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ABSTRACT

Telomerase activity was examined in 170 human brain tumor tissues,
and terminal restriction fragment (TRF) length was examined in 152 of
the 170. Telomerase activity was detected in 61.7% (66 of 107) of the
neuroepithelial tumors. However, the detection rates of telomerase activ
ity were widely different for different histopathological entities. In the case
of astrocytic tumors, the detection rate was 20.0% (3 of 15) for grade II
astrocytomas, 40.0% (6 of 15) for anaplastic astrocytomas, and 72.3% (34
of 47) for glioblastomas. The mean TRF length of the tumors with
telomerase activity was significantly shorter than that of the tumors with
undetectable telomerase activity for each tumor entity. In grade II and
anaplastic astrocytomas, telomerase activity was an indicator of early
histological progression and reduced survival of the patients, although
there was no difference in MI li-1 staining indices between the tumors with

and without telomerase activity at onset. In three astrocytic tumors,
concurrence of telomere shortening and telomerase reactivation was ob
served at recurrence; in these cases, tumors progressed to a higher grade.
Ten glioblastomas that progressed from lower-grade tumors exhibited

telomerase activity, and their TRF lengths were reduced in 80% (8 of 10).
In contrast, telomerase activity was detected in only 63.3% (19 of 30;
P < 0.05) and the TRF length remained compatible with normal values in
56.7% (17 of 30; /' < 0.01) of de novo glioblastomas. Thus, telomerase

activity strongly correlated with potential tumor progression in the short
term as well as with progression itself of the astrocytic tumors, whereas
telomeres may still have been in the process of shortening in some of the
Â¡lenovo glioblastomas. High telomerase activity was exhibited in all prim
itive neuroectodermal tumors, anaplastic oligoastrocytomas, neuroblasto-

mas, and oligodendrogliomas. TRF length was reduced in the majority (14
of 15) of three previously high-grade tumors, whereas it was compatible

with that of normal brain tissues in the oligodendrogliomas, suggesting
that telomerase activity with shortened telomeres correlates with the
aggressive growth of high-grade neuroepithelial tumors. Tumor cell lines

could be established from 17.2% (5 of 29) of neuroepithelial tumors with
telomerase activity but not from tumors without this activity (/' < 0.05),

suggesting that telomerase reactivation is an essential event in the neuro
epithelial cell immortalization in vitro. In nonneuroepithelial tumors,
telomerase activity was detected in malignant tumors, such as germ cell
tumors, lymphomas, metastatic adenocarcinomas, hemangiopericytomas,
and an anaplastic meningioma. In contrast, such activity was not detected
in benign tumors, including meningiomas, pituitary adenomas, hemangio-

blastomas and schwannomas, except for one hemangioblastoma that re
curred four times and displayed malignant features at the fourth recur
rence. These findings suggest that telomerase activity can be an index of
malignant potential or malignancy itself in nonneuroepithelial brain tu-

INTRODUCTION

Infinite cellular proliferation with subsequent clonal evolution to
invasive and metastatic cells is a major cause of death among patients
with malignant tumors (1, 2). Because the proliferative ability of
normal somatic cells is highly restricted and the cells become senes-
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cent after certain cycles of divisions (3), the cancer cells have to
overcome the normal mechanisms regulating cellular senescence (4-

7). Experimental data on cultured human fibroblasts indicate that the
cells must bypass two check points, mortality stage 1 (M,) and
mortality stage 2 (M2), before immortalization (6, 8). The M, stage is
regarded as normal cellular senescence, and the activation of viral
oncogenes or inactivation of tumor suppressor genes may overcome
the M, mechanism, endowing the cells with additional proliferative
capacity until the second independent mechanism (M2) occurs. Only
the cells that have survived M-, acquire the ability to proliferate

infinitely in vitro.
Human telomeres consist of tandem hexametric (TTAGGG)n re

peats at the ends of chromosomes. Most normal somatic cells lose
approximately 50-100 bp of the terminal telomeric repeat DNA with
each cycle of cell division (4, 7, 9), because unidirectionally (5'â€”>3')

lagging strand DNA synthesis from a short RNA primer by DNA
polymerase a cannot be completed at the very 5'-end of the telomere

during chromosomal duplication (10. 11). The repetitive noncoding
telomeric repeat is regarded as a buffer zone preventing the adjacent
coding region of the genome from erosion by the telomeric DNA
shortening. This shortening of telomeres is considered to be the
mitotic clock by which cells count their divisions, and very short
telomeres are likely to regulate the onset of replicative cellular senes
cence, M,, in the somatic cells (4, 6, 12). Moreover, the shortened
telomeres could initiate successive events, such as aberrant fusion or
recombination of the end of chromosomes, instability of the chromo
somes, loss of cell growth control, and finally cancer development
(8, 13).

Telomerase, or telomere terminal transferase, is a ribonucleoprotein
that makes the de novo synthesis and elongation of the telomeric
repeats onto chromosomal ends possible by using the RNA template
complementary to the (TTAGGG)n repeats (14, 15). Whereas func
tionally immortal germ-line cells express telomerase and maintain

sufficient telomeric repeats (13, 16, 17), most human somatic cells fail
to acquire telomerase activity in successive cultures and become
senescent (4, 9. 17). However, somatic cells with viral oncogene
transfer may acquire telomerase activity during late M-,, at which time

the telomere is extremely short (6. 12. 18, 19). Stabilization of
telomeres by telomerase reactivation appears to be concomitant with
attainment of immortality itself in such cells, suggesting that the
reactivation of telomerase may indeed be an essential event in somatic
cell immortalization. Likewise, telomerase reactivation is likely to be
obligatory for infinite tumor growth, because telomere shortening and
subsequent cellular senescence are inevitable even in tumor cells with
successive cell divisions without reactivation. In fact, telomerase
activity has been detected in numerous cancer cells and tissues since
Counter et al. (20) first detected its activity in human ovarian carci
noma. Kim et al. (21) have recently developed a TRAP2 assay, a

sensitive PCR-based method. They detected telomerase activity in

89.1% (90 of 101) of 12 human malignant tumor types and in 98.0%
(98 of 100) of immortal cell lines, but this activity was undetectable
in 50 normal somatic tissues and 22 mortal cell lines. These findings

2 The abbreviations used are: TRAP, telomeric repeal amplification protocol; TRf-'.

terminal restriction fragment: PNET. primitive neuroectodermal tumor: CNS. central
nervous system: EGFR. epidermal growth factor receptor. Rb. relinohlasloma.
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strongly indicate that telomerase activity is repressed in normal so
matic cells and tissues but is reactivated in immortal cells and human
cancers and thus plays a key role in their growth.

Numerous kinds of tumors originating from neuroepithelial or other
tissues develop in the brain (22). Despite strict histopathological
classification, actual brain tumor growth does not always correlate
with its grade of malignancy. For example, some low-grade gliomas

abruptly exhibit anaplastic changes, although they generally remain
for a long period without evident tumor growth. Some meningiomas
recur after a short while despite gross total excision. Thus, accurate
prediction of brain tumor growth and estimation of the malignant
potential of these tumors need additional indicators. These unexpected
characteristics of brain tumors may correlate with attainment of te
lomerase activity as a solution to the telomere shortening problem.
However, only a few studies have been conducted of telomere and
telomerase of brain tumors. NÃ¼rnbergel al. (23) reported alterations
of telomere length in 38 of 60 (63.3% ) human gliomas. Langford et al.
(24). Nakatani et al. (25). DeMasters et al. (26) and Morii et al. (27)
recently reported that telomerase was reactivated in 60-75% of glio-

blastomas and 100% of oligodendrogliomas. However, these data are
limited to certain tumor types, and no investigation has been con
ducted of a wide variety of brain tumors, nor have there been any
reports on studies of relationship between telomerase activity, te
lomere length, and tumor proliferative ability. We, therefore, exam
ined these three factors in the majority of brain tumor types. We
evaluated whether malignant brain tumor cells have short telomeres
stabilized through the activation of telomerase, whether telomerase
activity correlates with tumor proliferative ability, and whether the
activity assay can be used as a diagnostic marker and prognostic
indicator for brain tumors. In addition, we obtained cell lines from
neuroepithelial tumor tissues and assessed whether tumor cells with
telomerase activity immortalize efficiently in vitro, whether cells
without this activity do not, and whether the latter cells acquire
telomerase activity when they immortalize, to elucidate the role of
telomerase reactivation in neuroepithelial tumorigenesis.

MATERIALS AND METHODS

Tissue Samples. Bruin tumor samples were obtained from 167 patients,
with an age range from 4 months to 84 years, who were operated on at Osaka
University Hospital between 1978 and 1996. From three patients with astro-

cytic tumors, samples were obtained twice, at onset and at recurrence with
tumor progression to glioblastomas, so that a total of 170 samples was
examined. Of these. 159 samples were previously untreated lumors. and the
remaining 11. including 3 samples from the aforementioned 3 patients, were
glioblastomas that had progressed from lower-grade astrocytic tumors. In

addition, normal brain tissues were also obtained from 6 of the 167 patients
with deep-seated benign tumors at resection with the transcortical approach.

These samples were processed within l h after removal. Because heme
reportedly inhibits activity of Taq polymerase in TRAP assay (28, 29). the
macroscopic-ally blood-rich tissues were washed in ice-cold Dulbecco's mod

ified PBS. The tissues were then cut into two or three pieces. One piece was
quick-frozen and stored at â€”¿�80Â°Cuntil use for the following study. Another

piece was fixed in 10% formalin in PBS. dehydrated, embedded in paraffin,
and sliced in 6-fiin-thick sections for histopathological examination based on
the WHO classification for brain lumors (22) and MIB-I immunostaining. In

the case of neuroepithelial tumors, the remaining piece was prepared for tumor
cell culture as detailed below if the tissue samples were sufficiently large.

Cell Line. Human glioblastoma cell line U251 (RIKEN Cell Bank.
Tsukuba. Japan) was maintained in DMEM with 10% fetal bovine serum in a
humidified CO, incubator with an atmosphere of 95% air and 5% CO,. The
cell extract was used as a positive control for each set of TRAP assays with
serial dilutions to confirm the reproducibility of the experiments.

Tissue or Cell Lysatc Extraction. Extracts of fresh frozen tissues were
prepared by grinding the tissues to a powder while adding liquid nitrogen.

followed by addition of 2 fil of ice-cold lysis buffer 110 mM Tris-HCl (pH 7.5).
I mM MgCU, I m.MEGTA, 0.1 mM (/>-amidinophenyl) metanesulfonyl fluoride

hydrochloride, 5 mM mercaptoethanol, 0.5% CHAPS, 10% glycerol] per mg of
powder. Cultured cells at confluency were washed once in PBS. pelletted at
200 X g for 10 min at 4Â°C,resuspended in ice-cold wash buffer |IO mM

Hepes-KOH (pH 7.5), 1.5 mM MgCU. 10 mM KC1, 1 mM DTT], pelletted
again, and resuspended at llr'-lO" cells per 20 fil of ice-cold lysis buffer. The

tissue or cell suspension was incubated 30 min on ice with occasional mixing
and then centrifuged at 16,000 X g for 30 min at 4Â°C.The supernatant was
removed, quick-frozen, and stored at â€”¿�80Â°C.Protein concentration of the

extract was then measured with the Bradford method.
TRAP Assay. The TRAP assay (21) was used for evaluating the telomer

ase activity in brain tumors. An aliquot (6 fig of protein) of extract was used
for each standard TRAP assay. For RNase treatment. 10 fÂ¿lof extract were
incubated with 2 fig of DNase-free RNase for 20 min at 37Â°C.Assay tubes
were prepared by sequestering 0.1 fig of CX primer (5'-CCCTTACCCTTAC-
CCTTACCCTAA-3') under a wax barrier (Ampliwax; Perkin-Elmer Corp..

Foster City. CA). Each extract was assayed in 50 fil of reaction mixture
containing 20 mM Tris-HCl (pH 8.3). 1.5 mM MgCU, 63 mM KC1, 0.005%
Tween 20, 1 mM EGTA. 50 /IM dNTPs, 150 kBq of |a-'-P]dCTP. I fig of T4
gene 32 protein (Ambion. Austin. TX), 0.1 fig of TS oligonucleotide (5'-
AATCCGTCGAGCAGAGTT-3'), O.i mg/ml BSA, and 2 units of Taq po

lymerase (Takara, Kyoto. Japan). After a 30-min incubation at room temper
ature for telomerase-mediated extension of the TS oligonucleotide. the mixture
was warmed at 90Â°Cfor 90 s and then subjected to 27 PCR cycles of 94Â°Cfor
30 s, 50Â°Cfor 30 s. and 72Â°Cfor 45 s. The PCR product was electrophoresed

on a 12% polyacrylamide gel. For estimation of telomerase activity, extracts
with telomerase activity were reexamined at 10-fold (0.6 fig of protein) and
100-fold (0.06 fig of protein) dilution. Althogh the dilution assay is not
quantitative but rather qualitative, telomerase activity detected in the l(X)-fold
dilution was defined as "high activity." and the activity limited to the standard
and/or 10-fold dilution assay was defined as "low activity" (2. 29-32). Be

cause it has been reported that Taq polymerase inhibitor in brain tissues may
prevent amplification reaction of the assay but that Taq polymerase may work
in 10- and 100-fold dilutions of the samples and that telomerase activity

becomes evident under these conditions (28. 29. 33). the samples with telom
erase activity undetectable in the standard assay were reexamined under these
conditions instead of with internal controls (29. 34. 35).

Southern Blot Analysis of TRF Length. TRF length, an indicator of
lelomere length, was estimated by using Southern blot analysis (36). Genomic
DNA was isolated from the tumor tissues, and 2 fig of DNA were digested to
completion with 10 units of Hinfl, electrophoresed on 0.7% agarose gels, and
transferred onto nylon membrane filters (Hyhond N + . Amersham Corp..

Buckinghamshire. United Kingdom). The filters were then hybridized in
10 X Denhardt's solution. 1 M NaCI. 50 mM Tris-HCl (pH 7.4). 10 mM EDTA.

0.1% SDS, and 100 fig/ml denatured salmon sperm DNA at 50Â°Cwith a
'2P-labeled (TTAGGG)4 probe. Finally, the filters were washed in 4X SSC

and 0.1 % SDS at 55Â°Cand autoradiographed. TRF length was estimated at the

peak position of the hybridization signal (34, 36). To exclude the possible
effect of DNA degradation, the same filters were rehybridized with ÃŸ-actin

probe (data not shown).
Establishment of Cell Lines from Neuroepithelial Tissues. Fragments of

neuroepithelial tumor tissues were dipped in HBSS. cut into small pieces with
scissors, and treated with DNase I (Boehringer-Mannheim. Mannheim. Ger

many). Live cells were counted with the dye exclusion method. The cells were
centrifuged. resuspended in DMEM supplemented with 10% fetal bovine
serum and gentamicin (20 fig/ml), and seeded onto a 100-mm dish at 3 X IO5
cells per cm2. The culture medium was exchanged twice per week and the cells

were transferred at confluency. Mean population doubling was calculated from
the number of cells at harvest and seeding at each cell transfer. The cells which
had grown by more than 150 population doublings were judged to be estab
lished.

MIB-1 (Ki-67) Immunostaining. Antigen in deparaffinized sections was

retrieved with the aid of a microwave oven in citrate buffer (10 mM. pH 6.0)
as described previously (37. 38). The sections were treated with 0.3% hydro
gen peroxide in methanol for 20 min to inactivate endogencous peroxidase.
incubated for 20 min with 1% normal horse blocking serum, and then reacted
overnight with MIB-1 antibody (Immunotech. Marseilles. France) diluted to 5

fig/ml. The slides were washed in PBS, reacted with biotinylated antimouse
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antibody and incubated with avidin-biotin-complex reagent (Vector Laborato
ries. Burlingame, CA). Enzyme activity was detected with 3. 3'-diaminoben-

zidine [1 mg/ml in 0.05 M Tris-HCl (pH 7.2)] for 2-7 min. The slides were
washed in tap water and counterstained with Harris' hematoxylin. The MIB-1

staining index was calculated as the percentage of immunopositive nuclei
among the total number of nuclei counted in each section. More than 1000 cells
were counted in several fields for each specimen. All immunopositive nuclei
were counted, irrespective of the intensity of staining.

Statistical Analysis. For statistical analysis, tumor samples of each entity
were divided into two groups, one with telomerase activity and the other with
undetectable telomerase activity. For comparison of the two groups, the data
were analyzed by univariate analysis. All Ps refer to either a x1 test or Fisher's

exact probability test for tables and, where appropriate, the Mann-Whitney U
test for nonparametric data. All Ps represent the results from two-sided

statistical tests.
The cumulative survival rates were calculated with the Kaplan-Meier

method. The survival curves were tested by using the generalized Wilcoxon
test.

RESULTS

Telomerase Activity in Brain Tumors. The histopathological
classification with WHO grading and telomerase activity of the ex
amined 170 tumors are listed in Table 1, and representative results are
shown in Fig. 1. Of the 170 tumors, 107 originated from neuroepi-

thelial and 63 from nonneuroepithelial tissues. Telomerase activity
was detected in 61.7% (66 of 107) of the neuroepithelial tumors.
However, the detection rates of telomerase activity were widely
different for different histopathological tumor entities. Telomerase
activity could not be detected in two ependymomas and three pilocytic
astrocytomas, but could in 20.0% (3 of 15) of grade II astrocytomas,
40.0% (6 of 15) of anaplastic astrocytomas and 72.3% (34 of 47) of
glioblastomas. High telomerase activity was demonstrated in 5 of 6
anaplastic astrocytomas and 23 of 33 glioblastomas. In 14 other grade
IV tumors, including 8 PNETs, 3 CNS (two olfactory and one cere-

Table I Telomerase activity in brain tumors (n = 170)

Tumor type
HistolÃ³gica]

grade
Telomerase

activity High activity

Tumors of neuroepithelial tissue (n=Pilocytic

astrocytomaAstrocytomaAnaplastic

astrocytomaGlioblastomaGliosarcomaOligodendrogliomaOligoastrocytomaAnaplastic

OligoastrocytomaEpendymomaEpendymoblastomaCNS

neuroblastomaPNETTotal107iIIImrvIVnnmiiIVIVrvI-IV0/3"

(0.0%)3/15

(20.0%)6/15
(40.0%)34/47
(72.3%)2/2(100.0%)4/4(100.0%)1/3

(33.3%)4/4(100.0%)0/2

(0.0%)1/1
(100.0%)3/3(100.0%)8/8(100.0%)66/107(61.7%)0/15

(0.0%)5/15
(3.3%)23/47

(48.9%)2/2(100.0%)1/4(25.0%)0/3

(0.0%)4/4(100%)1/1

(100%)3/3(100.0%)7/8

(87.5%)46/107(43.0%)Tumors

of nonneuroepithelial tissues (n =63)MalignantGerm

celltumorLymphomaMetastatic

adenocarcinomaHemangiopericytomaAnaplastic

meningiomaTotalBenignMeningiomaHemangioblastomaSchwannomaPituitary

adenomaTotalmmiii5/5

(100.0%)6/6(100.0%)7/7(100.0%)3/3(100.0%)1/1

(100.0%)22/22(100.0%)0/20(4.8%)1/3

(33.3%)0/5
(0.0%)0/13(0.0%)1/41

(2.4%)2/5

(40.0%)3/6
(50.0%)4/7(57.1%)2/3

(66.7%)0/1
(0.0%)11/22(50.0%)1/3

(33.3%)1/41

(2.4%)
" No. of tumors with telomerase activity/no, of tumors examined.

bellar) neuroblastomas, 2 gliosarcomas, and 1 ependymoblastoma.
every tumor exhibited high telomerase activity. Four oligodendrogli-

omas and tour anaplastic oligoastrocytomas showed high telomerase
activity while only 1 of 3 oligoastrocytomas displayed a low activity.
The grade II and anaplastic astrocytomas with telomerase activity
correlated with shorter survival more closely than those without
telomerase activity. However, such a relationship was not observed in
glioblastomas (Fig. 2).

Of 63 nonneuroepithelial tumors, 22 were histopathologically ma
lignant and 41 benign. All of the malignant tumors, including five
germ cell tumors (three germinomas and two embryonal carcinomas),
six lymphomas, seven metastatic adenocarcinomas, two hemangio-

pericytomas. and one anaplastic meningioma. displayed telomerase
activity and high activity was demonstrated in half of these tumors. In
the 41 benign tumors, telomerase activity was not detected except for
a hemangioblastoma that recurred four times during a 5-year period

and exhibited anaplastic change at the fourth recurrence.
Telomerase activity could not be detected in six normal cerebral

tissues. Mixing a tumor extract with high telomerase activity with a
normal tissue extract at ratios of 1:9 and 1:99 did not inhibit the
telomerase activity of the samples (data not shown). On the other
hand, telomerase activity was never detected even in 10- and 100-fold

dilutions of the extracts with undetectable telomerase activity, indi
cating that inhibitors of the TRAP assay (24, 28, 29, 33, 39) did not
affect our results. Similar results were reported by Langford et al. (24)
in their study of gliomas.

Analysis of TRF Length in Brain Tumors. TRF length was
estimated in 152 of the 170 brain tumor samples from which tissues
large enough for analysis were obtained. Of these, 97 were neuroep
ithelial and 55 were nonneuroepithelial in origin. The results of TRF
length analysis are shown in Fig. 3 and Table 2. Because Allsopp el
al. (9) reported that the TRF length of brain tissues was not shorten by
age and remained between 9 and 13 kbp and because our data on the
brain TRF length was within this range (9.4-13.2 kbp) as well, we

defined a TRF length less than 8.5 kbp as reduced, more than 14 kbp
as elongated, and within the range of 8.5-14 kbp as compatible with

normal brain tissues. A reduced or elongated TRF length was regarded
as a significant change (Table 3).

The grade II astrocytomas, anaplastic astrocytomas, and glioblas
tomas with telomerase activity exhibited significantly reduced TRF
lengths compared with those of tumors without this activity. It was
striking that 71.1% (27 of 38) of these tumors with telomerase activity
displayed reduced TRF lengths and that none of them had elongated
TRF lengths, whereas the majority (73.3%; 22 of 30) of the tumors
without telomerase activity had compatible TRF lengths, and only
13.3% (4 of 30) exhibited reduced and 13.3% (4 of 30) elongated TRF
lengths. All PNETs exhibited reduced TRF lengths, and their mean
TRF length was the shortest (4.633 kbp). Among neuroepithelial
tumors, 70.0% (42 of 60) of the tumors with telomerase activity
displayed significant alterations in TRF length, and 95.2% (40 of 42)
of these alterations were reductions. In contrast, the majority (24 of
37; 64.9%) of the tumors without telomerase activity had TRF lengths
compatible with normal values (P < 0.001). All four oligodendrogli-
omas also exhibited compatible TRF lengths. Three of the four ana-

plastic oligoastrocytomas exhibited reduced TRF lengths, whereas the
three oligoastrocytomas showed elongated TRF lengths.

In one grade II and two anaplastic astrocytomas with initially
undetectable telomerase activity, specimens obtained at tumor recur
rence with progression to glioblastoma exhibited both telomerase
activity and TRF reduction (Fig. 4).

Among nonneuroepithelial tumors, malignant tumors, such as germ
cell tumors, lymphomas, and hemangiopericytomas, all displayed
reduced TRF lengths. However, 66.7% (4 of 6) of the metastatic
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Fig. 1. Results ol Ihc TRAP assay for astrocytic tumors.Â«, the amount of protein (6. 0.6. or 0.1)6 fig) used in each assay is shown. Protein extract of U251 cells were used as positive
control, and the extract-treated RNase (/f ) as a negative control, b. high activity was detected in glioblastomas. anaplastic aslrocytomas, PNETs, and oligodendrogliomas but not in grade

II astrocylomas.

adenocarcinomas had TRF lengths compatible with normal values. Of Establishment of Cell Lines from Neuroepithelial Tumor Tis-

the benign tumors, all (13 of 13) pituitary adenomas, 75.0% (3 of 4)
of schwannomas. and 38.9% (7 of 18) of meningiomas had reduced
telomere lengths ranging from 5.(XX) to 8.4(X) kbp. The hemangio-

blustumu with telomerase activity and multiple recurrence displayed
reduced TRF length from the onset.

Analysis of Telomerase Activity and TRF Length in Glioblas-

loma Subtypes. Eleven of the 47 glioblastomas progressed from
lower-grade astrocytic tumors, but the remaining 36 developed with

out any evidence of such tumors. Both telomerase activity and TRF
length were examined and compared in 10 of the former and 30 of the
latter subtype tumors (Table 4). The mean TRF length was reduced
(7.747 kbp). and telomerase was reactivated in 100% (10 of 10) of the
progression glioblastomas. In contrast, 56.7% (17 of 30) of the tie
novo glioblastomas displayed compatible TRF length (P < 0.01). and
telomerase activity was detected in only 63.3% ( 19 of 30; P < 0.05).
In the de novo glioblastomas. the mean TRF length was significantly
reduced in the tumors with telomerase activity compared with that in
the tumors without telomerase activity (P < 0.05).

MIB-1 (Ki-67) Immunostaining. Detailed data for the MIB-1

indices are shown in the Table 5. For astrocytic tumors, the mean
MIB-1 staining indices were not significantly different for the tumors

with and without telomerase activity, whether they were grade II
astrocytomas. anaplastic astrocytomas, or glioblastomas. Oligoden
drogliomas, which consistently displayed telomerase activity, exhib
ited very low MIB-1 staining indices.

For nonneuroepithelial tumors, the mean MIB-1 staining indices
were high (10.38-64.81%) for malignant tumors, but low (mostly less

than 5%) for benign tumors. The hemangioblastoma with telomerase
activity displayed a low MIB-1 index (1.53%) at onset, but the index

had increased to 14.3% at the fourth recurrence.

sues. Neuroepithelial tumor cell lines could be established from five
(9.3%) of the 54 neuroepithelial tumors (Table 6). All of these cell
lines derived from tumors with telomerase activity in vivo, and no cell
lines could be established from tumors without telomerase activity
(P < 0.05). The success rate of cell line establishment for the tumors
with telomerase activity was 17.3% (5 of 29). All cell lines stained
with antiglial fibrillary acidic protein antibody, indicating that the
cells originated from astroglial components (data not shown).

DISCUSSION

The detection rate of telomerase activity was 61.7% in the neuro
epithelial brain tumors used in our study, whereas it has been reported
to be 80-95% in most malignant tumors (2, 29, 31, 34, 36, 39-50).

The lower detection rate in our study appears to reflect the wide
variety of tumor characteristics, such as histopathology, growth po
tential, metastatic ability, and invasiveness. The detection rate of
telomerase activity was very low (0-20.0%) for low-grade (grades I

and II) tumors except for oligodendrogliomas. In contrast, the detec
tion rate of telomerase activity increased to 40% for anaplastic astro
cytomas (grade III) and 72.3-100% for grade IV tumors. Thus, the

detection rates in the grade IV tumors were compatible with those for
tumors that developed in other tissues than the brain.

A low detection rate of telomerase activity (0-65%) has been
reported for several malignant tumors, such as Hodgkin's disease

(48), chronic myelogenous leukemia (50, 51), and early stage mam
mary (31) and gastric carcinomas (33). However, telomerase activity
was detected in more than 90% in advanced or late stage of these
tumors (31, 33, 48, 50, 51). Thus, the lower detection rate of telom
erase activity in these tumors suggests that slow-growing or early
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Fig. 2. Kaplan-Meier survival curves lor the patients with grade II astrocytomas (A}.
anaplastic astrocytomas (a), and gliohlasiomas (Ci with detectable or undetectahle te-
lomerase activity. There was significant diffÃ©rencebetween the groups for grade II and
anaplastic astrocytomas but not for glioblastomas.

malignant tumors are halfway on the road to full malignancy and that
telomerase reactivation is a critical step in aggressive growth devel
opment. Low-grade neuroepithelial tumors (except for oligodendro-

gliomas, which consistently exhibit telomerase activity) can also be
classified into these types of tumors.

The majority of low-grade neuroepithelial tumors without telomer

ase activity may be mortal, although they frequently infiltrate sur
rounding normal brain tissues and appear to proliferate infinitely in

vivo. In fact, immortality appears not to be a prerequisite for malig
nancy itself in tumors of the CNS. The volume of the CNS is less than
2000 cm', which can be filled with 2 X IO12tumor cells, assuming a
single cell is 1000 /im3 in size. This means that the CNS can be

replaced by clonal cells if an original single cell doubles 31 limes
without cell loss during the cell cycle. Even supposing cell losses at
each cycle of division of 10 and 20%, the CNS can be filled with such
cells after 36 and 46 doublings, respectively. Moreover, if a tumor of
which volume is less than 100 cm1 develops in the brain stem, it can

be replaced with clonal tumor cells after only 26 divisions. These
calculations strongly suggest that tumors of the CNS do not have to be
either immortal or overcome the M, or M2 stage if they can proliferate
through approximately 30 doublings, infiltrate brain tissues, and ab
rogate the cerebral functions. A series of studies has proven the
activation of oncoproteins or inactivation of tumor suppressor genes
in low-grade neuroepithelial tumors (52-54), suggesting that the tu

mor cells have already overcome M, and have been endowed with
extended proliferation of 20-40 doublings. Thus, even low-grade
neuroepithelial tumor cells can be life-threatening, despite the fact that

the tumor cells are mortal and exhibit significant cell loss during cell
divisions. Hiyama et cil. (49) have described that tumor cells that have
overcome M, may be enough to become fatal even in non-CNS

tumors.
A significantly shortened survival of patients with grade II or

anaplastic astrocytomas with telomerase activity was demonstrated in
our study. Similarly, reduced survival of patients with tumors with
telomerase activity has been reported for gastric carcinomas (33) and
infantile neuroblastomas (49). Although the MIB-I staining index as

a prognostic indicator for neuroepithelial tumors (37, 38) was not
significantly different for the tumors with and without telomerase
activity, tumor progression was evident in the six of nine grade II or
anaplastic astrocytomas with telomerase activity. Thus, telomerase
activity in these tumors strongly indicated that tumor cells acquired
malignant potential to progress to advanced tumors in a short time,
irrespective of their histology or actual growth rate at surgical re
moval. However, such a correlation was not clearly shown in the case
of glioblastomas. One reason for this may be the fact that glioblasto
mas are so aggressive that factors other than lelornerase reactivation
appeared to influence the rapid growth of the tumors. Thus, the
usefulness of detection of telomerase activity as an indicator of
patients' outcome is limited to grade II and anaplastic astrocytomas.

The grade II and anaplastic astrocytomas with telomerase activity
displayed significantly reduced mean TRF lengths compared with the
tumors without telomerase activity. One grade II astrocytoma and two
anaplastic astrocytomas exhibited telomere shortening and telomerase
reactivation at recurrence progressing to glioblastomas. Concurrence
of telomere shortening and telomerase reactivation in tumors with
progression supports the hypothesis that telomerase reactivation is
necessary for the telomeric integrity of the rapidly growing tumor
cells (6, 12).

Tumorigenesis of glioblastomas was found to significantly in
fluence telomerase activity and changes in TRF length of the
tumors. Glioblastomas have been reported to emerge at least in two
different ways: some tumors progress from low-grade glÂ¡ornas,and

others develop de novo from apparently normal brain tissues with
out any evidence of a prior tumor (54, 55). Although alterations of
tumor-related genes such as EGFR. p53, piÃ³. and Rb genes have
been reported in glioblastomas (53-55). p5J gene mutations cor

relate with the former type, and EGFR aberrations without p53
mutation correlate with the latter type of tumor (54. 55). Although
we did not examine either p53 or EGFR in this study, every
progression gliohlastoma exhibited telomerase activity, and 80%
of the tumors displayed reduced TRF length. In contrast, teloiner-
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Fig. 3. Results of TRF analysis. TRF lengths were generally reduced in tumors with telomera.se activity and were within the normal range in those without telomerase activity. All
PNETs exhibited very short TRF lengths.

ase activity was not detected in 36.7% of de novo glioblastomas.
and more than 50% of these tumors showed TRF lengths compat
ible with normal values. These data indicate that telomerase reac
tivation is an essential event for progression and that clonal cells
with telomerase activity are likely to become dominant among the

progression glioblastomas. On the other hand, telomerase reacti
vation is not indispensable for the de novo glioblastomas. Unde-
tectable telomerase activity and compatible TRF length in a sub-

fraction of the de novo glioblastomas suggest that the telomeres of
the tumors may still be in the process of shortening, and enough

Table 2 Teiomere length (length of TRF) in brain tumors In = 152)

TumortypeTumors

of neuroepithelial tissue (n =97)Pilocytic
astrocytomaAstrocytomaAnaplastic

astrocytomaGlioblastomaGliosarcomaOligodendrogliomaOligoastrocytomaAnaplastic

OligoastrocytomaF.pendymomaEpendymoblaslomaCNS

neuroblastomaPNETTotalTumors

of nonncuroepithelial tissues (Â«=55)Germ

celltumorLymphomaMetustatic

adenocarcinomaHemangiopericytomaAnaplastic

meningiomaMeningiomaHemangioblastomaSchwannomaPituitary

adenomaNormal

brain tissueTelomerase

+7.340

Â±0.2667.200
Â±0.2788.266
Â±0.2937.500,

14.90010.600
Â±0.79115.0007.668

Â±0.77910.4008.500

Â±1.9164.633
Â±0.3378.

104Â±0.3206.462

Â±0.5865.123
Â±1.3579.483
Â±0.5795.942
Â±0.8436.8327.2427.738

Â±0.5317.154
Â±0.33511.050

Â±0.597Teiomeren"36292414137604363114136length

(kbp)"Telomerase

-13.967

Â±0.84110.542
Â±0.626'10.621
Â±1.045'11.

384Â±0.922''14.00,

16.1009.650,

10.78011.

375Â±0.452'11.383

Â±1.0318.796.

10.243n3127II2237182

" Values are expressed as mean Â±SE. Actual value(s) are shown for tumors of which number was less than 3.
'*No. of tumors examined.
' P < 0.05 by the Mann-Whitney U test.
d P < 0.005 by the Mann-Whitney U test.
' P < 0.0001 by the Mann-Whitney U test.
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Table 3 Telomere l?nt>th und telomtrase activity (n = 152)

Telomerase+TRF

lengthTumor

typeTumors

of neuroepithclial tissue (n =97)Pilocytic

aslrocytomaAstrocytomaAnaplastic

astrocytomaGlioblastomaGliosarcomaOligodendrogliomaOligoastrocytomaAnaplastic

OligoastrocytomaEpendymomaEpendymoblastomaCNS

neuroblastomaPNETTotalTumors

of non-neuroepithelial tissues (n =55)Germ

celltumorLymphomaMetastatic

adenocarcinomaHemangiopericytomaAnaplastic

meningiomaMeningiomaHemangiohlastomaSchwannomaPituitary

adenoma"
R. reduced; li. elongated: C. compatible TRFlengthb
P < 0.001 by the x test.R"36181IIII302740432311with

that of theEII001II1II0II02000II00normalC001104011I0180u4nn0brain.Change

( +(/total3/3(100.0%)6/6(100.0%)18/29(62.1%)2/2(100.0%)0/4(0.0%)I/I

(100.0%)3/4
(75.0%)0/1

(0.0%)2/3(66.7)7/7(100.0%)42/60(70.0%)4/4(100.0%)3/3(100.0%)2/6

(33.3%)3/3(100.0%)I/I

(100.0%)I/I

(100.0%)R030:00470313Telomerase

-TRF

lengthE31122II95000C0g6802246210Change

( +Viotti3/3(100.0%)4/12(33.3%)1/7(14.3%)3/11

(27.3%)2/2(100.0%)0/2

(0.0%)13/37*

(35.1%)12/18(66.7%)0/2

(0.0%)3/4(75.0%)13/13(61.5%)

genetic alterations to cause development of de novo glioblastomas
may occur after only a small number of cell divisions.

PNETs, olfactory or cerebellar neuroblastomas, and an ependymoblas-
toma exhibited strikingly high M1B-1 staining indices and high telomer-

ase activity. TRF lengths in these tumors were generally reduced, and
those of PNETs were remarkably reduced, similar to fibroblasts in M, in
vitro (6, 9, 12). The clinical behavior of these tumors is similar to that of

non-CNS malignant tumors: they frequently spread over the entire neu-

roaxis and metastasize to extraneural tissues in some cases. Moreover,
these tumors often feature massive necroses and atypical mitoses them
selves, suggesting considerable cell loss during cell proliferation and a
need for further cell divisions for actual tumor growth. Both telomerase
reactivation and maintenance of reduced lelomere length are likely to be
essential for such aggressive growth (31. 35, 41, 56. 57).

B
AS

Fig. 4. Concurrence of telomcre shortening (A)
and telomerase reactivation (B} at tumor recurrence
with progression to glioblasloma is demonstrated in
one grade II astrocytoma (/IS) and two anaplastic
astrocytomas [AA/ and AA2). O. onset: R. recur
rence.

9.4

6.6 â€”¿�

4.4 .

2.3 _

AA, AS AA, AA,
O K O K O K KNasi
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In line with results of previous studies (24, 25), all oligodendrogliomas
(grade II) exhibited high lelomerase activity. However, these tumors had
compatible TRF lengths and were different from most other neuroepi-

thelial tumors exhibiting telomerase activity and reduced TRF lengths.
Oligodendrogliomas grow more slowly and are less aggressive (58), as
indicated by lower MIB-1 staining indices (Table 4 and Ref. 59), com

pared with that of grade II astrocytomas. These facts suggested that the
slow proliferation of oligodendrogliomas may be based on a different
growth mechanism(s), which requires telomerase activity to maintain
compatible TRF lengths, from those of high-grade tumors, which display

high telomerase activity and reduced TRF lengths, probably accounting
for their aggressive growth (13, 31, 35, 41, 57).

Five cell lines were established from 29 neuroepithelial tumors with
telomerase activity, whereas no cell lines were derived from the 25
tumors without telomerase activity (P < 0.05). All of these cell lines
exhibited telomerase activity, as did the original tumors in vivo.
Although telomerase reactivation has been observed in an overwhelm
ing majority of tumor cell lines (21), its reactivation in vivo was not
followed by infinite growth of neuroepithelial tumors in vitro. At
tempts at cell line establishment from neuroepithelial tumors have
been frequently unsuccessful, as previously documented (60). This
may be partly explained by inappropriate cell propagation and defi
ciency in some growth factors essential for the cells in culture.
Moreover, a very powerful selective pressure may exist in the case of
cytogenetic events that confer independent growth in vitro (61, 62).

Table 4 Comparison of lelomeritse activitv unii TRF length in progression finii ile novo
glioblastomas

Table 6 Establishment of cell lines from neuroepithelial tumors

Tumor type n"

TRF change
Telomerase Mean TRF Change

+/total length Rft E C ( + )/totaI

Progression 1010/10(100.0%)' 7.747*0.299'' 802 8/10''(80.0%)

De novo 3019/30(63.3%) 9.575 Â±0.487 11 2 17 13/30(46.7%)
Telomerase + 19 8.583 Â±0.411'' 80 II 8/19(42.1%)
Telomerase- 11 11.364 Â±0.922 335 6/11(54.5%)

" No. of tumors examined.
'' R. reduced; E. elongated: C. compatible TRF length with that of the normal brain.
' P < 0.05 by the \z test.
dP < 0.05 by the Mann-Whitney U test.
' P < 0.01 by the x2 test.

Table 5 MIB-1 immunmiaininit inue.\ anil telomerase activity

TumortypeTumors

of neuroepilhelial tissue(nPilocytic
astrocylomaAstrocytomaAnaplastic

astrocytomaGlioblastomaGliosarcomaOligodendrogliomaOligoastrocytomaAnaplastic

oligoastrocytomaEpendymomaEpendymohlaxloniaCNS

neurohlastomaPNETTelomerase

+(nÂ°)=

107)2.45

Â±0.92(3)10.24
Â±2.23(6)30.50
Â±2.92(34)48.3.

29.6(2)1.25
Â±0.16(4)0.96

( 1)12.51
Â±1.90(4)18.45(1)37.99

Â±12.80(3)30.08
Â±7.31 (8)Telomerase

â€”¿�(n)1.35

Â±0.40''(3)2.00

Â±0.38(12)9.28
Â±2.23(9)29.81

Â±4.03(13)1.59,

2.05(2)0.36,2.18(2)Tumors

of non-neurocpithclial tissues (n =63)Germ

celltumorl.ymphomaMetaslatic

adcnocarcinomaHemangiopericytoniaAnaplaslic

meningiomaMeningiomaHemangioblaslomaSchwannomaPituitary

adenoma29.48

Â±8.56(5164.81
Â±11.21(6)38.77
Â±6.94(7)10.38
Â±3.25(3)14.23

(1)1.53(1)2.59
Â±0.48(20)1.56.

2.14(2)2.25
Â±1.20(5)0.79
Â±0.09 (13)

TumortissueAstrocytomaAnaplastic

astrocytomaGlioblastomaAnaplastic

oligoastrocytomaPNETTotaln"911293254Telomerase

+0/1*0/34/201/30/25/29(17.3%)Telomerase-0/80/80/90/251'

(0.0%)Total0/90/114/291/30/25/54
(9.25%)

" No. of tumors examined.
'' Values are expressed as mean Â±SE. Actual values are shown for tumors of which

the number is less than 3.

a No. of tumors examined.
h No. of established cell lines/no, of cultured tumor tissues.
' P < 0.05 by Fisher's exact probability test.

Thus, cell line establishment, or immortalization in vitro, may repre
sent a different issue from the reactivation of telomerase itself. How
ever, our data simply suggest that telomerase reactivation in neuro
epithelial tumors had a positive impact on cell line establishment.

Telomerase activity was detected in all malignant nonneuroepithe-

lial tumors, including lymphomas, hemangiopericytomas, metastatic
adenocarcinomas, germ cell tumors, and an anaplastic meningioma.
The TRF length was reduced in all these tumors except for the
metastatic adenocarcinomas, which displayed variable TRF lengths.

Germ cell tumors, such as germinomas and embryonal carcinomas,
are believed to be malignant neoplasms that derived from germ line
cells and have pluripotential differentiation capabilities (63). Whereas
the TRF length of germ-line cells was maintained at a sufficient length

of approximately 20 kbp, germ cell tumors exhibited significantly
reduced TRF lengths. Thus, there is a major difference in the main
tenance of telomeric repeats between neoplasms and normal germ line
cells with telomerase activity.

Telomerase activity was undetectable in benign nonneuroepithelial
tumors, such as pituitary adenomas, schwannomas, and meningiomas.
Because the majority of the first two tumors exhibited significantly
reduced TRF. it is suggested that these benign tumor cells were mortal
and probably in the pre-M2 stage from the telomeric kinetic point of view.

Similarly, TRF reduction without telomerase reactivation has been re
ported in some benign tumors (13, 31,41, 57). However, it remains to be
clarified why telomerase is not reactivated in these benign tumors despite
significant telomere shortening, whereas its reactivation is almost man
datory in malignant tumors with reduced TRF.

One of three hemangioblastomas exhibited telomerase activity.
This cerebellar tumor recurred four times within 5 years despite
macroscopic gross total excision at each occasion. Telomerase was
reactivated in this tumor at the onset, whereas histopathological fea
tures changed to be anaplastic at the fourth recurrence, suggesting that
telomerase activity in benign nonneuroepithelial tumors may be a
predictor for their malignant potential (64).
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