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It has been proposed that the regulation of telomerase
takes place at the transcriptional level, the expres-
sion of the catalytic subunit human telomerase re-
verse transcriptase (hTERT) being crucial for telom-
erase activity (TA). Recently, differential splicing of
hTERT mRNA has been demonstrated in various tis-
sues during embryonal development, and it has been
suggested that only full-length transcripts translate
into functionally active telomerase. With this in view,
we analyzed the different hTERT transcripts by re-
verse transcriptase-polymerase chain reaction in neu-
roblastic tumors and compared the results with the
TA, the tumor growth fraction, and the MYCN status.
In a series of 38 neuroblastic tumors, high TA and
full-length hTERT transcripts were found in nine sam-
ples, whereas nine samples showed absence of both
enzymatic activity and hTERT transcripts. Interest-
ingly, in another eight samples, low or absent TA
coincided with a lack of full-length hTERT transcripts.
Eleven samples contained hTERT transcripts with low
or undetectable TA and one sample had low TA but no
hTERT transcripts. TA correlated with MYCN amplifi-
cation and was weakly associated with the prolifera-
tive activity. Moreover, a significant correlation with
tumor progression was observed. Our findings point
at a posttranscriptional regulation of TA in a subset of
neuroblastic tumors. Because high TA was detected
only in tumors with full-length hTERT transcripts,
reverse transcriptase-polymerase chain reaction anal-
ysis of archival neuroblastic tumor samples might
help to appraise the malignant potential in individual
cases. (Am J Pathol 2001, 159:1925–1932)

Neuroblastoma is the most common extracranial solid
tumor in children. Its biological behavior is notoriously
unpredictable and comprises a spectrum ranging from
spontaneous regression to rapid metastatic spread.1 A
singular trait of neuroblastic tumors is their capacity of
differentiation. Indeed, in a portion of neuroblastic tu-

mors, maturation of neuroblasts to ganglionic cells en-
genders ganglioneuroblastomas that may further eventu-
ate into benign ganglioneuromas. The degree of cellular
maturation and the amount of tumor cells showing signs
of differentiation form the basis of various grading
schemes,2–6 but the determinants of the divergent
courses of the disease are primarily unknown.

The recently identified enzyme telomerase is consid-
ered to play an important role in the development and
progression of malignant tumors.7,8 Because of the in-
ability of the replication machinery to synthesize the ut-
termost 3� ends of chromosomes, there is a gradual
decrease in telomere length at each cell division, limiting
the replicative potential of normal somatic cells.9 The
continuous unrestricted proliferation of most cancer cells
would thus be expected to lead to a critical telomere
attrition resulting in chromosomal catastrophe and cell
death.10,11 To compensate for the loss of telomeric DNA
sequences, the ribonucleoenzyme telomerase is acti-
vated under certain circumstances, adding hexameric
nucleotide repeats (TTAGGG)n to the telomeres. Accord-
ingly, telomerase activity (TA) is found in renewing tis-
sues and in rapidly dividing cells, ie, in the germline and
in malignant tumors. Because TA may be present in
nonneoplastic cells and hyperplastic tissues,12–15 it can-
not be regarded as a true tumor marker, and it has even
been suggested that TA might be a mere indicator of
proliferation.16 However, recent investigations have
shown an association between TA and loss of cell cycle
regulators, establishing a new link to malignancy.17,18 TA
has also been described as a prognostic marker in neu-
roblastic tumor, a high TA correlating with an aggressive
biological behavior.19–21 However, it seems that some
neuroblastic tumors contain hTERT transcripts without
displaying noticeable TA, which may represent one
mechanism limiting the growth potential of these tumors.

Telomerase is likely to constitute a multiprotein com-
plex, of which three essential components have been
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identified: human telomerase reverse transcriptase
(hTERT), an internal RNA strand (hTR), and a RNA-bind-
ing protein (hTEP1). The genes for hTR and hTERT have
been cloned,22–25 and although several other telomer-
ase-associated proteins have been identified,26,27 hTR
and hTERT are sufficient to reconstitute TA in vitro.28,29

Despite intensive research, the regulation of TA is not well
understood. Although hTR is detectable in most embry-
onal and adult human cells,22,30 the expression of hTERT,
which closely correlates to the TA, seems to be tightly
controlled, but the underlying mechanism remains elu-
sive. Recently, it has been shown that different transcripts
of the hTERT gene are present in human tissues,23,31

suggesting a posttranscriptional modulation of TA by
alternative splicing that may result in truncated, and pos-
sibly dysfunctional, protein products. This mechanism
would explain the discordant finding of hTERT transcrip-
tion without detectable TA in some neuroblastic tumors.

With this in view, we sought to elucidate whether there
is a relationship between the different hTERT splice vari-

ants and TA in neuroblastic tumors, and whether TA
correlates with the proliferative status of neuroblastic tu-
mors. Additionally, we performed a search for MYCN
amplification, which is regarded as one of the main prog-
nostic factors in neuroblastic tumors.32

Materials and Methods

Patients

Freshly excised samples of neuroblastic tumors from 38
patients (Table 1) were snap-frozen in liquid nitrogen and
stored at �80°C. One part of each sample was pro-
cessed for routine histological examination. Only viable
tumor tissue, verified by the presence of undegraded
RNA, was used for further analysis. Diagnosis,4 grad-
ing,2,33 and staging34 were made according to the es-
tablished criteria.

Table 1. Tumor and Patient Characteristics

No.

Age at
diagnosis

(days)
Hughes’
grade Pretreatment

Shimada

MYCN
Relative

TA hTERT
Ki-S5
[%]

INSS
stage StatusType Grade

1 96 3 � — — � 7.2% � 31 4s NED
2 1048 1a � GNB i FH � — — �1 3 NED
3 509 1a � — — � 0.4% nfl �1 2a NED
4 3975 3 � NBL ud UH � — nfl 43 3 NED
5 22 3 � NBL ud UH � — nfl 33 4 NED
6 272 2 � NBL pd FH � 18.5% � 39 2a PD
7 22 3 � NBL ud UH � 0.1% � 48 4s NED
8 1003 3 � NBL ud UH � 5.9% � 44 3 DOD
9 50 3 � NBL ud UH � 0.4% nfl 49 4s NED

10 371 2 � NBL d FH � 0.6% nfl 24 2b NED
11 2987 3 � NBL ud UH � — � 43 4 DOD
12 2847 2 � — — � 5.1% � 40 2a REL
13 932 2 � GNB n UH � 1.2% � 47 4 REL
14 1014 3 � — — � — � 31 4 REL
15 581 3 � — — � — � 39 4 DOD
16 1481 3 � NBL ud UH � — � 29 4 DOD
17 304 3 � NBL ud UH � — � 45 3 PD
18 3395 GN � GN mature FH � — � �1 2a NED
19 216 3 � NBL pd FH � — � 3 1 NED
20 199 3 � NBL ud UH � 3.1% � 56 4 REL
21 455 3 � NBL pd FH � — � 23 2a NED
22 4630 1a � GNB i FH � — � 1 1 NED
23 982 3 � NBL ud UH � 4.4% � 47 4 NED
24 2402 1a � GN mature FH � — nfl �1 na NED
25 512 2 � NBL d FH � 0.5% � 11 1 NED
26 91 2 � — — � 0.1% � 14 2 NED
27 506 3 � NBL pd FH � — � 9 3 NED
28 1152 2 � — — � 0.1% � 13 4 NED
29 2831 3 � NBL ud UH � 1.0% � 26 na NED
30 392 2 � — — � — � 21 3 NED
31 416 2 � NBL pd FH � 0.3% � 25 3 NED
32 141 2 � NBL d FH � 0.5% � 57 1 NED
33 1509 2 � NBL d FH � 1.0% � 16 4 NED
34 112 2 � NBL d FH � — nfl 31 3 NED
35 215 2 � — — � — � 25 4 NED
36 429 3 � NBL pd FH � 0.2% � 27 2a NED
37 1110 2 � — — � — nfl 33 4 NED
38 1311 1a � — — � — � �1 4 NED

NBL, neuroblastoma; ud, undifferentiated; pd, poorly differentiated; d, differentiating; GNB, ganglioneuroblastoma; GN, ganglioneuroma; i,
intermixed; n, nodular; FH, favorable histology; UH, unfavorable histology; nfl, no full-length hTERT transcripts; NED, no evidence of disease; DOD,
died of disease; REL, relapse; PD, progressive disease; na, no information available.
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RNA Isolation and Reverse Transcriptase-
Polymerase Chain Reaction (RT-PCR)

RNA was isolated with the chaotropic reagent Trizol (Life
Technologies, Inc., Gaithersburg, MD) according to the
manufacturer. One �g of total RNA was reverse-tran-
scribed using the RNA PCR kit (Perkin Elmer, Langen,
Germany) and subjected to PCR as recommended by the
manufacturer. We used 1.25 U/50 �l of Amplitaq Gold
(Perkin Elmer) as polymerase, which must be activated
by heating to 95°C for 10 minutes. This procedure avoids
primer-dependant PCR artifacts. Primer sequences were
chosen to amplify a region of the hTERT mRNA contain-
ing the motifs for the reverse transcriptase activity.23,35

Primers were 5� end labeled with Fam (6-carboxyfluores-
cein, Perkin Elmer), primer sequences: 2164 5� gcct-
gagctgtactttgtcaa 3� and 2620 5� cgcaaacagcttgttctccat-
gtc 3�.31 After 40 cycles of amplification with an
annealing temperature of 68°C, PCR products were an-
alyzed by capillary electrophoresis (ABIprism 310, Perkin
Elmer). As a positive control, glyceraldehyde-3-phos-
phate dehydrogenase mRNA (GAPDH) was amplified in
parallel with the primers GAPDH-S: 5� acgaccactttgt-
caagctcat 3�, and GAPDH-A: 5� ggtactttattgatggtacatg 3�
for 30 cycles with an annealing temperature of 60°C.
Validation of PCR products was done by automated se-
quencing (ABIprism 310, Perkin Elmer).

Analysis of matched formalin-fixed, paraffin-embed-
ded tumor tissue was done as follows: five sections, each
10-�m thick, were cut from paraffin blocks and collected
in a 1.5-ml sterile polypropylene tube. Paraffin was re-
moved with two changes of xylene and two changes of
absolute ethanol (both from Sigma, Deisenhofen, Germa-
ny). The remaining tissue pellet was air-dried, overlaid
with 1 ml of Trizol, and homogenized with a hand-held
mechanical device (Ultra Turrax T8; IKA Labortechnik,
Hohenstaufen, Germany). The tissue lysates were left
overnight at room temperature and RNA isolation was
proceeded as described above. RNA integrity was as-
certained by RT-PCR amplification of GAPDH mRNA.
Two different regions of hTERT mRNA were amplified in
parallel (Figure 1): primers hTERT 1784 (5� cggaagagt-
gtctggagcaa 3�) and 1910 (5� ggatgaagcggagtctgga 3�)
amplify a 145-bp segment present in all transcripts
whereas the primers hTERT 2172 (5� tgtactttgtcaaggtg-
gatgtg 3�) and hTERT 2350 (5� gtacggctggaggtctgtcaag
3�) were designed to amplify a 200-bp segment being
unique to the full-length hTERT transcript. Annealing tem-
perature was 60°C for hTERT 1784/1910 and 68°C for
hTERT 2172/2350.

TRAP Assay

For the assessment of TA, a modified version of the
telomeric repeat amplification protocol (TRAP) assay was
applied as described.36 Briefly, tumor samples were
lysed in ice cold lysis buffer (0.5% CHAPS, (Sigma), 10
mmol/L Tris-HCl, pH 7.5, 1 mmol/L MgCl2, 1 mmol/L
EGTA, 5 mmol/L �-mercaptoethanol, 0.1 mmol/L 4-(2-
aminoethyl)benzenesulfonylfluoride) (Sigma), 1 U/�l

RNase Inhibitor (MBI Fermentas, St. Leon-Rot, Germany),
10% glycerin), incubated for 30 minutes on ice and cen-
trifuged at 20,000 � g for 30 minutes at 4°C. Protein
concentration of the supernatant was determined with the
Bradford assay (Bio-Rad, München, Germany). One �g
of protein was assayed in a 48-�l reaction mix (20 mmol/L
Tris-HCl, pH 8.0, 1 mmol/L EGTA, 0.005% Tween 20, 1.5
mmol/L MgCl2, 63 mmol/L KCl, 50 �mol/L of each de-
oxynucleosidetriphosphate (MBI Fermentas), 2 U Taq
DNA-polymerase (MBI Fermentas), 0.1 attomol PCR stan-
dard, 10 pmol primer TS (5�-TAMRA-TS; Eurogentec, Se-
raing, Belgium), 10 pmol CX-ext-primer). After elongation
for 30 minutes at 30°C, 30 cycles of PCR (95°C for 30
seconds, 50°C for 30 seconds, and 72°C for 30 seconds)
were run. PCR products were analyzed by capillary elec-
trophoresis (ABIprism 310, Perkin Elmer). Integrated val-
ues were added up for all telomerase products and ad-
justed by dividing them by the value obtained for the
internal amplification standard. Different dilutions of ly-
sates of highly telomerase-positive L428 cells (Hodgkin’s
disease-derived cell line37) were analyzed in the same
way and used to generate a calibration curve. The TA
values of each tumor were matched to this curve to
express the results as a percentage of the TA measured
in 1 �g of protein extract from L428 cells.

Immunohistochemistry

The tumor cell-growth fraction was assessed immunohis-
tochemically by means of monoclonal antibody Ki-S5
directed to a formalin-resistant epitope of the Ki-67 pro-
tein.38 Tumor sections were deparaffinized in xylene and
rehydrated in graded ethanol. Immunoreactivity was re-
stored by microwaving the slides in 10 mmol/L of sodium
citrate, pH 6.0, for 20 minutes at 800 W, and the staining
reaction was enhanced with use of the alkaline phospha-
tase anti-alkaline phosphatase technique.39 For each tu-
mor sample, a total of 1000 cells were evaluated in dif-

Figure 1. Schematic drawing of the hTERT mRNA with the sequences coding
for the reverse-transcriptase motifs 1, 2, A, B, C, D, and E.35 A full-length
transcript (457 bp) is shown at the top. Splicing of the � region results in a
36-base abridgement of the mRNA that causes a deletion in the reverse-
transcriptase motif A. Splicing of the � region causes a 182-base abridgement
of the mRNA, the resulting protein lacks the reverse-transcriptase motifs B, C,
D, and E. RT-PCR primers 2164 and 2620 flank the region containing the �
and � splice sites, the size of the amplicons being dependent on the type of
transcript. Primers 2172 and 2350 bind within the critical splice sites and
amplify full-length transcripts only, primers 1784 and 1910 amplify hTERT
transcripts irrespective of alternate splicing.
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ferent areas of the tumor at high magnification (�350)
using a standard light microscope (Zeiss, Oberkochen,
Germany). The quantity of positive nuclei was expressed
as a percentage of the total tumor cell count.

Fluorescence in Situ Hybridization

The MYCN status was determined by in situ hybridiza-
tion40 with a digoxigenin-labeled probe complementary
to the MYCN gene (Appligene Oncor, Illkirch, France).
Briefly, paraffin-embedded tumor samples were cut as
for immunohistochemistry. After deparaffinization and re-
hydration, tissue slides were treated with 40 �g/ml of
proteinase K (Roche Molecular Biochemicals, Mannheim,
Germany) at 37°C for 30 minutes and hybridized over-
night. Visualization was accomplished with anti-digoxige-
nin F(ab)2-fragments from sheep coupled to fluorescein
(Roche Molecular Biochemicals), diluted 1:200. After re-
peated washings in phosphate-buffered saline the slides
were air-dried, stained with propidium iodide supple-
mented with antifade [1,4-diazabicyclo(2.2.2)octane;
Sigma]. Fluorescence microscopy was performed with
use of a Zeiss photomicroscope equipped with fluores-
cein epifluorescence filters. A tumor was considered
MYCN amplified when more than six nuclear signals were
seen or when tumor nuclei showed relatively large signals
compared with admixed fibroblasts or lymphocytes,
which usually showed a pair of distinct nuclear signals.
This procedure is supposed to adjust for potential hyper-
diploidy, in which case the tumor cells would show more
than the expected two signals without a MYCN amplifi-
cation per se.

Statistical Analysis

The SPSS software package, version 10.0, was used for
all calculations. Binary factors were correlated by means
of Fisher’s exact test, and categories of continuous vari-
ables were compared with the use of the Mann-Whitney U
test or the Kruskal-Wallis nonparametric analysis of vari-
ance. Statistical significance was assumed at P � 0.05.

Results

Clinicopathological data of the patients are detailed in
Table 1. Nineteen out of 38 neuroblastic tumors showed
TA in the TRAP assay. The relative enzymatic activity
ranged from 0.1 to 18.5%, as compared to the L428 cell
extracts. Lack of TA was not attributable to failure of the
assay (eg, because of the presence of inhibitors), be-
cause regular amplification of the internal amplification
standard was seen with all tumor cell extracts. Also,
previous chemotherapy did not seem to influence TA as
two pretreated samples contained high TA. Well-differen-
tiated tumors, ie, Hughes’ grade 1/ganglioneuroblasto-
mas, had very low or absent TA, and the one ganglion-
euroma in our series was telomerase-negative. TA was
nevertheless very heterogeneous in the less well-differ-
entiated tumors (Hughes’ grades 2 or 3), which displayed

either high or low TA levels, or even no activity at all.
Thus, no statistically significant correlation could be es-
tablished between Hughes’ grade and TA, whereas there
was a trend toward an correlation of TA with Shimada’s
grade (P � 0.06 by Fisher’s exact test). Conversely, an
association with tumor stage was not evident. The highest
TA was found in a localized (stage 2) neuroblastoma
whereas some tumors in advanced stages exhibited no
or little TA.

RT-PCR experiments were conducted using primers
(2164 and 2620) partly encompassing the reverse tran-
scriptase domain of the hTERT mRNA (Figure 1). Within
this region, two splice sites have been identified. Splicing
at the � site causes a 36-base deletion (bases 2186 to
2221) in the mRNA, and � splicing results in the loss of
182 bases (bases 2342 to 2524) from the transcript.
Nucleotide loss at the � splice site causes partial ablation
of the conserved reverse transcriptase motif A, whereas
splicing at the � site results in loss of the motifs B, C, D,
and E. As deletion of one of the conserved reverse tran-
scriptase motifs is sufficient to abrogate the function of
the enzyme, intactness of the transcript at both these
splice sites is essential for TA.

For analysis of formalin-fixed paraffin-embedded tu-
mor samples, two primer pairs were used. Primers 1784
and 1910 amplify every hTERT message whereas prim-
ers 2172 and 2350 were designed to amplify full-length
transcripts only. This was achieved by choosing primer-
binding sites spanning the sequences at which �- and
�-splicing occurs, thus preventing amplification of
spliced hTERT transcripts. In case of a positive reaction,
a 200-bp PCR product was seen whereas primers 1784
and 1910 generated a 145-bp PCR product.

Twenty-eight tumors contained hTERT mRNA, and all
samples were positive for the ubiquitously expressed
glyceraldehyde-3-phosphate dehydrogenase mRNA
used as a positive control (data not shown). Twenty for-
malin-fixed paraffin-embedded tumor samples showed
identical results compared with their fresh-frozen coun-
terparts. RT-PCR with the primers 2164 and 2620 re-
vealed splice variants in virtually all tumors containing
hTERT mRNA transcripts and in the cell line L428 (exam-
ples are shown in Figures 2 and 3). Notably, �-spliced
transcripts were consistently present, whereas the two
other splice variants were randomly distributed. Full-
length transcripts were present in 20 tumors, nine of
which displayed TA of 1% or higher. Eight tumors that
lacked the full-length hTERT transcripts had either low or
undetectable TA. Eleven tumors contained full-length
transcripts with low TA in six and absence of TA in five
cases. By contrast, one tumor displayed very low TA in
the absence of hTERT transcripts. The association of any
amount of TA with the presence of full-length hTERT
transcripts was highly significant (P � 0.0001 by Fisher’s
exact test). Also, full-length hTERT transcripts were sig-
nificantly associated with high TA levels (equal to or
greater than 1%, P � 0.001). By contrast, neither the
distribution of hTERT splice variants nor TA levels corre-
lated with the patient’s age at diagnosis.

The proliferative status of the different neuroblastic
tumors was highly variable. Ki-S5 immunolabeling re-
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vealed a heterogeneous pattern in all tumor samples that
was accentuated at the tumor margins with occasional
clusters of proliferating cells in the bulk of the tumor.
Well-differentiated tumors contained only a few Ki-S5-
positive cells (as a rule �3%). The other samples showed
labeling indices within a range between 9% and 57%.
The proliferative activity showed a tendency toward an
association with TA (P � 0.06 according to the Kruskal-
Wallis test), and to a lesser extent with the presence of
hTERT transcripts (P � 0.16, Kruskal-Wallis test).

MYCN amplification, as shown by multiple nuclear sig-
nals revealed by in situ hybridization, was found only in
six tumors, four of which were Hughes’ grade 3 whereas
only two were of unfavorable histology according to Shi-
mada’s grading. Four contained full-length hTERT tran-
scripts associated with high TA, one showed full-length
transcripts without detectable TA, and one lacked both
TA and hTERT transcripts. Statistical analysis revealed a
significant association of MYCN amplification with high

TA (P � 0.019, Fisher’s exact test), and to a lesser extent
with the presence of full-length hTERT transcripts (P �
0.08).

We further investigated whether TA or hTERT transcrip-
tion and splicing may provide prognostic information.
High TA was significantly associated with disease pro-
gression in terms of either local recurrence, distant me-
tastasis, or tumor-related mortality (P � 0.004, Fisher’s
exact test). This corresponds to the significance level of
Shimada’s grade determined on this series (P � 0.005).
Cases with full-length hTERT transcripts, however, merely
showed a tendency toward an adverse prognosis (P �
0.13). As this study was designed as an analysis of fresh
tissue with a view toward basic regulatory mechanisms,
the follow-up period (median, 12 months) may be too
short for a confident estimation of the clinical outcome,
and therefore, the results have to be considered with
reserve. Our analysis nevertheless suggests that high TA
may predict early disease progression. Because of the

Figure 2. RT-PCR demonstration of hTERT transcripts (left) and TRAP assay results (right) of the tumor cell line L428 (A and B), patient 1 (C and D), and patient
4 (E and F). The x axis defines the fluorescence intensities and the y axis indicates the length of the PCR fragments in bp. Presence of full-length hTERT transcripts
(A and C) correlates with TA (B and D), demonstrated here by the characteristic 6-bp ladder, representing the elongated template primer TS. Lack of full-length
transcripts (E) is associated with inactive telomerase and absent TA (F). The amount of protein analyzed in the TRAP assay was 1 �g, except in the case of L428,
in which 120 ng were used. The internal amplification standard peak is in black.
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limited correlation with other prognostic factors, TA might
thus be a truly independent indicator of prognosis in
neuroblastic tumors.

Discussion

In neuroblastic tumors, the presence of TA is believed to
portend an adverse outcome,19,21 and previous studies
have shown a strong statistical correlation between TA and
the transcription of hTERT mRNA.20,21 However, it was
found that a subset of neuroblastic tumors exhibited no
detectable TA although hTERT transcripts were present,
suggesting a regulation at the posttranscriptional level. To
address this issue, we performed on a series of 38 neuro-
blastic tumors a comparative analysis of the TA in relation to
hTERT transcription determined by RT-PCR.

Owing to the inclusion of an internal amplification stan-
dard, our modified TRAP assay virtually allows us to
exclude false-positive results, and a deproteinization
step warrants a sufficient sensitivity.41 Moreover, com-
parison with a calibration curve generated with stepwise
diluted protein extracts from L428 cells enables a rea-
sonable appraisal of the relative TA in tissue samples.36

Overall, TA values in the samples of neuroblastic tu-
mors were low compared with L428 extracts, possibly
reflecting suboptimal growth conditions in the tumor in
contrast to an optimum nutrient supply in cell culture. This
posed the problem of categorizing high versus low TA
values. As we observed a spectrum from 0.1 to 18.5%
relative TA, we followed previous reports to assume that
very low TA (�1%) is below the threshold required for
telomere maintenance or elongation.42 On this basis, sig-
nificant TA would be present in 24% of our tumors.

The first publication relating telomerase to prognosis in
neuroblastic tumors reported TA in 96% of untreated
neuroblastic tumors.19 The much lower prevalence in our
series is nevertheless unlikely to be attributable to the
inclusion of 10 patients having received cytotoxic treat-
ment before the diagnostic biopsy, as pretreatment does
not seem to affect TA levels.21 Rather, one may assume
that the observations mentioned above are biased by
false-positive results as they easily occur with the original

TRAP assay because of template slippage on PCR-de-
rived primer dimers.41 In more recent studies 29%21 and
80%20 of neuroblastic tumors contained TA, the former
result being well in line with our observations.

It is nevertheless remarkable that the percentage of
telomerase-positive neuroblastic tumors is rather small
compared with other cancers, notably carcinomas.7,8

This may be attributable to the propensity of neuroblastic
tumors toward differentiation and even spontaneous re-
gression, which might reflect the inability of sustaining
tumor cell proliferation in the absence of mechanisms
counteracting the attrition of telomeres. In light of these
reflections, it is well conceivable that a differential regu-
lation of TA may be a major determinant of the biological
behavior of neuroblastic tumors. In our series, there was
no clear-cut association between TA and clinical stage or
histopathological tumor grade. However, well-differenti-
ated tumors (ganglioneuroblastomas and ganglioneuro-
mas) hardly exhibited any TA, which supports the above
given considerations.

Looking for hTERT-transcripts and their splice variants
by means of RT-PCR, we found hTERT transcription in 28
out of 38 tumors. Interestingly, eight tumors in our series
lacked full-length hTERT transcripts, which is reminiscent
of a phenomenon seen in certain tissue types during
embryonal development.31 It seems that, at later stages
of gestation, full-length hTERT transcripts are replaced
by splice variants with alterations in the region spanning
the reverse transcriptase motifs. More recently, analo-
gous alternate transcripts were also observed in normal
and neoplastic ovarian tissue, endometrium, and myome-
trium.43 These truncated forms failed to produce TA in the
absence of full-length transcripts, consistent with in vitro
experiments showing that the �-deletion variants are un-
able to reconstitute a functional telomerase complex.28

Although the various splice variants are likely to be ubiq-
uitous in hTERT-expressing cells, the lack of full-length
transcripts was primarily restricted to nonneoplastic tis-
sues. Hence, the authors concluded that alternate splic-
ing of hTERT mRNA might constitute a regulatory mech-
anism of TA at the posttranscriptional level, which may be
lost with malignant transformation.43

Although our observations support this idea, they addi-
tionally provide evidence for an occasional maintenance of
this physiological mechanism in malignant neoplasms. In
the eight tumors lacking full-length transcripts TA was ab-
sent or at least well below 1% indicating that, beyond tran-
scription, differential splicing of hTERT mRNA has a signif-
icant impact on the TA in neuroblastic tumors, which
identifies a novel regulatory mechanism in these tumors. It is
therefore tempting to speculate that regulatory mechanisms
of embryonal life might to some extent be conserved in
neuroblastic tumors. Although we could not establish a
significant overall correlation between alternative hTERT
splicing and patient age, the median age of the patients
with truncated hTERT transcripts was 14.4 months. This
observation suggests that the negative regulation of TA by
alternate splicing of hTERT mRNA might persist through
early infancy, and thus might account for the favorable
biological behavior of neuroblastic tumors in children
younger than 1.5 years of age.3,44

Figure 3. RT-PCR demonstration of hTERT transcripts in formalin-fixed par-
affin-embedded neuroblastoma samples. Lanes 1 and 2 correspond to case
no. 4 and lanes 3 and 4 correspond to case no. 1. Primers hTERT 1784/1910
amplify a 145-bp PCR product common to all hTERT transcripts (lanes 1 and
3) whereas primers hTERT 2172/2350 amplify a 200-bp region unique to
full-length transcripts. M, molecular weight marker.
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It emerges from our data that full-length hTERT tran-
scripts are indispensable for the enhancement of signif-
icant TA. Thus, the clear-cut correlation between the lack
of full-length transcripts and low or absent TA may ex-
plain the discrepancy between TA and the presence of
hTERT transcripts observed by others.20,21 Because
primers amplifying all types of hTERT transcripts were
used in these analyses, variant transcripts inevitably es-
caped detection. However, five tumors in our series tran-
scribed hTERT mRNA with complete reverse transcrip-
tase motifs while lacking detectable TA. In concert with
previous observations,43 this is suggestive of additional
regulatory mechanisms, eg, posttranslational modifica-
tions by phosphorylation or dephosphorylation of certain
protein subunits,45–48 or possibly, truncations outside the
RT motifs of hTERT.49

Yet another reason for this apparent discrepancy
might be that the expression levels of full-length hTERT,
which were not investigated in this study, might modulate
the TA. This idea would be supported by the very close
association of full-length hTERT transcripts with detect-
able TA in this series (P � 0.0001). In fact, initial data had
shown a good correlation between hTERT mRNA levels
and TA.23,24,50 Also, functional hTERT mRNA was de-
tected in lymphocytes irrespective of the degree of TA51

as well as in normal, telomerase-negative tissues, such
as human brain, liver, prostate, heart and primary fibro-
blasts.52 It has therefore been suggested15 that cells with
the ability to proliferate on a certain stimulus, eg, antigen-
stimulated lymphocytes, constitutively express a low
amount of hTERT mRNA, which would be dramatically
up-regulated in malignant cells.

Several studies have shown that TA closely correlates
to the proliferative activity in normal tissues and can-
cers.16,17,36 We therefore determined the tumor growth
fraction by means of a monoclonal antibody (Ki-S5)
against the Ki-67 protein, which is expressed in all cy-
cling cells from G1 through M phase of the division cy-
cle.53 However, despite a weak correlation with TA, a
high Ki-S5-labeling index alone was neither necessary
nor sufficient for telomerase activation, as illustrated by
cases no. 4 and no. 17 with high Ki-S5-labeling indices
and absent TA (Table 1). This may be explained by the
inclusion of G1 phase in Ki-67 labeling, because recent
results indicate that telomerase is activated at the G1/S
transition.54 Although our observations argue against te-
lomerase being a mere proliferation marker, several lines
of evidence point out a relationship between TA and
cell-cycle deregulation.16,17,55

In this regard, MYCN amplification deserved consider-
ation, as the hTERT promoter contains binding sites for the
transcription factor MYCN.56 In accordance with a recent
investigation,57 we observed a significant correlation be-
tween MYCN copy number and TA. Out of six tumors with
MYCN amplification, five contained full-length hTERT tran-
scripts, and four exhibited significant TA, indicating that
MYCN may actually transactivate hTERT whereas addi-
tional factors may ultimately modulate its activity.

Our investigation demonstrates at least one novel regu-
latory mechanism of TA in neuroblastic tumors, which is
likely to carry high biological relevance. Although this study

could not possibly be designed to test clinicopathological
correlations, our preliminary analysis points out a prognostic
impact of TA. However, the assessment of TA requires fresh
or well-preserved frozen tissue that is not available to the
pathologist in most instances. As high TA apparently re-
quires the presence of full-length hTERT transcripts, the
rapid and easy method of RT-PCR, being well suitable for
the analysis of archival specimens, may provide a novel
basis for assessing the prognostic value of TA in neuroblas-
tic tumors in retrospective studies with large sample sizes
and long term follow-up. Given the lack of substantial TA in
a portion of specimens with full-length transcripts, quantita-
tive analysis of hTERT transcripts using real-time PCR may
be necessary to establish a threshold level above which
enzyme activity is detectable.
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