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Abstract

Aberrant hypermethylation occurs in tumour cell CpG islands and is an important pathway for the repression of gene tran-
scription in cancers. We investigated aberrant hypermethylation of 11 genes by methylation-specific polymerase chain reaction
(PCR), after treatment of the DNA with bisulphite, and correlated the findings with M YCN amplification and allelic status at 1p in
a series of 44 neuroblastic tumours. This tumour series includes five ganglioneuromas (G), one ganglioneuroblastoma (GN) and 38
neuroblastomas (six stage 1 tumours; five stage 2 tumours; six stage 3 cases; 19 stage 4 tumours, and two stage 4S cases). Aberrant
methylation of at least one of the 11 genes studied was detected in 95% (42 of 44) of the cases. The frequencies of aberrant
methylation were: 64% for thrombospondin-1 (THBSI); 30% for tissue inhibitor of metalloproteinase 3 (TIMP-3); 27% for O°-
methylguanine-DNA methyltransferase (MGMT); 25% for p73; 18% for RBI; 14% for death-associated protein kinase (DAPK),
pI44RE | p16"NK4 and caspase 8, and 0% for TP53 and glutathione S-transferase P1 (GSTPI). No aberrant methylation was
observed in four control normal tissue samples (brain and adrenal medulla). M YCN amplification was found in 11 cases (all stage 4
neuroblastomas), whereas allelic loss at 1p was identified in 16 samples (13 stage 4 and two stage 3 neuroblastomas, and one
ganglioneuroma). All but one case with caspase 8 methylation also displayed MYCN amplification. Our results suggest that pro-
moter hypermethylation is a frequent epigenetic event in the tumorigenesis of neuroblastic tumours, but no specific pattern of
hypermethylated genes could be demonstrated.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

According to Schwab and colleagues [1], neuroblastic
tumours are ‘‘childhood embryonal neoplasms com-
posed of migrating neuroectodermal cells derived from
the neural crest and destined for the adrenal medulla
and sympathetic nervous system’. Four types of neuro-
blastic tumours are characterised by a distinct schwan-
nian stroma component and they are classified as
neuroblastoma, nodular or intermixed gang-
lioneuroblastoma, and ganglioneuroma [1]. Neuro-
blastoma is one of the most common paediatric solid
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tumours and is clinically variable since some tumours
undergo spontaneous regression, while others have
metastasised at presentation. Accordingly, the tumour is
commonly classified by the stage of tumour develop-
ment [2]. Patients with early stage (1, 2 and 3) tumours
have good/intermediate overall survival chances; how-
ever, stage 4 tumours are generally characterised by an
unfavourable prognosis. The disseminated form of the
disease (stage 4S) involves multiple organs/tissues and
has a better prognosis than regular stage 4 tumours.
The molecular pathology of neuroblastoma shows
several genomic alterations including amplification of
the MYCN oncogene, loss of heterozygosity (LOH) at
Ip, 2q, 9p, 11q, 14q and 18q, and gain of genetic mate-
rial at 17q (for a review see Ref. [1]). The pI6/V5% gene
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on 9p21 and the dcc gene on 18q21 have been proposed
as candidate tumour suppressor genes that are inacti-
vated in neuroblastoma [3,4], and up to three distinct
genes of this category involved in neuroblastoma devel-
opment appear to be located on 1p35.36 [5]. MYCN
amplification and 1p deletion are indicators of poor
prognosis; since both anomalies frequently present in
association (90% of cases with MYCN amplifcation
also display 1p loss), they characterise a genetically dis-
tinct subgroup of aggressive neuroblastomas [6].

CpG islands are 0.5 to 2.0 Kb DNA regions rich in
cytosine-guanine dinucleotides, present in the 5 region
of approximately half of human genes [7]. Aberrant
methylation of cytosines within CpG islands is asso-
ciated with loss of gene expression by repression of
transcription of tumour-related genes, and this loss
contributes to the pathogenesis and the progression of
malignant neoplasms [7]. Examples of this process have
been reported in a wide range of tumour types and
cancer-related genes [8], but little information is avail-
able for neuroblastic tumours. There is a report sug-
gesting that p73 gene silencing is independent of
promoter methylation in neuroblastomas [9] and
reduced expression of caspase § in primary tumours and
neuroblastoma-derived cell lines has been correlated
with methylation of the corresponding CpG island [10].

We, therefore, determined the methylation profile
for 44 neuroblastic tumours, studying eleven genes
that frequently show promoter region methylation in
other neoplasms (lung, breast, gastric, colon cancer,
brain tumours, etc). The genes were: the detoxifying
gene glutathione S-transferase P1 (GSTPI), O%methyl-
guanine-DNA  methyltransferase (MGMT), death-
associated  protein  kinase @ (DAPK), pl44RF,
thrombospondin-1 (THBS1), tissue inhibitor of metal-
loproteinase 3 (TIMP-3), p73, pl6'N&4 RBI, TP53,
and caspase 8. These genes were selected for analysis on
the basis of either, their localisation at genomic regions
involved in chromosome deletions in neuroblastomas,
or their key tumour development related function. As
controls, two normal brain tissue samples and two
adrenal medulla samples were also studied using poly-
merase chain reaction (PCR)-based techniques invol-
ving sodium bisulphite modification of DNA (MSP).
We also determined the M YCN amplification and allelic
status at 1p in the same series of tumours.

2. Materials and methods
2.1. Tissue samples and DN A purification

Unfixed frozen tumours and corresponding normal
tissues (peripheral blood lymphocytes) from 44 children

with neuroblastic tumours were studied. Histological
diagnosis was performed according to the World Health

Organization (WHO) guidelines [1] as: ganglioneuromas
(G; five cases); ganglioneuroblastoma (GN; one sample)
and neuroblastoma (N; 38 cases). Staging of the neuro-
blastomas was done according to the International
Neuroblastoma Staging System (INSS) [2], and identi-
fied six stage 1 tumours; five stage 2 tumours; six stage 3
cases; 19 stage 4 tumours, and two stage 4S cases.

The tumour cell content was estimated by histological
examination to be approximately 75-80%. In addition to
tumours, two samples of non-neoplastic cerebral tissue
and two samples of normal adrenal medulla were studied.
DNA was prepared from frozen tissues and blood sam-
ples using standard methods as described in Ref. [11].

2.2. MYCN amplification

Normal and tumour DNAs were digested to comple-
tion with restriction enzymes, electrophoresed through
0.8-1% agarose gels, transferred to nylon membranes,
and hybridised to a M YCN probe (pNb-1) radiolabelled
with the random oligonucleotide-priming method as
described in Ref. [11]. Probe pNb-1 consists of a
BamHI-EcoRI 1.0 Kb genomic M YCN DNA fragment
cloned into a pBR322 plasmid (ATCC, Manassas, VA).

2.3. Loss of heterozygosity analysis

The allelic status at 1p was determined by analysis of
CA repeat polymorphism analysis of seven 1p loci:
D1S468 and D1S214 (located at 1p36.32), D1S199 (at
1p36.12), D1S200 (at 1p31.3), D1S438 (at 1p31.1),
DI1S207 (at 1p22.1) and D1S252 (at 1pl2). Oligonu-
cleotide primer pairs were obtained from GENSET, SA
(Paris, France). PCR was performed in standard condi-
tions using the BIOTOOLS DNA polymerase kit
(Madrid, Spain), and the alleles were resolved on 6%
polyacrylamide gels and then silver stained as previously
described in Refs. [12,13].

2.4. Bisulphite treatment of DNA and methylation-spe-
cific polymerase chain reaction (MSP)

MSP was used to examine methylation at promoter
regions of MGMT (located at 10q26), GSTPI (at
11q13), DAPK (at 9q34.1), pI44RF (at 9p21), THBSI (at
15q15), TIMP-3 (at 22q12.3), p73 (exon 1)(at 1p36.3),
pl6™K4a (at 9p21), RBI (at 13ql14), TP53 (at 17pl13.1)
and caspase 8 (at 2q23). The primer sequences of these
genes for the methylated and unmethylated reactions are
shown in Table 1. The methods have been reported in
detail in earlier reports [14,15]. Briefly, 2 pg of genomic
DNA was denatured by NaOH and modified by sodium
bisulphite treatment. DNA samples were purified using
the DNA Clean Kit (Promega, Madison, WI), treated
again with NaOH, precipitated with ethanol, and resus-
pended in water. Specific PCRs were performed for the
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Table 1
Summary of primer sequences, annealing temperatures and PCR product sizes used for MSP
Gene Forward primer (5'->3) Reverse primer (5'->3') Annealing Product
temperature (°C) size (bp)
MGMT M: TTTCGACGTTCGTAGGTTTTCGC M: GCACTCTTCCGAAAACGAAACG 66 81
U: TTTGTGTTTTGATGTTTGTAGGTTTTTGT U: AACTCCACACTCTTCCAAAAACAAAACA 66 93
DAPK M: GGATAGTCGGATCGAGTTAACGTC M: CCCTCCCAAACGCCGA 64 98
U: GGAGGATAGTTGGATTGAGTTAATGTT U: CAAATCCCTCCCAAACACCAA 64 106
pl4ARE M: GTCGAGTTCGGTTTTGGAGG M: AAAACCACAACGACGAACG 61 160
U: TGAGTTTGGTTTTGGAGGTGG U: AACCACAACAACAAACACCCCT 65 165
THBSI M: TGCGAGCGTTTTTTTAAATGC M: TAAACTCGCAAACCAACTCG 62 74
U: GTTTGGTTGTTGTTTATTGGTTG U: CCTAAACTCACAAACCAACTCA 62 115
TIMP-3 M: CGTTTCGTTATTTTTTGTTTTCGGTTTC M: CCGAAAACCCCGCCTCG 59 116
U: TTTTGTTTTGTTATTTTTTGTTTTTGGTTTT U: CCCCCAAAAACCCCACCTCA 59 122
p73 M: GGACGTAGCGAAATCGGGGTTC M: ACCCCGAACATCGACGTCCG 67 60
U: AGGGGATGTAGTGAAATTGGGGTTT U: ATCACAACCCCAAACATCAACATCCA 65 69
pl6"™NK4  M: TTATTAGAGGGTGGGGCGGATCGC M: GACCCCGAACCGCGACCGTAA 65 150
U: TTATTAGAGGGTGGGGTGGATTGT U: CAACCCCAAACCACAACCATAA 60 151
RBI M: GGGAGTTTCGCGGACGTGAC M: ACGTCGAAACACGCCCCG 66 172
U: GGGAGTTTTGTGGATGTGAT U: ACATCAAAACACACCCCA 58 172
Caspase-8 M: TAGGGGATTCGGAGATTGCGA M: CGTATATCTACATTCGAAACGA 50 320
U: TAGGGGATTTGGAGATTGTGA U: CCATATATCTACATTCAAAACAA 53 321
TP53 M: TTCGGTAGGCGGATTATTTG M: AAATATCCCCGAAACCCAAC 60 193
U: TTGGTAGGTGGATTATTTGTTT U: CCAATCCAAAAAAACATATCAC 58 247
GSTPI M: TTCGGGGTGTAGCGGTCGTC M: GCCCCAATACTAAATCACGACG 55 91
U: GATGTTTGGGGTGTAGTGGTTGTT U: CCACCCCAATACTAAATCACAACA 55 97

PCR, polymerase chain reaction; MSP, methylation-specific polymerase chain reaction; bp, base pairs; M, methylated; U, unmethylated.

methylated and unmethylated alleles in standard condi-
tions with different (55 °C to 66 °C) annealing tem-
peratures. Ten microlitres of each PCR reaction were
loaded directly onto non-denaturing 6% poly-
acrylamide gels or 2-3% agarose gels, stained with
ethidium bromide, and visualised under ultraviolet
(UV) illumination. Samples giving signals approxi-
mately equivalent to the positive control were designated
as methylated. As a positive control for methylated
alleles, we treated lymphocyte DNA from healthy
volunteers with Sssl methyl-transferase (New England
Biolabs) (Beverly, MA), then subjected it to bisulphite
treatment. The identity of PCR products was verified by
purification and sequencing (after PCR re-amplification
with the same primer set) using the ABI PRISM Byg-Dye
Terminator Cycle Sequencing Ready Reaction Kit (Per-
kin-Elmer Applied Biosystems) (Foster City, CA) on the
model 310 or 377 Applied Biosystem DNA sequencers.
Each amplicon was sequenced bidirectionally.

2.5. Statistics

We used the methylation index (MI) to determine the
overall methylation rate in individual samples. MI is
defined as a fraction representing the number of genes
methylated/the number of genes tested. Statistical ana-
lysis was performed using X? and Fisher’s exact test for
differences between groups, and Student’s t and Mann-
Whitney tests for differences between means.

3. Results

As shown in Table 2, MYCN amplification
(10-50-fold amplification) was detected in 11 samples.
All of them corresponded to the stage 4 neuro-
blastomas. Allelic loss at 1p was found in 16 tumours:
13 N4, two N3, and one G. Both anomalies were pre-
sent in nine N4 tumours. Examples of M YCN amplifi-
cation and 1p allelic loss are shown in Fig. 1.

The results of the MSP for the 11 loci are shown in
Tables 2 and 3. A total of 42 of the 44 samples (95%)
showed methylation in at least one of these loci. The
methylation frequency for each locus in this tumour
series varied from 0 to 64%. Representative examples of
the MSP analysis are shown in Fig. 2. A high frequency
of methylation (64%) was detected in THBS1, whereas
an intermediate frequency was found in TIM P-3 (30%),
MGMT (27%), p73 (25%) and RBI (18%). The
remaining loci (DAPK, pI4ARY, p16'NK4 and caspase 8)
showed methylation frequencies of 14%, while TP53
and GSTPI showed no methylation at all.

The frequency of methylation of multiple loci in a
tumour was determined using the MI (Table 2), and
ranged from 0 to 0.45, with an overall mean of 0.2.
When the MI’s for the tumour groups are considered
(Table 3), one can observe that the N1, N2 and N4
groups displayed MI values equal to/or greater than 0.2.
In contrast, the N3 and G tumour groups were char-
acterised by slightly lower MI values (0.15 and 0.16,
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Table 2

Summary of methylation of all 11 genes, MYCN amplification and LOH Ip studies in neuroblastic tumours

Methylation status Methylation

index
Gender/ MYCN LOH 1p MGMT DAPK pl44RF THBSI TIMP-3 p73 pl6'NK*@ RB-1 Caspase-8 TP53 GSTP-1
Age* amplification

G-1 M/3y - + - - - + + - - - - - - 0.18
G-15 M/7y - - + - - + + -+ - - - — 0.36
G-37  F)2y - - - - - - - - - - - - - 0
G-38  M/12y - - + — - - — - - - - - - 0.09
G-41  F/5y - - + - - + — - - - - - - 0.18
GN-5 F/dy - - - - - + + - - - - - — 0.18
N1-7 M/Im - - - - - - — - - - - - - 0
N1-34 F/6m - — - + - + - - - + — — - 0.27
NI-35 M/lm - - - + - + - + + + - - - 0.45
N1-36 F/lém - - - + + + — + - - - — - 0.36
N1-39 F/I2Zm - - + + - + - - - + - - - 0.36
N1-40 M/5m - - - - - - + - - + - - - 0.18
N2-22  F/4y - - - - - + - + - - - - - 0.18
N2-26 F/18m - - + + + - — - - - - - 0.27
N2-30 F)2y - - + - - + + -+ + - - — 0.45
N2-31 F/lm - - - - - + - + - + - - — 0.27
N2-43 F/9m - - - - - - + - - - - - - 0.09
N3-2 M/5y - + — — - - — + - + - - - 0.18
N3-6 Fj3y - - - - - + - - - - - - - 0.09
N3-13 M/3y - - + — - - + - - - - - - 0.36
N3-14 M/10y - + - - - + - - - - - - - 0.09
N3-25 F/3m - - - - - - — -+ - - - — 0.09
N3-27 F/18d - - - - + - - - - - - - - 0.09
N4-3  M/5y - — - + - + — - - - - - - 0.18
N4-4  F)2y + + - - + + — - - - - - — 0.18
N4-8 F/18m + - + - + - + + - + - - 0.45
N4-9 M3y - + - - - + - - - - - - 0.09
N4-10 F/2m + + — — - + - + - - + - - 0.27
N4-11 M/1lm - + - - - + - -+ + + - - 0.36
N4-12 F)2.5y + + - - + - - - - + - - 0.18
N4-16 F/oy + + + — - - - - - - - - - 0.09
N4-17 M/6m  + + — — - - + - - - - - - 0.09
N4-18 M/1lm - + - - - - + - - - - - — 0.09
N4-19 F/6y + + + - - - — + - - - - — 0.18
N4-20 F/4y + + - - - + - + - - + - — 0.27
N4-21 M/3.5y - - - - - + + + - - - - — 0.27
N4-23  M/4y + - - - - + + - - - + - — 0.27
N4-24 M9y - - - - - + - + - - - - - 0.18
N4-28 F/Im - - - - - + — - - - - - — 0.09
N4-29 F/dy + + - - - + - - - - - — 0.09
N4-32 F/7Tm - + + - - + + - - - - - — 0.27
N4-42  F|2y + + + - + - — + - - - - - 0.27
N4S-33 M/3m - - - - - + - - - - - - - 0.09
N4S-44 F/3m - - - - - + - - - - - - - 0.09

* Age: y: years; m: months; d: days; M, male; F, female; LOH, loss of heterozygosity.

respectively). No statistical differences were found when
the MI values were compared between the tumour
groups. The data for the GN and N4S groups are not
informative as these groups are composed of one and
two samples, respectively. The overall MI value for the
neuroblastomas with concurrent MYCN amplification
and 1p loss (proposed as an aggressive neuroblastoma
subgroup) did not reach statistical significance when
compared with the corresponding MI value in the rest

of the neuroblastomas (0.18 versus 0.21). The overall
MI value for the six tumours with caspase 8§ methylation
was 0.3; this parameter was 0.15 for the N4 tumours
with normal caspase §. DNA from the four normal tis-
sue samples (brain and adrenal medulla) displayed no
positive signals for methylation in the 11 loci analysed.
The sequencing of the representative PCR products of
all of the tested loci showed that cytosines outside the
CpG sites were converted to thymine, thus excluding the
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Fig. 1. MYCN amplification (a) and LOH at Ip (b) in neuroblastomas
N4-19 and N4-42. The lp markers analysed and their location is
shown to the left. Arrows: allele lost. N: constitutional DNA; T:
tumour DNA.

possibility that PCR amplification could be the result of
incomplete bisulphite conversion. Sequence analysis
demonstrated that cytosine methylation occurred only
at the CpG sites located inside the genomic fragments
amplified with the corresponding primer set.

No significant association could be determined
between the methylation status of each locus and data
on the age/gender of the patients. The overall MI values
for patients with an age lower/over 1.5 years were 0.195
and 0.23, respectively. The MI data according to the
gender distribution were 0.19 and 0.2 for male and
female patients, respectively.

4. Discussion

This study of a series of 44 neuroblastic tumours
analysed the methylation status of a panel of loci, which
have been identified as frequently methylated in other
cancers or cell lines. Moreover, the chosen loci are
located at genomic regions involved in chromosomal
deletions in neuroblastomas (p73 at 1p; caspase 8 at 2q;
pI44RE and p16"VK4a at 9p; GSTPI at 11q) or they play
key tumour-related functions (RBI, TP53, MGMT,
etc.). Our findings also evaluated the analysis of M YCN
amplification and the allelic status of chromosome arm

Methylation of multiple genes in neuroblastic tumours

Table 3

DAPK pl4ARE THBS1 TIMP-3 p73 ple'NKda RBI Caspase 8 TP53 GSTPI MI

MGMT

Tumour
type

0.16

0% (0/5)
0% (0/1)
0% (0/6)
0% (0/5)
0% (0/6)

0% (0/5)
0% (0/1)
0% (0/6)
0% (0/5)
0% (0/6)

0% (0/5)
0% (0/1)
0% (0/6)
0% (0/5)
0% (0/6)

32% (6/19)
0% (0/2)

14% (6/44)

0% (0/5)
0% (0/1)
67% (4/6)
40% (2/5)
17% (1/6)

20% (1/5)

0% (0/5)
0% (0/1)
33% (2/6)
40% (2/5)
17% (1/6)
32% (6/19)

40% (2/5)

100% (1/1)

60% (3/5)

100% (1/1)

0% (0/5)
0% (0/1)
17% (1/6)

20% (1/5)

0% (0/5)
0% (0/1)
67% (4/6)

20% (1/5)

60% (3/5)

0% (0/1)
17% (1/6)
20% (1/5)
17% (1/6)
1% (2/19)

0% (0/1)
17% (1/6)
40% (2/5)

GN
N1

0.27
0.

17% (1/6)
40% (2/5)
17% (1/6)
32% (6/19)
0% (0/2)

67% (4/6)
60% (3/5)
33% (2/6)

25

N2

0.15
0.

17% (1/6)
16% (3/19)
0% (0/2)
14% (6/44)

17% (1/6) 0% (0/6)

26% (5/19)

N3

N4

20

0% (0/19)
0% (0/2)

0% (0/19)
0% (0/2)

5% (1/19)

0% (0/2)
18% (8/44)

68% (13/19)
100% (2/2)

5% (1/19)

0% (0/2)
14% (6/44)

0.09

0% (0/2)
14% (6/44)

0% (0/2)
25% (11/44)

0% (0/2)
27% (12/44)

N4S

0% (0/44)

0% (0/44)

30% (13/44)

64% (28/44)

Totals

No methylated templates of the 11 genes were detected by MSP in the four non-tumour samples studied. MI: Methylation Index. G, ganglioneuroma; GN, ganglioneuroblastoma; N1, neuroblastoma

stage 1; N2, neuroblastoma stage 2; N3, neuroblastoma stage 3; N4, neuroblastoma stage 4; N4S, neuroblastoma stage 4S.
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Fig. 2. Methylation analysis in neuroblastic tumours by MSP. The gene studied is given at the left of each panel. Lane U, amplified product with
primers recognising unmethylated sequence; Lane M, amplified product with primers recognising methylated sequence. PC: positive control for
methylation. NC: non-malignant tissue control. The PCR product sizes of all of the genes are shown to the left. L: ladder.

1p, two characteristic features of neuroblastomas. These
molecular alterations primarily presented in stage 4
tumours (M YCN amplification in 11 cases and 1p loss
in 13 cases), and were concurrent in nine samples, thus
corroborating previous findings demonstrating that
approximately 90% of cases with M YCN amplification
also display 1p loss [6]. Allelic loss at 1p was also found
in one ganglioneuroma (case G-1). The biological rele-
vance of this deletion in this tumour group remains
controversial, as this genomic anomaly is associated
with a poor prognosis in neuroblastoma.
Transcriptional silencing by hypermethylation of
CpG islands in the promoter regions is accepted as a
primary mechanism involved in the inactivation of
tumour-related genes [7]. Previous studies have demon-
strated that the genes analysed here are methylated in a
variety of human cancers. Furthermore, when the CpG
islands we analysed are methylated, the expression of
the corresponding gene is generally silenced, while in the
matching normal tissues the same genes remain unme-
thylated [8]. In our series, 95% of the neuroblastic
tumours were methylated in one or more loci, and the
number of methylated loci averaged 2.25 per 11 tested
loci, with a range of 0 to 5. In contrast, normal tissue
samples did not show methylation at any of the tested
loci. These findings indicate that aberrant CpG island

methylation is a relatively frequent and tumour-related
change in neuroblastic tumours.

The highest frequency of methylation was detected in
THBSI, an angiogenesis inhibitor whose altered
expression may contribute to neo-vascularisation and
metastasis in human cancer [16]. Intermediate methyla-
tion frequencies were observed in four genes (MGMT,
TIMP-3, p73 and RBI) with key functions related to
carcinogenesis. MGMT is a DNA repair gene, and it has
been proposed that silencing the gene with promoter
hypermethylation confers on the cancer cells an addi-
tional mutational capacity [17]. TIM P-3 is necessary to
suppress tissue remodelling, angiogenesis, invasion and
metastasis [18]. Finally, RBI and p73 play key roles in
cell cycle-control or apoptosis [19,20]. Thus, a possible
transcription silencing of these genes may be involved
in tumour formation, and CpG island methylation
would help enhance neuroblastoma development. In
fact, the RBI promoter gene is frequently hypermethy-
lated in malignant gliomas [14,21]. This epigenetic
anomaly has been proposed as invariably associated
with gene silencing and so might occur in neuroblastic
tumours. On the other hand, it has been proposed that
p73 silencing in these neoplasms (primarily neuro-
blastomas) is independent of promoter and/or exon 1
methylation [9], a mechanism that appears to be critical



1484 P. Gonzalez-Gomez et al. | European Journal of Cancer 39 (2003) 1478—1485

in haematological malignancies with regard to p73
activity [22].

Methylation frequencies of 14% were obtained in
four genes in our study (pl6"™VK%, pI44RY DAPK and
caspase 8). The INK4/ARF locus encodes two cell cycle
regulatory proteins (pl16 and p14) which share an exon,
but have different reading frames [19]. They are located
at 9p, a region frequently deleted in neuroblastomas,
common regions of loss occur at 9p21 and 9p22-24
[23,24]. Deletion of 9p21, where the INK4/ARF locus is
mapped, has been reported to correlate with a poor
prognosis in neuroblastomas [4]. Furthermore, the
pl6'™NK#a gene is not expressed as a result of aberrant
promoter methylation in approximately two-thirds of
neuroblastoma cell lines [4]. Our findings in primary
tumours thus suggest that methylation might silence
pl6'™NK4a in a subgroup of neuroblastomas, thus con-
firming this gene as a candidate tumour suppressor in
neuroblastomas. Inactivation of pl44RF by this epige-
netic mechanism may interfere with the p53 network in
a subset of neuroblastomas since pl4ARF interacts in
vivo with the MDM2 protein to neutralise MDM2-
mediated degradation of p53 [25]. Only one tumour in
our series displayed concurrent aberrant methyaltion of
both pI6"™VE% and pI44RF (case N4-8), thus suggesting
once again that methylation of the two genes is an
independent event in each gene, as occurs in colon car-
cinomas or non-small cell lung cancers [26].

DAPK is a positive mediator of apoptosis [27]. We
found this gene to be aberrantly hypermethylated in
stage 1 neuroblastomas (4 of 6 cases in our series),
although only two additional tumours displayed this
anomaly (one stage 2 and one stage 4 neuroblastoma).
The significance of this epigenetic aberration in this
tumour type should be further investigated, since it has
been proposed as a potential metastasis inhibitor gene
in nasopharyngeal carcinomas and lung cancers [28,29].
Furthermore, DAPK is frequently hypermethylated in
brain metastasis from solid tumours [30]. Concurrent
DAPK and RBI aberrant methylation was found in
three stage 1 neuroblastomas. This is an irregular find-
ing as methylation of these genes has been correlated
with a higher tumour aggressiveness and metastasis in
other neoplasms [14,21,28-30]. If confirmed in a larger
series of tumours, this finding might be indicative of a
low-grade neuroblastoma subgroup with a potentially
distinct (aggressive?) biological behaviour; the clinical
follow-up of these patients should clarify this aspect.

We also detected aberrant methylation of caspase 8
(another apoptosis-related gene) in six tumours, all of
them diagnosed as stage 4 neuroblastomas. This gene
plays a key role in mediating tumour necrosis factor
(TNF-) and Fas- induced apoptosis [31], and previous
reports have shown it is silenced through methylation
in neuroblastomas [10,32,33]. Caspase § inactivation
(primarily due to aberrant methylation) is frequently

associated with M YCN amplification, as occurs in five
of the six cases in our series; thus, it has been proposed
that caspase 8 might act as a tumour suppressor gene in a
subset of aggressive neuroblastomas [10,32,33]. Interest-
ingly, the six tumours in our series with caspase 8 methy-
lation displayed a higher overall MI value than the
neuroblastomas with the unmethylated gene; nevertheless
the biological significance of this association also needs to
be explored in further studies. Cases with caspase §
methylation also correlated with 1p loss: 4 of 6 tumours
in our series displayed this association. However, methy-
lation of the other genes we studied failed to show any
association with either M YCN amplification or Ip loss.
Accordingly, a higher aggressiveness (represented at the
molecular level by concurrent M YCN amplification and
Ip loss) is not paralleled by an accumulation of CpG
island methylation in neuroblastomas. No sample in our
series displayed methylation of either TP53 or GSTPI,
suggesting that this epigenetic mechanism does not con-
tribute to their inactivation in neuroblastic tumours.

In conclusion, we have examined CpG island methy-
lation in neuroblastic tumours by analysing the methy-
lation status of 11 genes using MSP. We found that CpG
island methylation is a relatively frequent event in these
neoplasms and, in agreement with previous reports, cas-
pase 8 was hypermethylated in a subset of neuro-
blastomas that, in this study, were all stage 4. The latter
finding, caspase 8 hypermethylation, has been associated
with an increased biological aggressiveness [33].
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