Virchows Arch (2000) 437:1-16 © Springer-Verlag 2000

REVIEW ARTICLE

Karl Dhaene - Eric Van Marck - Reza Parwaresch

Telomeres, telomerase and cancer: an up-date

Received: 20 December 1999 / Accepted: 25 January 2000

Abstract In the mid 1990s, the hypothesis emergadation doublings, eventually terminating in a quiescent
that the upregulation or re-expression of a telometait viable state, ‘replicative senescence’ or ‘mortality’
synthesising ribonucleoprotein, called telomerase, isstage 1 (M1). In 1973, Olovnikov hypothesised that this
critical event responsible for continuous tumour celayflick limit’ results from the exhaustion of chromo-
growth. In contrast to normal cells, in which gradual msomal end-genes or telogenes. Because DNA polymeras-
tosis-related erosion of telomeres eventually limits repés can synthesise DNA only in the 5’ to 3’ direction and
cative life span, tumour cells have telomerase and shoeed a short RNA primer to initiate DNA synthesis, lag-
no loss of these chromosomal ends. These data suggesj-strand synthesis remains incomplete. This leads to a
that telomere stabilisation may be required for cells goadual loss of chromosomal termini with each new mi-
escape replicative senescence and to proliferate indefsis in the somatic cells and has been referred to as the
nitely. Because of the close association between teldend-replication problem’ (Fig. 1) [30]. After the identi-
erase and malignancy, both pathologists and cliniciditation of the human telomeric repeat sequence in 1988,
expect this molecule to be a useful malignancy-marker
and a new therapeutic target. This review focuses on
components of the human telomere and of the human
omerase enzyme. A synopsis of reports studying f
clinical-diagnostic value of telomere length measur
ments, of telomerase activity analyses and of the in ¢
telomerase detection is given. Finally, a summary of |
cent experimental work that sheds new light on the b
logical role of this fascinating molecule is presented.
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The telomere-telomerase hypothesis of ageing
and cancer
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The concept established in 1908 by Alexis Carrel, tf
vertebrate cells are immortal, was challenged in 1961
Hayflick and Moorehead, who showed that normal s &
matic cells have a limited proliferative life span, relate Londing
not to elapsed time but to the increasing number of pt /

Lagging
K. Dhaene - E. Van MarcK ()

Laboratory of Pathology, University of Antwerp, &
Universiteitsplein 1, B-2610 Antwerp, Belgium
e-mail: eric.van.marck@uza.uia.ac.be

Lagging
strand
Leading
strand

— [ ]

3 5 3

Fig. 1 Scheme depicting the ‘end-replication problef’As the
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Fig. 2 The two stages of the T Serescence (M1) Crisis (M2)
immortalisation hypothesis as

observed for fibroblasts. Via un- et
known mechanisms, mitosis- I
dependent shortening of telo- '

1IN
meres {) activates at least two I\l o
growth inhibitory pathways: one

acting via p53 and p21, and the

other (less well characterised) / ?\

acting through p16, resulting in ps3 [

pRB-mediated growth arrest at I l E6iTAg !
M1. Inhibition of p53 and/or

pRB by viral oncoproteins, such p16 p21

as HPV-E6/E7 or SV40-TAg,
results in a life-span extension
of approximately 30-40 popula-
tion doublings PD) until cell
death at M2. At crisis, telom-
erase (or ALT) is activated and
telomeres stabilised, giving rise
to rare cell clones with the im-
mortal phenotype. Note that
telomeres can be stabilised at
virtually any length. Remember
that cell-type diversity exists
with regard to the nature and
timing of proliferative life-span
barriers [113]

hTERT

|

Telomerase activity

PD 50-70 +PD 30-40

Table 1 Head and neck. A

complete list of all the refer- Pathology No. positive/no. tested % Positive (range) No. of studies
ences cited in tables 1-13 is
available upon requesdSCC nN/.ﬂrc“S?L"JS’j'aTé‘ﬁ? 1 0SCC o % Y
oral squamous cell carcinoma Pre-malignant lesioss 14/20 70 1
Oral squamous cell carcinoma 81/86 94 4
Oral rinses from OSCC 4/15 27 1

aQral lichen planus

Olovnikov's telogenes or telomeres were indeed founddgain ceases in a state variously termed ‘crisis’ or ‘mor-
shorten by 25-200 bp per division [33]. Since the eatblity’ stage 2 (M2) [109]. M2 cells are characterised by
1990s, this progressive erosion of telomeres is regardéida-short telomeres and chromosomal instability, as ev-
as a ‘mitotic clock’ [2]. Apart from being a molecular inidenced by the occurrence of end-to-end chromosome
dicator of the proliferative potential of cells, interestinfusions. To prevent lethal loss of genetic information,
evidence for a causal role of telomere shortening in agels are forced to stabilise their telomeres. As a result,
ing has been obtained. A reduction in telomere lengtre cells escape crisis by reactivation of telomerase and
and replicative capacity in fibroblasts from patients wittivide indefinitely (Fig. 2) [16].
the accelerated ageing syndrome, Hutchison-Gilford pro-Telomerase is capable of synthesising new telomeres,
geria, relative to age-matched normal individuals h#gereby providing the cells a mechanism to circumvent
been noted [2]. Similarly, lymphocytes from Down’s pagradual telomere erosion. The finding of high telomerase
tients, which show many of the features of prematuevels in immortal cell lines and the assumption that
ageing, lost telomeres at three times the rate of agest malignant tumours are composed of at least some
matched controls [104]. immortal cells prompted the search for telomerase in a
At present, it is unclear how telomere shortening diariety of normal, benign, pre-malignant and malignant
rectly activates the M1 antiproliferative machinery. It hdissue specimens (Table 1, Table 2, Table 3, Table 4,
been suggested that the telomere on chromosome Table 5, Table 6, Table 7, Table 8, Table 9, Table 10, Ta-
harbouring the p53 gene, represents a ‘clock’ telomede 11, Table 12, and Table 13) [51]. Normal human so-
which is activated at a critical threshold [67]. p53 and/oratic cells, with the exception of germ cells and stem
pRb gene products are essential parts of the M1 dowaHs of renewable tissues, do not have detectable telom-
stream pathway, as documented via in vitro transforneaase activity. In contrast, nearly all malignant tumours
tion experiments with oncogenic DNA viruses [11, 110éxpress telomerase activity. As a result, it has been hy-
M1 can be bypassed by sequestration of p53 and pRIpbthesised that telomere stability may be required for
viral oncogenes, such as SV40 large T-antigen (TAg) aglls to escape the restraint of their mortal phenotype,
HPV E6/E7, conferring an extended life span of arouadd that telomerase action may be a rate-limiting, if not
30-40 population doublings, whereupon net growthe critical step required for the development and/or con-



Table 2 Gastrointestinal tract

and pancreas Pathology No. positive/no. tested % Positive (range)  No. of studies
Gastric metaplasia 2/9 22 1
Gastric carcinoma 133/153 87 (61-89) 3
Adjacent tissue 0/99 0
Inflammatory bowel diseage 10/22 45 (40-50) 2
Colorectal adenoma (all sizes) 39/108 36 (15-60) 6
Colorectal carcinont(all stages)  395/473 83 (75-100) 11
Luminal washing
Benign 1/10 10 1
Colorectal cancer 18/31 58 (56—60) 2
aul . litis. Crohn’ Adjacent and normal tissue 15/203 7 (0-14) 7
dU cerative colitis, Crohn's Benign pancreatic lesien 0/40 0 3
o |seaso~|-:j VDO Pancreatitis 1/8 12 (0-33) 2
Hereditary r:jc_)n-po ypos_lsh 4 Pancreatic carcinoma 106/116 91 (84—100) 4
cases, sporadic cases With and Normal and adjacent tissue 5/70 7 (0-11) 3
without microsatellite insta-
bility Pancreatic brushing/juice
¢Serous/mucinous cystadeno- pgenpign 1/28 3 (0-4) 3
ma, intraductal papillary ade-  carcinoma 23/31 74 (50-100) 4
noma, solid-cystic tumour
Brt))leeriforl;gglgcgcﬁ;horac- Pathology No. positive/no. tested % Positive (range) No. of studies
Normal lung tissue 71190 4 (0-8) 2
Non-small cell lung cancer 203/240 85 (80-100) 4
Non-small cell lung cancer 47/59 79 (78-82) 2
(broncho-alveolar lavage)
Small cell lung carcinoma 3/3 100 1
a - . Malignant mesothelioma 20/22 91 1
Positive samples from patientsgenign solitary fibrous tumour ~ 2/2 100 1
‘b"”th tuberculosis ) Non-cancerous cavity fluie 3/52 6 1
Fluids of lung and/or perito-  \alignant body cavity fluid 94/119 79 (52-91) 4
neal cavity
Table 4 Hepaticibiliary tissue Pathology No. positive/no. tested % Positive (range) No. of studies
Normal liver 0/6 0 2
Non-malignant liver disease 29/214 13 (0-50) 5
Adenomatous hyperplasia 2/2 100 1
Hepatocellular carcinoma 221/248 89 (61-100) 8
Adjacent liver tissue 17/77 22 (15-37) 3
Normal gallbladder/bile duct o/7 0 1
Benign biliary tract disea8e
aChronic hepatitis, cirrhosis Qifgl;gn?&gsy 3//1111 g 11
bGallbladder and bile duct ade-
noma, cholecystitis, cholesterol Biliary tract neoplasm
polyp, cholecystolithiasis Tissue/biops 10/16 62 1
° Gallbladder and bile duct car- gjle sample 119 - i
cinoma
Table 5 Breast
Pathology No. positive/no. tested % Positive (range) No. of studies
Normal breast 4/36 11 (0-17) 2
Fibroadenoma 23/51 45 (11-67) 4
Ductal carcinoma in situ 56/73 77 (70-100) 4
Breast carcinoma 363/417 87 (44-100) 9
Fine-needle aspirate breast 17/19 90 1
L . carcinoma
aActivity in breast tissue dur- Adjacent benign tissue 0/10 0 1

ing luteal phase and pregnancy
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Table 6 Neural tissuePNET
primitive neuroectodermal tu-
mour

aAlso oligoastrocytoma and
anaplastic variant

b Dysembryoplastic neuro-
epithelial tumour, xanthoastro-
cytoma, ependymoma, heman-
giopericytoma

¢Low activity in N-myc single
copy tumours relative to multi-
copy tumours, and lowest
activity in non-progressing
stage 1Vs

dIncluding six invasive variants

Table 7 Female reproductive
tract. For cervical samples no
classification according to hu-
man papilloma virus (HPV)
status has been made

aHighest activity in the period
between mid proliferative and
early secretory phase
bEndometrial, endometrioid
adenocarcinoma and papillary
serous carcinoma
¢Low-grade squamous intra-
epithelial lesion

dHigh-grade squamous intra-
epithelial lesion
eMicro-invasive and invasive
carcinoma

fCystadenoma, clear activity
was found in all papillary
variants

9Activity is largely absent in
late chorions (34—41 weeks)
relative to normal early
chorions (5-9 weeks)

h Activity is more frequent in
persistent moles relative to
regressing moles

tinuing proliferation of cancers.

Pathology

No. positive/no. tested

% Positive (range) No. of studies

Normal brain

Astrocytoma

Grade |

Grade Il

Anaplastic astrocytoma
Glioblastoma multiforme
Oligodendroglioma
Miscellaneous
PNET/Ewing’s sarcoma

Neuroblastom&a(all stages)
With N-myc amplification
No N-myc amplification
Ganglioneuroma
Meningioma

Ordinary
Atypical/malignant
Pituitary adenonta

0/10

0/19
12/66
23/63
146/227
21/40
8/29
15/16

15/15
24/39
0/1

5/108
25/31
0/36

0 2
0 2
18 (0-33) 6
36 (0-45) 6
64 (26-89) 8
52 (24-100) 5
27 4
94 3
3
100
61 (0-88)
0 1
5 (0-17) 6
81 (16-100) 4
0 3

Pathology

No. positive/no. tested

% Positive (range) No. of studies

Normal endometriuth
Proliferative phase
Secretory phase
Atrophic endometrium

Hyperplastic endometrium
Endometrial carcinon®a

Normal cervix (tissue/smear)
Preneoplastic lesion (tissue)

LSILe
HSILd

Cervical carcinomg(tissue)

Cervical smear

LSILe

HSILd

Carcinoma

Normal ovary

Benign ovarian tumofir
Borderline ovarian tumour
Ovarian carcinoma

Peritoneal fluid/washing

Benign
Ovarian carcinoma

Placenta

Hydatidiform/invasive mole

Choriocarcinoma

77185
24/73

5/22
29/33
93/104
39/356

32/93
90/186

198/213

18/66
59/147
26/38

0/8

7/38
21/28
88/99

2/43
4452

59/149
44/68
77

91 (73-100) 5
33 (12-58) 4
23 (0-55) 3
88 (76-100) 2
89 (83-100) 4
11 (0-19) 9

34 (0-56) 5
48 (26-96) 7
93 (86-100) 7

27 (11-63) 3
40 (27-73) 3
68 (31-88) 3
0 2
18 (0-21) 3
75 (17-100) 3
88 (80-100) 4

5

85 (70-88) 2
40 (0-76) 4
65 (12—100) 3
100 2

In this conceptudbund in a minority of human tumours and tumour-

framework, telomere erosion and the associated limiterived cell lines that have been claimed to lack telom-
tions in replicative life span have been proposed as a pmase activity [12]. This review focuses on the compo-
tent tumour suppressor mechanism that can be subventewts of the human telomere and of the human telom-
by the action of the telomerase oncogene, providing callese enzyme complex. A synopsis of reports studying
with unlimited growth capabilities. Immortality and telothe clinical value of telomere length measurements, tel-
mere stabilisation may also be maintained by telommerase activity analyses and detection of telomerase at
erase-independent mechanisms, the nature of which timascellular level is also provided. Finally, recent experi-
not been elucidated yet. This alternative lengthening méntal work has been summarised that contributes to the
telomeres (ALT), possibly by recombination, has beemderstanding of the biological role of telomerase.



Table 8 Male reproductive
tract.PIN prostatic intra-epi-
thelial neoplasiaBPH benign
prostatic hyperplasid®c pros-
tate carcinoma

Table 9 Kidney/urinary tract.
TCCtransitional cell carcinoma

aBladder calculi, urethral stric-
ture, chronic cystitis, inverted
papilloma, cystitis cystica, cys-
titis glandularis

bOncocytoma, angiomyoli-
poma

¢ Significantly lower frequency
of telomerase activity in chro-
mophobe renal carcinoma
(17%) compared with renal cell
carcinomas of clear cell type
[53]

Table 10 Endocrine system

apDiffuse and Hashimoto

bNodular hyperplasia, adenoma,

Graves’ disease and colloid
goiter

¢ Adrenocortical carcinoma,
malignant pheochromocytoma

Table 11 Bone/soft tissue

a(Neuro)fibrosarcoma, lipo-
sarcoma, synovial sarcoma

Pathology

No. positive/no. tested

% Positive (range)

No. of studies

Normal prostate
Prostate adjacent to Pc

Atrophy adjacent to carcinoma

BPH without carcinoma

BPH adjacent to carcinoma

High grade PIN without Pc

High grade PIN adjacent to Pc

Prostate carcinoma

Prostate carcinoma
(fine-needle biopsy)

2/38
9/39
1/6

8/40
30/63

4/25
11/15

170/207
25/38

5 (0-13)
23 (11-36)
16
20 (0-37)
48 (46-50)
16

73

82 (47-92)
66

W

[EnY
Hml—‘

Pathology

No. positive/no. tested

% Positive (range)

No. of studies

Normal urothelium/urine
Benign bladder disease
Dysplastic urothelium

TCC of the bladder (all stages)

TCC of the bladder (washing)

TCC of the bladder (urine)

TCC of the renal pelvis

Normal renal tissue

Renal tissue adjacent to renal
cell carcinoma

Benign renal tumotir

Renal cell carcinonta

9/183
26/74
22/35
311/348
128/178
128/242
1/2
0/114
6/35

0/10
150/229

5 (0-21)
35 (14-61)

63 (0-69)

89 (80-100)
72 (50-96)
53 (0-81)
50

0

17

0
65 (56-63)

2

6

3
10
5
7

1
4

1

Pathology

No. positive/no. tested

% Positive (range)

No. of studies

Normal thyroid tissue 2/64 3 (0-17) 4
Thyroiditis? 19/29 65 (54-100) 3
Benign thyroid diseage 25/135 18 (0-39) 9
Thyroid carcinoma
Papillary 70/124 56 (20-100) 7
Follicular 31/40 77 (0-100) 7
Medullary 2/3 66 (0—100) 2
Anaplastic 3/5 60 (0-66) 3
Hurthle 1/2 50 (0-100) 2
Thyroid fine-needle aspirate
Benign 4/48 8 1
Malignant 718 87 1
Adjacent tissue 6/36 17 (14-21) 2
Normal adrenal tissue 0/43 0 2
Adrenal tumour
Benign 9/101 9 (0-15) 4
Malignant 9/9 100 3
Pathology No. positive/no. tested % Positive (range) No. of studies
Osteosarcoma 22/26 85 1
Chondrosarcoma 3/5 60 1
Rhabdo/leiomyosarcoma 4/4 100 2
Malignant fibrous histiocytoma 2/2 100 1
Other 8/8 100 1
Rheumatoid arthritis synovial 14/25 56 1
tissue
Osteoarthritis synovial tissue 0/15 0 1
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Table 12 Skin

Pathology No. positive/no. tested % Positive (range) No. of studies
Normal epidermis 30/115 26 (12-37) 3
Benign proliferative lesion 4/21 19 (6-60) 2
) . . Pre-malignant lesidn 27144 61 (42-89) 2
aViral/seborrhoeic wart, eccrine squamous cell carcinoma 9/18 50 (25-100) 2
poroma - . Basal cell carcinoma 21/26 81 (77-85) 2
Bowen’s disease, actinic kera-Ngrmal melanocyte 0/10 0 1
tosis, melanoma in situ, Paget’sBenign naevi 10/36 28 1
disease and sebaceous epithe- Atypical/Spitz naevi 6/8 75 1
lioma Melanoma 54/68 79 (69-90) 3
cPost-primary cultures
Table 13 Haematological tis- L i .
sue.ATL adult T-cell leukae- Pathology No. positive/no. tested % Positive (range) No. of studies
mia; AML acute myelocytic
leukaemiaALL acute lympho- Myeloma 0/6 0 1
Cytic |eukaemiaCLL Chronic HOdgkIn s disease 33/97 34 (10—40) 2
lymphocytic leukaemiacML ~ MDS 17/51 33 1
chronic myelocytic leukaemia; cpL
(I;/Irlgragyelodysplastlc syn Chronic phase 33/43 77 (0-100) 2
Blast crisis 25/25 100 2
CLL 1/10 10 1
ALL 20/29 69 (66—70) 2
AML 62/76 81 2
ATL (HTLV-I %)
aLow frequency (particularly Asymptomatic 7/24 29 1
when accompanied with eosi- Smouldering 7/10 70 1
nophilia) is possibly due to hronic 5/5 100 1
telomerase degradative activity octe 18/18 100 1

of eosinophils

[92]. TRF2 localises to chromosome 16¢22.1, and initial
reports suggested that this second Myb-like protein pre-

vents chromosome fusions by maintaining the single-

Telomeres have several functions, ranging from the pigzsn4eq G tails [102]. Recent work revealed the exis-
tection of chromosomal ends from exonucleolytic degra-

X . nce of two possible mediators of TRF1 function. In
dation, the prevention of aberrant chromosomal recombico~ TRF1 can be detached from its telomere by

nation, and the segregation of chromosomes during milgyy(ADP-ribosyl)ation by tankyrase (TRF1-interacting,
sis and (pre)-meiosis to the attachment of chromoso EN%/(Yrin-reIated ADP-ribose polymerase), thereby mak-
to the nuclear_ matrix. Importantly, telom_ere_s provide triwg telomeric DNA accessible to telomerase [94, 125].
structural basis for solving the ‘end-replication problengo-|ocalisation studies recently detected this telomeric
and allow cells to distinguish random DNA breaks anghly(ADP-ribose) polymerase (PARP) at nuclear pore
natural chromosome ends. In 1978, Blackburn repori@mplexes and around centrosomes, which could repres-
the first description of the repeated DNA sequence dit pools of tankyrase waiting for the signal to go to the
Tetrahymenatelomeres. In the simplest mammaliatelomeres [93]. On the contrary, to stick to the telomere
model, telomeres consist of 2-30 kb of non-coding daand to exert its negative regulation of telomere length,
ble-stranded TTAGGG repeats extended by 50- to 15(RF1 may need to bind to TIN2 (TRF1-interacting nu-
nucleotide overhangs of single-stranded TTAGGG relear protein 2) [52]. Finally, the Ku heterodimer — a
peats [54]. subunit of the DNA-dependent protein kinase — may be

Recent work substantiated that the chromosome staether important telomere-associated protein, the role
bilising capacity depends on the non-covalent binding @ff which needs further elucidation [41]. Importantly,
telomeric proteins to the single-stranded and doubspecialised electron microscopy recently revealed that
stranded regions. Mammalian homologues of the singtesman telomeric DNA loops back on itself forming a
stranded telomeric DNA-binding proteins 8hccharo- t-loop, with the G tail invading the duplex telomeric re-
myces cerevisiagCdc13p) and ofOxytricha novahave peats and forming a D (displacement) loop (Fig. 3A,B)
not yet been identified [40, 78]. Two human doubl¢27]. In this constellation, TRF2 and TFR1 (perhaps
stranded telomeric DNA-binding proteins are currentlyound to TIN2) may play a role in stabilising or allow-
known. TRF1 (telomeric repeat binding factor 1), thiag formation of the D and t-loops, respectively. Inappro-
gene of this Myb-like protein localising to chromosomgriate DNA damage responses being cleverly prevented,
8013, acts as a telomerase repressor and has not beetelomerologists now face the problem of how telomerase
plicated in cancer or chromosome instability syndromascesses the hidden 3’ terminus.

Structure and function of human telomeres



Fig. 3 Schemes depicting our
current knowledge of the hu-
man telomere structure and
the various components of the
human telomerase complex.

A Telomeric DNA forms lasso-
like structures, referred to as
t-loops, providing a solution to
mask natural chromosome
ends.B Telomeres end in a
duplex loop. The free 3’ end is
tucked back inside the double-
stranded DNA at the loop junc-
tion, forming a D (displace-
ment) loop, with TRF2 bound
at the base of the tof8. The
G-rich strand is elongated at its
3’ end by the combined action
of the telomerase subunits
hTERT and hTERC. The C-rich
strand is elongated at its 5’ end
by conventional DNA polym-
erases. Access of the telom-
erase complex to the 3’ telo-

TTAGGGTTAGGGTTAGGGTTAGGG

ERRRRRRRRRERRRERN

AATCCCAATCCCAATCCCAATCCCY

(TTAGGG), 3

mere end may be mediated by '

several telomere binding pro- N\

teins 3

Structure and function of the human hTERC gene transcript is 451 nucleotides and lacks
telomerase complex polyadenylation. In all organisms analysed to date, a

‘template’ region complementary to the sequence of the
The telomerase complex represents a specialised tetglpmere repeats is embedded in the integrated telom-
nal reverse transcriptase with an estimated moleci@se RNA sequence. For humans, the hTERT (human
mass of ~1000 kDa. The active ribonucleoprotein fglomerase reverse transcriptase) template element en-
made up of an RNA strand and at least one catalytic pggmpasses 11 nucleotides: 5’ CUAACCCUAAC 3'. Fi-
tein component (Fig. 3C). The holoenzyme synthesidelly, mammalian telomerase RNAs resemble small nu-
telomeric repeats to the 3’ ends of human chromosomf@golar RNAs (snoRNAs) — an RNA family required for

utilising its integrated RNA molecule as an internal ter@seudouridine modification and precursor processing of
plate. rRNA — because of the presence of an H/ACA box in

their 3* domain [70].

The telomerase RNA component

Telomerase reverse transcriptase
The RNA component was first cloned Tetrahymena
thermophila Later, the homologous genes were identk special class of related reverse transcriptases that
fied in ciliates such a®©xytricha and Euplotes in the functions as the rate-limiting step in telomerase activity
yeast S. cerevisiag(TLC1) and Kluyveromyces lactis has been identified in the yed3t cerevisiadSc-Est2p)
(TER1), and in mammals such as mouse (MTR) and land the ciliateE. aediculatus(Ea-p123), in the fission
man (hTR, currently referred to as hTERC for humasmast Schizosaccharomyces pomf&p-Trtlp), in Oxy-
telomerase RNA component) [23]. hTERC is a singl&richa trifallax (Ot-TERT), in Tetrahymena thermophila
copy gene localised to the distal quarter of the long a(f-TERT/p133), and in mammals such as mouse
of chromosome 3 (3¢g26.3), and hTERC amplification gnTERT) and human (hTRT/hEst2/hTCS1/TP2, current-
gene amplification, isochromosome 3q formation ¢y referred to as hTERT) [32, 49, 69, 73]. hTERT con-
polysomy 3 has been described in cervix, lung and sqtains a telomerase-specific amino acid motif (T motif)
mous cell carcinoma of the head and neck, indicatiagd seven conserved reverse transcriptase motifs (RT
that hTERC could act as an oncogene [95]. The occaretifs), making it phylogenetically related to RTs coded
rence of CpG islands in the promoter region of tlier by a subclass of retrotransposable elements rather
hTERC gene may indicate that the expression is reguthan to RTs from retroviruses like human immunodefi-
ed by DNA methylation [124]. The promoter regionsiency virus (HIV) [22]. This implicates that drugs that
have consensus sites for the binding of glucocoritithibit the HIV enzyme may not affect telomerase. How-
coid/progesterone/androgen receptors and of transceper, this has been questioned [84]. The 40-kb single-
tion factors implicated in haematopoiesis and leukaenumpy hTERT gene, mapping to chromosome 5p15.33,
genesis [124]. In humans, the length of the matwedes for a 127-kDa protein of 1132 amino acids con-
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tained in 16 exons [69]. Although 5p is one of the moshalysis. The Southern blot can then be hybridised with
common targets for amplification, e.g. in non-small cadl (TTAGGG), or (CCCTAA), probe, which is either ra-
lung cancers, information on in vivo hTERT gene ampliHoactively labelled or biotinylated (TeloQuant, Phar-
fication in primary tumours is currently lacking. HowMingen), and detected using an isotopic or a chemilumi-
telomerase is regulated in cancer is not yet establisheeiscent detection system. The average terminal RF
but the recent cloning and characterisation of the hTERRgth is then calculated from the position of the detect-
promoter will definitely provide useful information [15,ed signal relative to the position of known size stan-
39, 99, 108]. The promoter contains binding sites fdards. Because accurate Southern-blot analysis is not
several transcription factors. At least oestrogen and pssible when DNA is broken or scant, a slot-blot
the c-myc protein have been found to positively regulassay can be used to determine the relative contents of
hTERT expression [62, 112], whereas methylation of ttdlomere DNA in microdissected archival (paraffin-
GC-rich hTERT promoter and associated histone deaatibedded) specimens [13]. To obtain some quantitative
ylation are suggested to induce transcriptional repressioformation on telomere length, fluorescence in situ hy-
of the hTERT gene. Alternative splicing of the hTERMridisation (FISH) techniques have been developed. In
transcript [49, 69, 101] and phosphorylation/de-phoguantitative (Q)-FISH, the signal intensity of telomeric
phorylation could be other important regulatory mechBNA visualised by FISH using, for example, telomeric
nisms [65]. There is support for the presence of a telopeptide nucleic acid (PNA) probes (Dako, Denmark),
erase repressor on chromosome 3p and efforts to mapctre be related to the approximate number of kilobase
putative gene are currently under way [88]. Finally, tgbairs of TTAGGG repeats present on a given chromo-
omerase activity is downregulated by a high calciusome end. Conventionally, one telomere fluorescence
concentration [6]. unit (TFU) is defined as the signal that represents 1 kb of
TTAGGG repeats [67]. A newly developed flow cytome-
try FISH (flow-FISH) method vyields similar results and
Other telomerase-associated proteins can be performed on primary cells, e.g. derived from pe-
ripheral bleeds [42].
Prior to the discovery of the TERTS, the first proteins Most malignant tumours have short TRFs, since tel-
shown to be associated with telomerase activity weymerase activation is a late event in carcinogenesis and
two proteins of 80 kDa and 95 kDa frofetrahymena is usually preceded by M2-associated pre-cancerous
thermophila which were initially mistaken for theproliferative events (Fig. 2). However, telomeres can be
telomerase catalytic subunits. The mammalian p80 tstabilised at virtually any length. Indeed, some cancers,
mologue was identified in rat, mouse and humauch as basal cell carcinomas and renal cell carcinomas,
(TPL/TLP1, currently referred to as hTEP1 for humanay have unchanged or elongated TRFs [18, 105]. This
telomerase-associated protein 1), but, similar to hTERfuld explain why, in contrast to enzyme activity, rela-
the expression of this protein does not correlate with télrely few studies regard TRF measurements as a useful
omerase activity in cells and tissues [31, 73, 75]. Recemtognosticator. Most conclusive studies have been per-
ly, nTEP1 was found to be identical to the 240-kDa sutmrmed for the leukaemias (for a review see [90]). In
unit of vaults — large cytoplasmic ribonucleoproteiohronic myelocytic leukaemia (CML), short TRFs may
complexes of undetermined function [48]. The presengeedict early progression to blast crisis, and mean TRF
of multiple WD40 repeat motifs additionally suggest®ay be a marker of disease severity. Furthermore, CML
that hTEP1 may play a common role in some aspectpatients with normal TRFs may be at an early stage of
ribonucleoprotein structure, function or assembly. Thiee disease and respond better to therapy [44]. For
mammalian homologue of p95 has not been identifiedronic B-cell lymphocytic leukaemia (B-CLL), short
yet. telomere length was significantly associated with a
shorter median survival [4]. Recently, in patients with
myelodysplastic syndromes (MDS), shortened TRFs
Clinical value of telomere length were significantly correlated with cytogenetic abnor-
malities and with leukemic transformation, and it was
The measurement of telomeric length has traditionattpncluded that changes in TRF length rather than telom-
been accomplished through Southern blotting [89]. Gerase activity may be useful in the future to stratify
nomic DNA is purified from the test sample, and diged¥DS patients according to risk scoring systems [81].
ed with a mixture of frequently cutting restriction enFor solid tumours, with the exception of a study that
zymes, e.gHinfl or RSA, which do not have a target sefound association of poor prognosis and telomere elon-
guence within the telomeric repeat. The chromosonggtion in lung cancer [91], shorter telomere lengths re-
DNA will be cut into small fragments, except for thélected growth advantage and poor prognosis in neuro-
telomeres and subtelomeric regions (DNA adjacent litastoma [37], breast cancer [79] and brain tumours
the telomere) which will be left intact and which togeth36].
er comprise the terminal restriction fragment (RF). The
cleaved DNA is separated on a low-percentage agarose
gel and transferred to a membrane for Southern-blot
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Clinical value of telomerase activity Since the development of the TRAP assay, the num-
ber of reports investigating the association of telom-

In 1994, the TRAP assay (for telomeric repeat amplifica[aS€ activity with human cancer has increased consid-
tion protocol) was published, allowing biochemical d&rably. Nearly all cancer types have been screened,
tection of telomerase activity in fresh or frozen cell GNd @ strong association between the presence of telom-
tissue lysates [51]. In this assay, an aliquot of the test §@S€ and malignancy has been established. Important-
sate is incubated with a mixture containing a synthelie Nigh telomerase activity generally indicates high ag-
telomere-like oligonucleotide, which, in the presence gfessive potential and, usually (but not always [20]),
telomerase activity, will be elongated by a number rg_h proliferation rates [10, 59]. Such observations in-
hexameric repeats. In a conventional polymerase chﬁﬂgﬁﬁgr?t%nnynrqzsrﬁg:cfg‘?r; t\(/’it:gg;:g ;‘ﬁ'g{\?gr?ﬁﬁ d?tisoﬁsnew
reaction (PCR), the mixture of telomerase produc

which differ in size by a multiplicand of 6 bases, is an2l: Table 1, Table 2, Table 3, Table 4, Table 5, Table 6,
plified and separated on polyacrylamide gels. In case@Pl€ 7, Table 8, Table 9, Table 10, Table 11, Table 12,

telomerase activity, a typical 6-bp incremental ladderg8d_Table 13 survey the majority of recent studies
visualised. Numerous modifications of the original prd1997-1999) on the t(ﬁlomerase activity of d|ffe|rent
tocol have been made in order to improve reliability, lif2NCer types. Cancers have been combined in tables ac-

earity and sensitivity, to exclude false-positive resufg@rding to tissue of origin or body site, and, for most

due to primer—dimer formation, to quantify enzyme le¢@NCer types, results from several studies have been
led. No attempts, however, have been made to criti-

els and to exclude false negativity due to the presencé’%ﬁ)

Taq polymerase inhibitors [50, 58, 100, 111]. Whilst iG&!Y evaluate the study results. Nevertheless, it should
the original assay radiolabelled nucleotides are incorpit cautioned that due to the susceptibility of the TRAP

rated, a variety of non-isotopic variants have been elaBg§Say: false-negative and false-positive results are not
rated, e.g. using fluorescein-labelled primers in combirfdiréquent. The technical reasons have been variously
tion with detection on an automated DNA sequencer $ftailed elsewhere [58].

by capillary electrophoresis [1, 56]. We and others de-

scribed quick, safe and effective detection of nof—

labelled amplicons using a silver staining method, flinical value of the telomerase components
fluorescent dye SYBR Green | or ethidium bromid .

(Fig. 4) [19, 2):1, 107]. Commercial kits, e.g. ‘TRAPezé=XPression of hnTERC RNA

(Appligene-Oncor) and ‘Telomerase PCR Elisa’ (Roch n ion d el tel o
are currently available. Histochemical visualisation uf/ERC expression does not parallel telomerase activity.

ing 5-bromo-2-desoxy uridine (BRDU) as a marker (?43"‘9 RT-PCR or Northern-blot assays, hTERC was
in situ TRAP’ by in situ PCR of FITC-labelled ound to be present in mortal primary cells and in a vari-

telomerase products are other techniques that have fg&gf norrr?al humar|1 tishsues Lhat 'aCke]S' en%yrge activityl
proved efficient for the in situ detection of telomeradd: 23! L ese rehsu ts have been con |rmﬁ Y s?vera
activity in cryostat sections or cytospins, respectivefOUPS showing hTERC expression in both normal and

[46, 82]. eoplastic tissues and in cell lines of diverse organs such
' as uterine cervix [98], urinary bladder [43], kidney [47],
mesothelium [21], ovary [61], endometrium [60], oral

mucosa [96], stomach [121] and the myeloid lineage

Fig. 4 Example of a non- Rnase A . [115]. Quantitative analyses have provided further in-

isotopic telomeric repeat ampli- sight into the role of hTERC expression during carcino-
Rfraﬂ(érﬂé’?etﬁs“’#gcﬁnﬁé assay Ha S 0 2% genesis. Maria Blasco and co-workers examined telom-
tivity (TA) is semi-quantitatively erase activity and mTERC expression during the devel-
graded using 1/10 (0.6 pg) and opment of HPV16-induced pancreatic islet cell carcino-
1/100 (0.06 pg) dilutions of to- mas and of SV40-induced squamous cell skin carcino-
tal protein. Assay specificity is mas over distinct histological stages of islet and skin hy-
ghec"ed by RNase A-mediated perplasia and dysplasia [7]. Telomerase activity was de-
egradation of hTERC, result- .
ing in disappearance of the tected only in late-stage tumours, whereas mTERC lev-
6-bp ladder. False-negative re- els were upregulated in the early pre-neoplastic stages
sults are excluded by inclusion and further increased during progression. These results
?;r‘;‘oe\;\?ﬁggé”t:{n“;!Ccoon“;r;’:e suggest that, in mice, telomerase is activated in the late
separated on a 12.5% non- stages of tumour progression and showed that the initial
denaturing polyacrylamide gel, upregulation of telomerase RNA seems an early event.
ethidium bromide stained, and Their data further suggested that mMTERC might be either
visualised by the CCD camera directly regulated by viral oncogenes or mTERC tran-
scription might be responsive to deregulated cell prolif-
'("*BriQ’E;i{ﬁsﬁfbogﬁgt%ﬁe‘;aé'ﬁﬁgﬁ, > eration, which can be the result of inhibitory binding of
Germany) TA LA S viral oncogenes to p53 and pRb.

52 bp

coupled Gel Doc 1000 Molecu-
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In order to investigate hTERC expression at the celloe better to compare the staining patterns of proliferation
lar level during human carcinogenesis, an in situ hybrietarkers with those of hTERT, which correlates better
isation method (ISH) has been developed to detedth telomerase activity than hTERC.
hTERC in archival paraffin sections [118]. In the posi-
tive control, hTERC ISH signals — predominantly or en-
tirely nuclear — are limited to primary spermatocytdsxpression of hnTERT mRNA
and, possibly, spermatogonia in the seminiferous tubules,
and to germinal centres of secondary follicles in lympgre close correlation in cell lines between the presence
node. ISH has been applied to characterise hTERC ekhTERT expression, determined by either RNase pro-
pression in the histological progression of metaplastection or RT-PCR techniques, and that of the telomerase
over dysplastic and carcinoma in situ lesions (CIS) &gsay, combined with evidence that ectopic hTERT ex-
carcinomatous lesions of the oesophagus [71], stomacéssion is sufficient to confer enzymatic activity to tel-
[34, 38], lung [117], cervix [119] and breast [120]. lmmerase-negative cells (see below), suggests that hTERT
most cases, a marked rise in hTERC expression ocdarthe catalytic sub-unit of telomerase [9, 69, 73]. There-
during the transition from low-grade to high-grade dy$oare, strategies detecting hTERT mRNA and protein by
plasia. Interestingly, in the Barrett's metaplasia—dysplBT-PCR or ISH and immunohistochemistry, respectively,
sia carcinoma, sequence signals were found of strongexr under development to find out whether hTERT
intensity in low-grade dysplasia associated with canadeRNA or protein detection is useful as a surrogate
than in foci of dysplasia not associated with cancer. Tihmarker for telomerase activity or transformed status of
authors questioned whether this difference in signal tissues.
tensity could be of prognostic value, identifying a subset Ramakrishnan and co-workers performed an exten-
of patients with low-grade dysplasia who were at isive and detailed expression profiling of the hTERT gene
creased risk for progression to malignancy. Studiesiofdiverse tumour-derived cell lines, tumours, several
lung, cervix and breast lesions showed intense focal mprmal human tissues and cultured normal cells [83]. Al-
regulation in CIS adjacent to or continuous with foci @hough generally corroborating the studies of both Naka-
microinvasive or invasive cancer. This finding was intemura et al. [73] and Meyerson et al. [69] with reference
preted by the authors as a predictor of imminent inua- the tumour cell lines, some normal tissues, such as
sion. heart, brain, liver, prostate and ovary, were found to be

ISH detection of hTERC, in combination with immuweakly positive for hTERT using RT-PCR. Surprisingly,
nohistochemistry for proliferative activity, has been uséelomerase-negative early passage cultures of renal epi-
to clarify the debated relationship between telomerabelial cells, prostate epithelial cells and WI38 fibro-
activity and tumour proliferation activity [26]. In a vari-blasts also had detectable hTERT, which cannot be as-
ety of cancers such as astrocytomas [87], basal cell caibed to contamination by activated telomerase-positive
cinomas (BCCs) and squamous cell carcinomas (SCs)phocytes. Therefore, he concluded that, in analogy to
[80], the distribution patterns of hnTERC and the prolifehTERC expression, the differences in expression of
ation marker Ki-67 were found to be similar. HowevenTERT in tumour versus normal cells are quantitative
in the normal skin, hTERC is preferentially localised irather than qualitative. In contrast, differences in hTERT
basal keratinocytes, whereas Ki-67 positive cells are preRNA expression were found qualitative in benign ver-
dominantly in the suprabasal layers, suggesting that psas malignant cervical tissues [98], urothelium and uri-
liferating but also resting epidermal cells, likely includrary sediment [43], renal tissues [47], ovaries [61] and in
ing stem cells, express hTERC [80]. Similarly, Bickeriruman oral lesions [96]. In human endometrium, the ex-
bach and co-workers found that cells expressing hist@nession of hTERT mRNA was observed in most endo-
3, a marker for S-phase cells, were distributed evemhetrial cancers. In normal endometrium, it depended on
within the basal layer of the epidermis as single celte phases of the menstrual cycle, as reported for telom-
unlike the hTERC expressing cells that clustered arougrése activity (Table 7) [60].
the lower ends of the rete ridges, and concluded that upTo date, only two reports described the expression
regulation of hTERC does not correlate with cells entgrattern of hTERT mRNA at the single cell level in nor-
ing proliferation [6]. Another example of dissociatiomal tissues and in various stages of tumour progression.
between Ki-67 and hTERC expression are stage-1V néelquist et al. found hTERT mRNA to be detectable in
roblastomas, a widely metastatic variant associated wgtlls thought to have long-term proliferative capacity,
excellent clinical prognosis. These tumours were foutike haematopoietic precursor cells, germinal centre lym-
to have high Ki-67 but weak hTERC expression, indicgthocytes, spermatogonia and in some actively regenerat-
ing that the latter may be a better discriminator of trireg cells, like the stratum basale of the skin, which is
biological potential and that hnTERC levels do not alwajargely consistent with previous reports of the presence
correlate with cell proliferation [66]. However, this statesf telomerase activity in somatic stem cells [57]. The
ment should critically be reconsidered since Rudolpémporal relationship of hTERT expression to tumour
and co-workers previously found low proliferative activprogression was investigated by analysing the levels of
ity in stage-IV neuroblastomas [86]. It is obvious that tieFERT mRNA in colon and breast lesions [57], and in
debate did not yet come to an end. In this respect, it ntayvical lesions [74]. Surprisingly, high levels of hTERT
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MRNA, similar to levels detected in higher degrees igls are necessary to examine their specificity to the p127
epithelial dysplasia and invasive and metastatic carcipoetein [21].
mas, were already locally observed in adenomatous co-
lonic epithelium and in early stage breast and cervical le-
sions. These results led to a model of in vivo telomerddew insights in the telomerase-tumorigenesis
activation distinct from that based on the results of ecennection
periments examining in vitro cell immortalisation. Ac-
cording to the in vitro model, which is based on the aBased on the results of the aforementioned studies, a va-
parently exclusive appearance of telomerase activity arety of questions have emerged. Is telomerase capable
hTERT mRNA in post-crisis, telomere-deficient cellsyf providing the immortal phenotype? Should telomerase
the activation of telomerase is thought to occur late be regarded as an oncogene? |s telomerase essential for
the progression of tumours. The aforementioned obseafcinogenesis? Recent experiments provide, at least
vations led the authors to conclude that hTERT expregsttially, answers to some of these questions.
sion is already apparent in early precursor lesions, sug-
gesting that cells may be continuously selected for incre-
mentally higher levels of telomerase activity as they prbessons from hTERT transfection experiments
liferate and acquire genetic changes associated with in-
vasive cancer. In contrast to hTERC and hTEP1, expression of the
hTERT gene parallels telomerase activity, and exciting
experiments convincingly showed that hTERT is rate
Expression of hTERT protein limiting for telomere elongation. Human telomerase ac-
tivity could be reconstituted both in vitro, after co-
Further information about the function and diagnostiynthesis or mixing of hTERC and the in vitro transcrip-
value of telomerase will emerge as monoclonal antien/translation product of the hTERT gene, and in vivo,
hTERT antibodies, suitable for immunohistochemicafter transfection of the gene encoding hTERT into tel-
procedures on frozen and archived samples, becamneerase-negative human normal fibroblasts [76, 106].
commercially available. At present, few groups reportddansfection of pre-senescent cultures of telomerase-
hTERT staining using polyclonal antibodies raisemegative retinal pigment epithelial cells, human vascular
against synthetic oligopeptides or recombinant protegndothelial cells and young/midlife and old fibroblasts
The K-370 antibody, specific for mouse and humdf, 103, 116], as well as of pre-crisis cells [17, 28] result-
hTERT, stains nuclei but not the cytoplasm of HelLa ce8igl in telomerase activity, elongation of telomeres and in-
in both immunofluorescence and Western-blot analysisfinite replicative growth, thus establishing a causal re-
[68]. The epitope appeared to be concentrated in nucliedionship between telomere shortening and in vitro cel-
speckles reminiscent of those formed by many proteintar senescence. Interestingly, while sufficient for im-
involved in DNA replication and transcription. Alternamortalisation, ectopic expression of telomerase did not
tively, this hTERT dot-like expression pattern could coresult in changes typically associated with malignant
respond to the telomeres, which, in interphase nuclei, aensformation, such as increased growth rate, loss of
similarly located. An identical nuclear staining pattercontact inhibition and acquisition of serum-independent
was previously described by the use of an anti-peptigi®wth, disturbances in the pRB and p53-mediated cell
antiserum to a different region of the hTERT [32]. cycle checkpoints, and cytogenetic abnormalities, indi-
Tahara et al. reported the first success in in situ icating that telomerase expression per se is not oncogenic
munohistochemical detection of anti-hTERT antibody45, 72].
reactive proteins and compared the expression pattern
with telomerase activity in human gastric carcinoma and
colorectal tissue sections [97, 121]. In contrast to ndressons from the mTERC knock-out mouse
neoplastic mucosal cells and stromal cells, carcinoma
cell nuclei were moderately positive. Curiously, in noifo explore the impact of telomere loss in vivo, telom-
mal colonic glandular epithelium, dissociation was olerase-deficient mice were generated by deletion of the
served between expression of the hTERT protein and th€ERC gene (mTR-mice). For the sake of clarity, the
telomerase activity, with protein expression extendimgfect of telomere loss on physiological processes and on
from the bottom of the crypts to nearly the tip of theeoplastic growth is best discussed separately. As ex-
gland, whereas telomerase activity was only found at fected, the mTR-mice lacked detectable telomerase ac-
Ki-67-rich bottom half of the crypt. The authors coultvity, and, per mTR- generation, telomeres shortened.
not determine whether the upper part of the gland cdnterestingly, from the fourth mTR generation on-
tains degraded proteins that retain antigenicity of hTER&rds, complete absence of telomeric repeats, aneuploi-
or contain de-phophorylated, dormant hTERT proteidy and chromosomal abnormalities, like end-to-end as-
Some anti-hTERT polyclonal antibodies are currentbociations including Robertsonian fusions, were seen.
commercially available (Santa Cruz Biotechnology, C&urprisingly, mTERC-deficient mice were viable for the
lif. and Biotrend Chemikalien, Germany), but more studix generations analysed [8]. Similarly, first-generation
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mice knocked-out for TERT (mTERT mice) were re- too, it has been stressed that mice and humans are very
cently found fertile too, and did not show any noticeahtifferent when it comes to cancer, since murine cells
macroscopic or microscopic phenotypic change [12®fth in vitro and in vivo more efficiently immortalise
From the mTR- results, it was initially concluded thatand form tumours than human cells. It is possible that, in
telomerase is essential for telomere length maintenantee, the natural overlength of telomeres renders telom-
but not for mouse viability or fertility. However, funda-€rase of minor importance for the longevity of cells com-
mental differences exist between the genomic organipared with human cells. However, this does not explain
tion of mouse and human telomeres, meaning that resully telomerase activity is upregulated in murine cancers
on murine sources cannot be extrapolated to humans [efgtive to normal tissues. Most recently, studies con-
63, 114, 123]. Indeed, continuing phenotypic analysis diicted with mice doubly null for mTR and p53 (mTR
the mTR/-mice showed that the initial findings were inp537/— mice) or INK4a/ARF (MTR- INK4a’- mice)
herently misleading due to the use of the laborat@liowed that telomerase may play a paradoxical role, ei-
mouse strain Mus musculus, which possesses teloméhes promoting or inhibiting tumour formation depending
that are very much longer than in humans or in Mos the genetic context of the would-be cancer cell [14,
spretus. Considerable time (and cell doublings) pass&d.
until the adverse effects of telomerase deficiency ap-
peared in late-generation animals. They exhibited defec-
tive spermatogenesis and haematopoiesis, coupled \Penspectives
telomere-length reductions and abnormal cytogenetic
profiles, indicating an essential role for telomerase amtle presence of telomerase in nearly all cancers offers
telomeres in the maintenance of genomic integrity andiinportant therapeutic possibilities. Numerous novel anti-
the long-term viability of high-renewal tissues [29, 64tancer strategies, based on the use of telomerase inhibi-
In addition, it was shown that telomere loss in latéers, are currently under investigation. However, al-
generation mTR-embryos was associated with a devethough ALT has been discussed in only a minority of tu-
opmental defect that consisted of a failure in the closum@urs, it is possible that in tumours subjected to effec-
of the neural tube, suggesting that telomeres may hé#ive telomerase inhibition, there would be a strong selec-
an important role during the formation of the neural tultien pressure for the emergence of treatment-resistant
[35]. It is presently unknown whether some cases of itells via the activation of ALT. Moreover, research
fant neural tube defects are associated with telomgreups have just started to unravel the relationship be-
shortening. tween telomeres, telomerase and key tumour suppressor
mTR-- mice provide an opportunity to study the efpathways, such as the pRB/¥82 and the p53/p¥&F
fect of telomere dysfunction on important biological prggathways. It is not unimaginable that only a genotypic
cesses, such as those associated with ageing. As presdidiset of tumours will be sensible to telomerase inhibi-
ed from in vitro experiments [77], it was recently showtors. Therefore, the human telomere itself could turn out
that age-dependent telomere shortening associates withe a better therapeutic target, e.g. via tankyrase inhibi-
shortened life span and reduced capacity to respondos. The finding that transfection of primary human
stresses such as wound healing and haematopoietic af#ls with hTERT can confer endless growth capability
tion, demonstrating a critical role for telomere length in culture, without leading to a cancerous phenotype,
the overall fitness, reserve and well being of the ageiegrrently receives much attention. The repair of human
organism [85]. Thus, in contrast to what has been cdissues, e.g. the enhanced ex vivo growth of skin cells for
cluded from the first studies, most highly proliferativburn victims, and rejuvenation of stem cell populations
organs appear to be affected by mediators that impededtessed on telomerase therapy could be within reach.
lomere synthesis, indicating that, although diverse steApart from its therapeutic applications, our ability to ex-
cell compartments may sustain organ function after sygnd cellular life span, whilst maintaining the diploid sta-
temic administration of telomerase inhibitors during notds, growth characteristics and gene expression pattern
mal life expectancy, telomerase inhibition has to be mdypical of young normal cells, has important implications
itored carefully in clinical settings. The impact of telofor the development of in vitro models of carcinogenesis.
mere dysfunction on immortalisation and tumorigenesis
is far more complex. Indeed, telomerase null embryonic
fibroblast cultures could be unexpectedly immortalisdbnclusions
in culture, transformed by the Ras and SV40 TAg onco-
genes, and were found to generate tumours in nude ns@r the last years, exciting reports have disclosed the
[8]. Furthermore, a progressive increase in the rate of epormous complexity of telomerase biology, and some
togenetic abnormalities and of spontaneous tumour fauthors already regard the enzyme as the molecule of the
mation was found in aged late-generation mThkiice 1990s. A tally of studies screening most types of human
[85]. These data, suggesting that in tumorigenesis telarancers has established a strong association between the
erase expression might be an innocent bystander, arepresence of telomerase activity and malignancy. Particu-
garded as a serious challenge to the original modellarly the relationship between ‘high telomerase activity
which telomerase activation is a key step in cancer. Harel poor prognosis’ makes the enzyme, rather than its
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substrate, an interesting tumour marker worthwhile be- and proliferative activity in the different layers of cyclic endo-

ing studied further. However, the existence of telom. Metrium. Biochem Biophys Res Commun 253:214-221

. Bond JA, Wyllie FS, Wynford-Thomas D (1994) Escape from
erase—cqmpetent normal cells, the presence of Af.‘ senescence in human diploid fibroblasts induced directly by
mechanisms and the results of telomerase knockoutsmutant p53. Oncogene 9:1885-1889

have underscored the unique role of telomeres and 12l-Bryan TM, Englezou A, Dalla-Pozza L, Dunham MA, Reddel
omerase in tumorigenesis, and the initial enthusiasm forRR (1997) Evidence for an alternative mechanism for main-

; ; ; : taining telomere length in human tumours and tumour-derived
this putative malignancy marker has dwindled to some cell lines. Nat Med 3:1271-1274

extent. Pathologists in particular hopefully await the agls gryant JE, Hutchings KG, Moyzis RK, Griffith JK (1997)
vent of reliable telomerase antibodies, which will allow a Measurement of telomeric DNA content in human tissues.

better in situ evaluation of telomerase, particularly in Biotechniques 23:476-483

; ; _ ; ; ; ; 4. Chin L, Artandi SE, Shen Q, Tam A, Lee SL, Gottlieb GJ,
proliferating versus non-proliferating and in reactive vet Greider C, DePinho R (1999) p53 deficiency rescues the ad-

sus pre-malignant lesions. Based on ISH experiments,yerse effects of telomere loss and cooperates with telomere
hTERT expression, like that of hTERC, appears to occur dysfunction to accelerate carcinogenesis. Cell 97:527-538

early during carcinogenesis, either as a gain of functith Cong YS, Wen JP, Bacchetti S (1999) The human telomerase

or by quantitative upregulation, whereas telomerase at:-fat_a'ytt_iC Sufbtl;‘”it hTERtT: OLganiﬁtif)g of tthg %ggeligd charac-
P . P . . erization o € promoter. Aum Mo enet o: -
tivity is a rather late event. Therefore, it is likely that stills ‘=o\nter CM, Avilion AA, LeFeuvre CE, Stewart NG. Greider

unknown factors that modulate the enzyme activity are cw, Harley CB, Bacchetti S (1992) Telomere shortening asso-
important players in this complex biological system. Re- ciated with chromosome instability is arrested in immortal
cent knowledge of the hTERT promoter possibly leads to cells which express telomerase activity. EMBO J 11:1921—

a breakthrough in our understanding of cancer—associaft; ounter CM, Hahn WC, Wei W, Caddle SD, Beijersbergen

activation. Finally, telomerase has rendered to representri | ansdorp PM, Sedivy JM, Weinberg RA (1998) Dissocia-
neither a tumour suppressor nor an oncogenic agenttion among in vitro telomerase activity, telomere maintenance,

Since, in most cancers and in stem cells of renewal tis-and cellular immortalisation. Proc Natl Acad Sci U S A 95:
sues, telomerase activity levels generally (but not %— 1472314728

lat ith th liferati tate of th I . Dahse R, Fiedler F, Ernst G, Kosmehl H, Schlichter A, Schu-
ways) correlate wi € proliteration state or the Cells, It pert 3, Claussen U (1996) Changes in telomere lengths in renal

seems more correct to regard the enzyme activity as arcell carcinomas. Cell Mol Biol 42:477-485

indication for indefinite cellular replicative capacity. ~ 19. Dhaene K, Hiibner R, Kumar-Singh S, Weyn B, Van Marck E
(1998) Telomerase activity in human pleural mesothelioma.
Thorax 53:915-918

20. Dhaene K, Vancoillie G, Lambert J, Naeyaert JM, Van Marck
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