoxic (directly, through granzyme
B, GrB) and the death receptor pathways (indirectly,
through caspase-8) induce apoptosis mainly through
the proteolytic cleavage of full-length Bid (FI-Bid),
resulting in two different proteolytic truncations of Bid
(p13-tBid and pl5-tBid), respectively ([43]; Fig. 3).
These proteolytic truncations exhibit different affinities
towards Bax and Bak. Moreover, Bax and Bak have
been shown to play a non-redundant role in Bid-medi-
ated apoptosis, as double Bax and Bak deficiency se-
verely impairs the apoptotic programme [43].
Although BAKI was found to be downregulated in tu-
mours with unfavourable biology using cDNA array
analysis, we concluded from the real-time RT-PCR
analysis that the genes encoding both Bax and Bak were
uniformly expressed, irrespective of tumour biology.
However, the low level of BID mRNA (P, = 0.055; Ta-
ble 2) in NB tumours with unfavourable biology would
affect the cross-talk of the cytotoxic and death receptor
pathways with the mitochondrial pathway appreciably

and, at least to some extent, yield the same effect as dou-
ble Bax and Bak deficiency (Fig. 3).

Caspase-8 has been shown to be silenced by DNA
methylation, as well as by gene deletion, in NB tumours
with unfavourable biology [6,7]. Using cDNA array
analysis, we found the CASP8 mRNA level to be half
as much in tumours with unfavourable biology as in
NB tumours with favourable biology (P = 0.065, ratio
1.7, data not shown). However, this could not be verified
by real-time RT-PCR analysis, through which low levels
of CASP8 mRNA were found only in case 13S1 (Fig. 2).

4.3. P53-induced apoptosis

DNA damage and oxidative stress activate two path-
ways, one involving p53-dependent apoptosis through
transcriptional upregulation of Bax, and the other
involving p53-dependent activation of p21 that protects
cells from apoptosis ([44]; Fig. 3). p21, encoded by
CDKNIA (cyclin-dependent kinase inhibitor 1A), is a
major inhibitor of p53-dependent and p53-independent
apoptosis, and may block apoptosis by interacting with
pro-apoptotic molecules such as procaspase-3 and cas-
pase-8. Moreover, the p2l-activated kinase 5 (PakS5)
has been shown to inhibit apoptosis by phosphorylating
Bad [45]. Although not significantly verified by real-time
RT-PCR, the combined data analysis indicates
CDKNIA (Peomp = 0.0074; Table 2) to be upregulated
in advanced tumour stages (Figs. 1(b) and 2). However,
p21 may possess both pro-apoptotic and anti-apoptotic
abilities, depending on the specific cellular context [46].

4.4. The caspase cascade

Oligomeric Apaf-1 (apoptotic protease activating fac-
tor 1) mediates cytochrome c-dependent autocatalytic
activation of procaspase-9, thereby initiating the proteo-
lytic cascade that culminates in apoptosis (Fig. 3). In
this study, we found the genes encoding Apaf-1 and cas-
pase-9 to be expressed to a low extent in tumours from
patients with an unfavourable biology. This confirms an
earlier study, in which we found lower expression levels
of CASPY in advanced staged NB tumours, compared
with NB tumours with favourable biology, detected by
RT-PCR in primary NBs [19]. In contrast, Apaf-1 and
caspase-9 have been shown to be expressed and func-
tionally active in human NB cell lines with 1p36 loss
of heterozygosity (LOH) and amplified MYCN. Inter-
estingly, caspase-9 has been shown to be a necessary re-
sponse to the cytotoxic drugs doxorubicin and cisplatin,
whereas caspase-8 is not activated and blocking of its
function does not interfere within drug-treated cells [47].

All “‘executioner”” pathways of apoptosis cause the
proteolytic activation of caspase-3 (and its homologues,
caspase-6 and -7), followed by the final cascade with
cleavage of multiple downstream substrates (Fig. 3).
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We found that the mRNA level of caspase-3 (CASP3) is
frequently downregulated in tumours with unfavourable
compared with NB tumours with favourable biology.
This confirms an earlier finding of caspase-3 deficiency
in human NB [48]; a significant percentage of NB tu-
mours were revealed to lack caspase-3 mRNA and pro-
tein. However, Iolascon and colleagues could not find
any correlation between caspase-3 mRNA deficiency
and tumour stage or M YCN status [48]. We also found
a decreased copy number of the downstream caspase-2
in advanced tumour stages, whereas caspase-7 and cas-
pase-10 were found to be uniformly expressed in all tu-
mour stages (Fig. 2).

4.5. Survival signalling

Nitric oxide (NO) has been shown to play a neuro-
protective role both in the NB cell line SH-SY5Y [49]
and in dorsal root ganglion neurons [50], by inhibiting
Bax, caspase-3 and caspase-9 ([50]; Fig. 3). Moreover,
Ciani and colleagues found that Bcl-2 is downregulated
in cerebellar neurons by NO shortage [51]. PIN (protein
inhibitor of neuronal nitric oxide synthase) or DLCI
(dynein light chain) is an integral component of the dy-
nein motor complex and is known to physically interact
with and inhibit the activity of neuronal nitric oxide
synthase (nNOS; Fig. 3). We found the mRNA tran-
script (DNCLI, dynein cytoplasmic light polypeptide
1) encoding PIN to be significantly (P, = 0.0054) down-
regulated in tumours from patients who died from dis-
ease progression, which would lead to higher levels of
NO, and thus to a higher degree of cell death inhibition
in these cases.

Neurotrophin signalling plays a central role in nor-
mal neural development, and low expression of NTRK]
(encoding TrkA) is a well known prognostic marker of
advanced stages of NBs [21,52]. These observations were
further supported by our data, in which NTRKI was
shown to be significantly (P, = 0.030) downregulated
in all advanced tumour stages, compared with those
with favourable biology. NTRKI was found to be de-
creased 2-8-fold in tumours with unfavourable biology
using cDNA array analysis (Fig. 1(b)), and 7-138-fold
in NB tumours with unfavourable biology analysed
using real-time RT-PCR (Fig. 2).

IGF-2 is the major autocrine growth factor for NB.
Neuronal growth is associated with increased IGF-2
mRNA and protein, and the NB cell line SH-SY5Y
has been shown to establish an autocrine growth loop
via IGF-2 secretion and the type I IGF receptor
[26,27]. IGF-2 has also been suggested to counteract
the effects of retinoic acid treatment [53]. In this study,
we found IGF-2 to be expressed at high levels in some
tumours with unfavourable biology by screening of the
apoptotic cDNA filter (Fig. 1). However, this expression

pattern could not be confirmed by real-time RT-PCR
analysis (Fig. 2).

Interleukin-2 (IL-2) signalling is important in T-cell
activation and proliferation following antigen-induced
T-cell response. Synthesis of the alpha chain of the IL-
2 receptor (encoded by IL2RA) as well as the cytokine
IL-2 is induced in response to T-cell activation, and
binding of IL-2 to its high affinity receptor promotes
T-cell growth in an autocrine fashion. It is also specu-
lated that IL-2 can engage in tumour-promoting activity
in human non-haemapoietic cells [54]. High levels of the
I1L2RA transcript (Peomp = 0.0099; Table 2) were seen in
some advanced staged NB tumours (Figs. 1 and 2).
Unfortunately, the expression signal for /L2 was consid-
ered to be too weak, and this gene could therefore not be
included in the data analysis of the cDNA filters. Lym-
photoxin (LT-a), also known as tumour necrosis factor-
B (TNF-B), is a cytokine that binds in its homotrimeric
form to Tnfr-1, Tnfr-2, and HVEM. LT-« is produced
by lymphocytes and is cytotoxic to a wide range of tu-
mour cells in vitro and in vivo. We detected low levels
of LTA mRNA in some NB tumours with unfavourable
biology (Figs. 1 and 2). Puzzlingly, LTA expression has
been found to be positively regulated by IL-2 signalling
via the Jak-STAT pathway in secondary lymphoid or-
gans [55].

In summary, of the 21 transcripts analysed, several
mRNA transcripts encoding pro-apoptotic mediators
of the mitochondrial pathway were found, using
real-time RT-PCR analysis, to be preferably expressed
in NB tumours of the more favourable subtype. How-
ever, only the genes encoding PIN (DNCLI; P, < 0.05)
and TrkA (NTRKI; P.<0.05) were significantly
downregulated, and the genes encoding Bcl-2
(P, = 0.055) and Bid (P, = 0.055) were evidently down-
regulated in tumours with unfavourable compared
with tumours with favourable biology. The apparent
imbalance between pro-apoptotic and anti-apoptotic
mediators might have a decisive effect on the develop-
ment and aggressive behaviour of advanced neuroblas-
toma. The specific downregulation of important
regulators in the intrinsic caspase-dependent apoptotic
pathway may be responsible for drug resistance in
high-risk NB. As recently shown, the specific activa-
tion of the mitochondrial apoptotic pathway using
cyclooxygenase-2 inhibitors effectively induces apopto-
sis of NB cells both in vitro and in vivo [56]. We con-
clude that our results should have significance with
regard to the design of novel therapeutic approaches
that specifically address the imbalance of the intrinsic
apoptotic pathway in aggressive NB.
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