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Neuroblastomas show remarkable biological heterogeneity, resulting in favourable prognosis or

unfavourable prognosis due to aggressive growth despite multimodal therapy. Recently, we proposed

that aggressive tumours express telomerase at a high level while the favourable tumours lack or have

low telomerase expression. To evaluate the correlation between telomerase activity and other bio-

logical characteristics reported as prognostic markers (MYCN gene ampli®cation, loss of heterogeneity

(LOH) in the short arm of chromosome 1, trk-A expression, Ha-ras p21 expression, and DNA ploidy),

we investigated these biological features in 105 untreated neuroblastomas. In these cases, 23 showed

high telomerase activity, 78 showed low activity, and telomerase activity was undetectable in 4 cases.

Most tumours with genetic alterations (MYCN ampli®cation or 1p32 LOH) showed high telomerase

activity. Most tumours with low or undetectable activity were aneuploid, and showed trk-A and

Ha-ras expression. Three of the four tumours with undetectable telomerase activity regressed. In 2 of

the tumours with low telomerase activity, the residual tumours maturated and showed repression of

telomerase activity. Thus, the level of telomerase activity correlated with other genetic alterations

and/or gene expression and may be a useful prognostic indicator in neuroblastoma. # 1997 Elsevier

Science Ltd.
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INTRODUCTION

Neuroblastoma arises from the embryonal neural crest and

is the most common solid tumour in children aVecting

approximately 1 in 7000 individuals. Clinically, neuroblas-

toma tumours show remarkable biological heterogeneity,

resulting in both favourable and unfavourable prognosis, the

latter due to aggressive growth despite multimodal therapy

[1]. In order to predict the biological behaviour of an indi-

vidual tumour more precisely, there have been several para-

meters proposed to predict prognosis of neuroblastoma

patients. These parameters, which have been reported to

have signi®cant correlation with neuroblastoma's biological

behaviour, include MYCN ampli®cation [2], trk-A expression

[3], Ha-ras p21 expression [4] and cellular DNA content [5].

However, each of these parameters appears to be insuYcient

to predict the prognosis of patients completely.

Telomeres are specialised structures at the ends of eukary-

otic chromosomes which are thought to be important in the

protection and replication of chromosomes [6]. Due to the

end replication problem [7], cell division results in a gradual

reduction of telomeres. Telomerase, an RNA-dependent

DNA polymerase, which compensates for the end replication

problem, is expressed in germ-line cells, but not in most of

somatic cells, except haematopoietic cells, lymphocytes [8],

skin keratinocytes [9] and cells in the crypt of the intestine [10],

European Journal of Cancer, Vol. 33, No. 12, pp. 1932±1936, 1997
# 1997 Elsevier Science Ltd. All rights reserved

Pergamon Printed in Great Britain

PII: S0959-8049(97)00226-8

0959-8049/97 $17.00+0.00

1932

Correspondence to E. Hiyama.



due to the repression of telomerase during development. This

shortening of telomeres, without suYcient compensation by

telomerase, has been proposed as the mitotic clock by which

cells `count' their divisions [11], and the progressive short-

ening of telomeric repeats may contribute to cellular senes-

cence. The reactivation of telomerase and the stabilisation of

telomeres appear to be concomitant with the attainment of

immortality in tumour cells [12]. In our previous study [13],

telomerase activity was detected in 94% of 100 neuro-

blastoma specimens, which suggests this enzyme may play an

important role in neuroblastoma development. From the

analysis of telomere length and semiquantitative analysis of

telomerase activity in neuroblastoma [13, 14], it was dis-

covered that although both aggressive and regressing neuro-

blastoma tumours contain short telomeres, the aggressive

tumours expressed high telomerase activity while the regress-

ing tumours showed no detectable or insuYcient telomerase

activity. Thus, telomerase activity may be a useful indicator

of outcome in neuroblastoma. In the present study, to inves-

tigate the relationship between telomerase activity levels and

other proposed prognosis-predicting factors, we compared

these indicators in 105 clinical neuroblastoma cases; 79 of

these cases were also included in a previous study [13].

PATIENTS AND METHODS

Patients

The patients with neuroblastoma in the present study were

diagnosed at the Hiroshima University Hospital or referred

for molecular analysis from other hospitals in Japan between

1983 and 1995. Patients were staged according to the stan-

dard clinical and pathological criteria of Evans [15].

Tissue samples

Tumours were obtained from 105 consecutive neuroblas-

toma patients untreated before surgery. In these patients, 21

adjacent normal adrenal glands were obtained. All tissues

were stored at ÿ80�C until use. Written informed consent

was obtained from patients or parents before surgery.

Telomerase assay

Extracts of tissue specimens and assays of telomerase activity

were performed as described previously [12, 16]. Brie¯y, frozen

samples were homogenised in CHAPS lysis buVer. After 25

min incubation on ice, the lysate was centrifuged. An aliquot

of extract containing 6mg of protein was used for each TRAP

(telomeric repeat ampli®cation protocol) assay unless other-

wise indicated. For RNase treatment, 5ml of extract was incu-

bated with 1mg RNase (Boehhringer Mannheim Corp.,

Indianapolis, Indiana, U.S.A.) for 20 min at 37�C. Assay

tubes were prepared by sequestering of 0.1 mg of CX primer

(50-CCCTTACCCTTACCCTTACCCTAA -30) under wax

barrier (AmpliwaxTM, Perkin-Elmer, Foster City, California,

U.S.A.). Each extract was assayed in 50 ml of reaction mixture

containing TS oligonucleotide (50-AATCCGTCGAGCA-

GAGTT -30) as described previously [12, 13, 16]. Each reac-

tion mixture also contained an Internal Telomerase Assay

Standard (ITAS) for the identi®cation of false-negative

tumour samples that contain telomerase assay inhibitors [17].

After 30 min incubation at room temperature for telomerase-

mediated extension of the TS primer, the reaction mixture

was subjected to 31 PCR cycles of 94�C for 30 s, 50�C for 30 s

and 72�C for 45 s. The PCR product was electrophoresed on

a 10% polyacrylamide gel. For estimation of telomerase

activity, serial dilutions of positive extracts were re-examined:

10-fold dilution contained 0.6 mg of protein and 100-fold

dilution contained 0.06 mg. The levels of telomerase activity

were classi®ed into three groups: undetectable, low (telo-

merase mediated signals positive but negative using 100-fold

diluted extracts), high (positive using 100-fold diluted extracts).

Telomere length analysis by Southern blot analysis

Genomic DNA was isolated from frozen tissues as pre-

viously described [14]. For TRF (terminal restriction frag-

ment) analysis, 2mg of DNA were digested to completion

with 10 units of Hinf I, electrophoresed on 0.8% agarose gels

and then blotted on to nitrocellulose ®lters. The ®lters were

hybridised to a 32P-labelled (TTAGGG)4 probe and washed

as previously reported [14], and then autoradiographed. We

estimated the mean length of TRFs at the peak position of

hybridisation signal.

Analysis of MYCN gene ampli®cation by Southern blot analysis

Two mg of DNA were digested to completion with 10 U

of EcoRI, electrophoresed on 1.0% agarose gels and then

blotted on to nitrocellulose ®lters. The ®lters were hybridised

to an MYCN probe (PN-myc.1, Oncor Inc. Gaithersburg,

Maryland, U.S.A.) and autoradiographed as previously

described [14].

Loss of heterozygosity (LOH) analysis of 1p32

Restriction fragment length polymorphisms (RFLP) at an

EcoRI site in the MYCL gene was analysed as previously

described [13]. In addition, the tetranucleotide polymorph-

ism 16 kb upstream from the MYCL gene was analysed using

the reported primers [18]. One primer set was end-labelled

with [g-32P]ATP, and the PCR (polymerase chain reaction)

was carried out using the reported conditions. The ampli®ed

DNA products were separated by 5% denaturing polyacryla-

mide gel electrophoresis and then subjected to autoradiogra-

phy using X-ray ®lm and a BAS2000 bioimage analyser (Fuji,

Tokyo, Japan).

Northern blot analysis

For each sample, 10 mg of total RNA were electrophoresed

on 1.5% agarose gels and blotted on to nitrocellulose ®lters.

These ®lters were separately hybridised with 32P-labelled

trk-A probe and b-actin probe, washed with 0.1�SSC

(standard saline citrate) and 0.1% SDS (sodium dodecyl

sulfate) at 50�C and then autoradiographed. The trk-A probe

was a gift from Luis Parada [19]. The trk-A RNA hybridisa-

tion signal for each tumour was standardised to the b-actin

signals. The intensity of the trk-A signal was evaluated by

BAS2000 bioimage analyser (Fuji) and the individual tumours

were classi®ed into one of three categories: negative, low

(< half of b-actin signal) and high (�half of b-actin signal).

Immunohistochemical analysis

Immunostaining for Ha-ras p21 was performed using an

antibody speci®c to Ha-ras p21 (Oncogene Science, Man-

hasset, New York, U.S.A.) according to the report described

previously [4]. Brie¯y, immunohistochemical analysis was

done in formalin-®xed and paraYn-embedded tissue sections

by the avidin±biotin complex (ABC) immunoperoxidase

staining technique. The sections were counterstained lightly

with haematoxylin or methyl green. The intensity of the

immunostaining was evaluated by light microscopy and the
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individual tumours were classi®ed into one of three cate-

gories: negative, low (weakly or partially positive) and high

(de®nitely positive).

Flow cytometric analysis of cellular DNA content

Frozen samples were thawed at 20�C and cut into small

pieces. Suspensions of single nuclei were prepared using the

detergent±trypsin procedure of Vindelùv and associates [20],

and stained with propidium iodide (Becton Dickinson,

Mountain View, California, U.S.A.). Measurement of DNA

cellular content was performed using the FACScan ¯ow cyt-

ometer (Becton Dickinson). In the analysis of 2� 104 nuclei

per each sample, the DNA index (DI) was determined by

calculating the ratio of the modal channel number for tumour

G0/G1 phase cells to that for normal diploid cells. Tumours

with a DI of 1.11±1.89 were de®ned as aneuploid. Tumours

were considered tetraploid if a peak occurred with a DI of

1.90±2.10 in at least 20% of the analysed cells or if a peak

corresponding to a G2-M tetraploid cell population was

present. When more than two diVerent distinct G0±G1 cell

populations with DI = 1.0 were present, the tumour was

classi®ed as polyploid.

Statistical analysis

For statistical analysis, we divided untreated neuroblasto-

mas into two groups: tumours with undetectable or low telo-

merase activity and tumours with high telomerase activity

(positive using 100-fold dilution of extract). Between these

two groups, age at diagnosis were compared using the Mann±

Whitney test and other factors were compared using Fisher's

exact test or the chi-square test, when appropriate.

RESULTS

Telomerase activity in neuroblastomas

Telomerase activity was detected in 101 (96%) of 105

untreated neuroblastoma specimens using the TRAP assay.

According to the serial dilution analysis of telomerase assay,

the 101 tumours with positive telomerase signals were divi-

ded into two groups: 23 tumours (23%) had high telomerase

activity (e.g., retained a TRAP signal after 100-fold dilution

of the extract) and 78 tumours (77%) had low telomerase

activity (Figure 1). No obvious diVerences in histology were

observed between these two groups. However, telomerase

activity was undetectable in 4 tumours (4%), of which 3 were

stage IV-S tumours which regressed and 1 was a stage I

tumour which was surgically removed.

The relationship between telomerase activity and clinical

data are shown in Table 1. The median age at diagnosis for

those with tumours with low or undetectable activity was

signi®cantly younger than that with high telomerase activity

(P < 0.01). The stages of tumours with high telomerase

activity were signi®cantly advanced compared with those with

low or undetectable activity. Currently, 13 cases (57%) with

high telomerase activity and 2 cases (2%) with low telomerase

activity have died of disease (P < 0.001). In 3 of 78 cases in

which the primary tumours showed low telomerase activity, a

second-look operation was necessary 7±12 months after the

initial operation because of residual tumour after chemother-

apy. Interestingly, 2 of these 3 residual tumours became

ganglioneuroma at histopathological examination, and telo-

merase activity was undetectable in both. The other case

retained low telomerase activity and contained numerous and

histologically variable neuroblasts. Three of 4 cases with

undetectable telomerase activity (stage IVS) regressed as

reported previously [13], and all 4 cases are alive and disease

free.

Figure 1. Telomerase activity in neuroblastoma tissues. Telo-
merase activity signals with (+) or without (ÿ) RNase pretreat-
ment of extract. Tumour samples were examined by serial
dilution (extracts containing 6, 0.6 and 0.06�g of protein).
Case A showed high activity with strong 6-bp ladder signals
using extracts containing 6 and 0.6�g of protein and retained
signals using extract containing 0.06�g of protein (high telo-
merase activity). Case B showed low telomerase activity (tel-
omerase-mediated signals positive but negative using 100-fold
diluted extracts). Case C showed no detectable telomerase

activity.

Table 1. Correlation between telomerase activity and other

prognosis-associated factors in neuroblastoma cases

Telomerase activity Undetectable

(n = 4)

Low

(n = 78)

High

(n = 23)

Age at diagnosis (range, month) 6±9 1±96 7±129

(median) (8) (8) (24)

Stage

I, II (n = 51) 0 48 3

III, IV (n = 45) 1 25 19

IV-S (n = 9) 3 5 1

Alteration of TRFs 3 11 17

(reduced TRFs/elongated TRFs) (3/0) (11/0) (14/3)

MYCN ampli®cation 0 0 15

MYCL LOH/informative cases 0/2 1/34 8/13

Trk-A expression

high 2 47 4

low 1 17 2

Ha-ras p21 expression

high 3 45 1

low 0 25 5

DNA ploidy

aneuploid 1 47 5

tetraploid 0 2 2

polyploid 0 3 0

Alterations of terminal restriction fragments (TRFs) were present in

28 cases showing reduced TRFs (<8 kb) and 3 with elongated TRFs

(>15 kb).
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Telomere length of neuroblastoma

Terminal restriction fragments (TRFs), an indicator of

telomere length, were estimated at the peak position of the

hybridisation signal with a 32P-labelled (TTAGGG)4 probe.

The lengths of TRFs in normal adrenal glands of neuro-

blastoma patients ranged from 8 and 15 kb [14, 23]. Thus, we

considered that reduced TRFs were <8 kb and elongated

TRFs were >15 kb. TRF analysis revealed that 28/105 (27%)

of the untreated tumour samples had reduced TRFs (<8 kb)

and 3/105 had elongated TRFs (>15 kb). The other 74 had

TRF lengths indistinguishable from those of adjacent normal

adrenal glands. While 14 (61%) and 3 (13%) of the 23

tumours with high telomerase activity showed reduced and

elongated TRF lengths, respectively, only 14 of 82 tumours

(17%) with low or undetectable telomerase activity showed

reduced TRF lengths and no elongated TRF lengths were

detected among these cases. These diVerences were signi®-

cant (P < 0.001).

Correlation with other prognosis-predicting biological factors

(Table 1)

In 23 tumours with high telomerase activity, 15 showed

MYCN gene ampli®cation by Southern blot analysis (3±250

copies). In contrast, all 82 tumours with undetectable or low

telomerase activity contained a single copy of MYCN gene.

Thus, MYCN ampli®cation was signi®cantly correlated with

high telomerase activity (P < 0.001). LOH analysis at the

MYCL locus (1p32) revealed that LOH was detected in 8

(62%) of 13 informative cases with high telomerase activity

and only one (3%) of 34 informative cases with low telomer-

ase activity. Trk-A and Ha-ras p21 expression was detected in

73 (70%) and 79 (75%) in 105 tumours, respectively. 67/82

(82%) tumours with undetectable or low telomerase activity

expressed trk-A and 73 (89%) expressed Ha-ras p21. How-

ever, in 23 tumours with high telomerase activity, trk-A and

Ha-ras p21 were detected in only 6 (26%) and 6 (26%),

respectively. There was a signi®cant correlation between

undetectable or low telomerase activity and the expression

levels of trk-A and Ha-ras p21 (P < 0.0001). Flow-cytometric

analysis of cellular DNA content revealed that 53 tumours

were aneuploid, 45 were diploid, 4 were triploid and 3 were

polyploid. In 23 tumours with high telomerase activity, only 5

(22%) were aneuploid, while 48 (59%) of 82 tumours with

undetectable or low telomerase activity were aneuploid.

Thus, an aneuploid pattern were signi®cantly correlated with

undetectable or low telomerase activity (P = 0.004).

DISCUSSION

It is apparent that neuroblastoma has at least two disparate

clinical outcomes: an excellent prognosis for patients who

usually have early stages of disease and/or young age

(favourable neuroblastoma) and a very poor prognosis who

usually have advanced stages and/or old age (unfavourable

neuroblastoma) [1]. However, some disseminated tumours

regress (stage IVS) and some early tumours show poor

prognosis. Thus, the clinical behaviour of neuroblastomas

depend mainly on the characteristics of tumour cells as well

as stage of disease. EVorts to understand these diverse clinical

behaviours have been spent to identify the genetic events

that characterise these subsets of neuroblastoma. The most

frequent abnormalities in neuroblastoma are MYCN gene

ampli®cation [2] and deletion of the short arm of chromo-

some 1 [22, 23]. Although MYCN ampli®cation is a well-known

critical gene aVecting poor prognosis, the tumours without

MYCN ampli®cation are not always favourable neuroblasto-

mas [24]. Aneuploidy, especially hyperdiploidy, is reported

to be associated with a favourable outcome in infant neuro-

blastoma [5]. The expression of trk-A, high-aYnity nerve

growth factor (NGF) receptor [3] and Ha-ras p21 [4] have

also been reported to be associated with a favourable out-

come in neuroblastoma patients.

In human germline cells, telomerase is present to maintain

telomere length, while in embryonal somatic tissues telomer-

ase is likely to be repressed gradually as cells diVerentiate.

In immortal cells, it has been reported that telomerase is

re-expressed and telomere lengths are stabilised to allow

continued proliferation [25]. From our previous results

[13, 14], we proposed two diVerent pathways leading to the

development of neuroblastoma: one involves a failure to

repress telomerase activity during development (retention of

telomerase activity in the germ line cell), and the other

involves the reactivation of telomerase accompanied by other

genetic alterations, similar to adult cancers. Two disparate

clinical outcomes in neuroblastoma are considered to be

derived from these two diVerent pathways. In the present

study, genetic alterations such as MYCN ampli®cation and

deletion of chromosome 1p32 (MYCL locus) were almost

always detected in the tumours with high telomerase activity,

except for one case with low telomerase activity and LOH at

the MYCL locus. In fact, TRF length analysis revealed that

telomere lengths are likely to be stabilised at various lengths

in the tumours with high telomerase activity, while those in

the tumours with undetectable or low telomerase activity are

not likely to have stabilised, but demonstrate similar or shorter

TRF lengths compared to those in normal tissues. Thus,

the tumours with high telomerase activity are considered to

have acquired immortality accompanied by several genetic

alterations.

However, most tumours with undetectable or low telo-

merase activity showed high trk-A and Ha-ras p21 expression

without genetic alterations. Developing neuroblasts require

NGF for survival [26]. Trk-A is essential in the mediation of

NGF stimuli that regulate the diVerentiation or programmed

cell death of neuroblasts [27] and Ha-ras p21 is likely to be

one of the participants in NGF signal transduction and cel-

lular responsiveness [28]. The hypothesis is that the neuro-

blasts in tumours with undetectable or low telomerase activity

may have the potential to respond to neurotrophic factors

leading to regression or maturation concomitant with repres-

sion of telomerase activity.

Aneuploidy, especially hyperdiploidy, is reported to be

associated with a favourable outcome of infant neuroblas-

toma [5]. Indeed, in our series, most aneuploid tumours in

infants showed low telomerase activity, which may indicate

that most aneuploid neuroblastomas consist of developing

neuroblasts. However, some aneuploid tumours which were

diagnosed at an older age showed high telomerase activity

and genetic alterations. Approximately half the tumours with

low telomerase activity, three regressed tumours without

detectable telomerase activity and all ganglioneuromas were

diploid. Thus, the aneuploid pattern is not a clear prognosis-

predicting factor.

In a previous study [13], it appeared that in most stage IVS

neuroblastomas, telomerase activity is insuYcient to maintain

telomere length and the cells eventually stop proliferating

with complete repression of telomerase. This resembles
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telomerase activity in normal fetal neuroblasts which is

repressed before birth. In the present study, 2 infant neuro-

blastomas with low telomerase activity matured. Maturation

of neuroblastoma might occur concomitant with telomerase

repression as observed in HL-60 human promyelocytic leu-

kaemia cells [29, 30].

In summary, telomerase activity in neuroblastomas can

predict clinical behaviour which may be caused by two dif-

ferent pathways leading to the development of neuroblas-

toma. The correlation between telomerase activity and other

prognosis-predicting factors indicates that the levels of telo-

merase activity re¯ect the distinct biological characteristics of

neuroblastoma cells. More detailed analysis will be needed to

identify the most valuable prognostic factor in neuroblastoma

and a more thorough understanding of the regulation of tel-

omerase may eventually lead to therapeutic applications

against unfavourable neuroblastomas.
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