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The past decade has witnessed an explosion of knowledge concerning the structure and function of chro-
mosome terminal structures—telomeres. Today’s telomere research has advanced from a pure descriptive
approach of DNA and protein components to an elementary understanding of telomere metabolism, and
now to promising applications in medicine. These applications include ‘passive’ ones, among which the
use of analysis of telomeres and telomerase (a cellular reverse transcriptase that synthesizes telomeres) for
cancer diagnostics is the best known. The ‘active’ applications involve targeted downregulation or upregul-
ation of telomere synthesis, either to mortalize immortal cancer cells, or to rejuvenate mortal somatic cells
and tissues for cellular transplantations, respectively. This article reviews the basic data on structure and
function of human telomeres and telomerase, as well as both passive and active applications of human
telomere biology.
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1. HUMAN TELOMERE STRUCTURE AND
FUNCTION

Telomeres are indispensable functional domains of eukar-
yotic chromosomes that form their termini. As the human
genome is packed in 46 linear chromosomes, each having
two telomeres, there are 92 telomeres in a normal diploid
human cell. Biochemically, telomeres are composed of
DNA and protein components. The DNA component of
human and all the other known mammalian telomeres is
formed by a simple tandem repeat [T TAGGG]n. Owing
to the end-replication problem of linear chromosomes
(Olovnikov 1973) telomeric sequences of the lagging
DNA strand become shorter each time the DNA repli-
cates. While some telomere shortening is tolerated
(telomeres do not contain genes), their loss below a criti-
cally short length stops cell division and the cell enters a
state known as senescence, characterized by changes in
protein expression patterns and growth arrest. Although
the role of telomeres as the replication counting mech-
anism was suggested about 30 years ago, direct evidence
of involvement of telomeres in cellular ageing has been
published only recently: it was shown that the introduction
of a gene coding for the catalytic component of telomer-
ase, the enzyme complex synthesizing telomeres (see
below), resulted in extension of telomere lengths and
unlimited cell division potential, the apparent conse-
quence of a bypass of cellular ageing (Bodnar et al. 1998).
In normal cells, the proliferative block due to telomere
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shortening may occur in two stages. The � rst stage, M1
(mortality stage 1) occurs when there are still several
kilobases of telomeric DNA left on most chromosomes
and may be induced by a DNA damage signal produced
by particularly short telomeres on a single or a few of the
92 telomeres; the growth arrest is caused by the tumour
suppressor genes p16/pRB and p53. In the case of a block
of p53 and p16/pRB action, the cell continues dividing
with consequent shortening of telomeres till the onset of
M2 (mortality stage 2). At this stage, telomeres lose their
end-protective function owing to their overall critical
shortening and they are recognized as unrepaired chromo-
some breaks. Subsequent end-degradation and attempts
to repair short telomeres then result in chromosome
fusions, translocations and extensive genomic instability.

At this stage, immortalization may sporadically occur.
Arising immortal cells show in most cases expression and
reactivation of telomerase or, in extremely rare cases, an
alternative (telomerase-independent) lengthening of tel-
omeres (ALT) (see below).

The function of telomeres is ensured by their DNA
component and associated telomere-binding proteins, for-
ming together the functional nucleoprotein structure of
the chromosome end. The junction region between the
telomere and the rest of the chromosome is termed the
‘telomere-associated sequence’ and can be regarded as the
most distal part of the subtelomere. Subtelomeric
sequence structure appears to vary widely, mainly as a
result of large differences in subtelomeric repeat sequence
abundance and organization at individual telomeres.
Many human subtelomeric regions appear to be gene-rich,
containing both known and unknown expressed genes.
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Figure 1. A schematic view of the human telomere. Most of the double-stranded telomeric DNA is packed with histone
octamers in nucleosomes. A duplex part of the telomere folds back on itself forming a large telomere loop (t-loop) and the 3 9
G-strand extension invades the duplex telomeric repeats and forms a displacement loop (d-loop). The telomere DNA-binding
proteins TRF1, TRF2 and Pot1 are required for normal telomere function (see § 1 and table 1 for details). The binding of
TRF1 to telomeric DNA may be modulated either negatively by its poly-ADP-ribosylation (PAR) mediated by tankyrase, or
positively by associating with TIN2.

This indicates that human subtelomeric regions are not
simply buffers of non-functional ‘junk DNA’ next to the
molecular telomere, but are instead functional parts of the
expressed genome (Riethman et al. 2001). Moreover, sub-
telomeres may occasionally serve as a backup system for
chromosome capping in case of telomere loss. So far,
examples of the latter function have been found in some
insect and plant species (for a review, see Biessmann &
Mason 1997).

The major part of human telomeres (up to 15 kb) is
formed by double-stranded telomeric DNA of
[T TAGGG]n sequence (see � gure 1). Imperfect
(degenerated) telomeric repeats occur at the boundary
with the subtelomere. Most of the double-stranded telo-
meric DNA is packed with histone octamers in nucleo-
somes (Tommerup et al. 1994), whereas a non-
nucleosomal structure termed the telosome (Wright et al.
1992) may be present only at telomere ends (Lingner &
Cech 1998). Studies of telomeric chromatin have shown
its speci� c features: on the one hand a lack of nucleosome
positioning, and on the other hand a speci� c and very
short nucleosome spacing as revealed by micrococcal
nuclease digestion (Fajkus et al. 1995; Makarov et al.
1993; Rossetti et al. 1998). On the basis of these proper-
ties and on accumulated experimental data, we proposed a
model for a columnar packing of nucleosomes in telomeric
chromatin in which the DNA is continuously wound in a
parallel manner around the stacked histone cores
(Fajkus & Trifonov 2001).
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The very end of the telomeric G-rich strand forms a 39
overhang (further termed the ‘G-overhang’) on the chro-
mosome terminus. In general, these overhangs represent
substrates for telomerase and, consequently, their pres-
ence and microstructure may be of key importance for cer-
tain levels of regulation of telomere maintenance. Current
models for telomere function assume that G-overhangs are
found on both chromosome ends and that their associ-
ation with speci� c end-binding proteins is critical in
allowing cells to distinguish natural ends from double-
strand breaks (Grif� th et al. 1999; Van Steensel et al.
1998). A different interpretation of the data is that G-
overhangs are simply a by-product of the DNA replication
mechanism that must be hidden to prevent chromosome
instability or cell-cycle arrest. This idea comes from our
observations in plants, where only about half of the telom-
eres showed the presence of G-overhangs (Riha et al.
2000) and is supported by the � nding that accumulation
of single-stranded G-telomeric DNA triggers p53-depen-
dent cell-cycle arrest (Saretzki et al. 1999). Recent studies
(Wright et al. 1997, 1999) indicate that human chromo-
some termini are indeed asymmetric. Although the length
of the G-overhang may be of great interest, its structure
seems to be even more important. Although the single-
strand G-rich telomeric strand is a favourite subject of in
vitro studies on quadruplex (G4) DNA, the existence of
this kind of structure has not yet been proved directly in
vivo or in situ, although its existence could be assumed
from the occurrence of speci� c proteins or antibodies
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recognizing this structure (Brown et al. 1995, 1998;
Fang & Cech 1993; Muniyappa et al. 2000). The current
alternative to a G4 structure is a t-loop (telomeric loop)
structure in which a duplex part of the telomere folds back
on itself forming a lariat structure, and the 3 9 G-strand
extension invades the duplex telomeric repeats and forms
a d-loop (displacement loop) (Grif� th et al. 1999). In both
G4 and t-loop structures, the G-overhang is masked and
made inaccessible to telomerase, a cellular reverse tran-
scriptase that synthesizes telomeres (see § 2). In the forma-
tion of either of these structures, or maybe some as yet
unknown structure of the G-overhang, end-speci� c
telomere-binding proteins probably participate in analogy
to the situation in Oxytricha, Euplotes or Xenopus
(Cardenas et al. 1993; Price 1990; Price & Cech 1989).
Such proteins have recently been identi� ed also in � ssion
yeast and humans. These Pot1 (protection of telomeres)
proteins each bind the G-rich strand of their own telo-
meric repeat sequence, consistent with a direct role in pro-
tecting chromosome ends. Deletion of the � ssion yeast
pot11 gene has an immediate effect on chromosome stab-
ility, causing rapid loss of telomeric DNA and chromo-
some circularization (Baumann & Cech 2001).

Two previously characterized human telomere-binding
proteins, TRF1 and TRF2 (Broccoli et al. 1997), have
been implicated in the formation of the t-loop structure
(Grif� th et al. 1999; Smogorzewska et al. 2000). Accord-
ing to their DNA binding domains, both proteins belong
to a group of Myb-like proteins. Protein TRF1 binds the
double-strand part of the telomere and may participate in
bending telomeric chromatin so that a lariat t-loop struc-
ture can be formed. TRF1 functions as a telomerase
repressor. Its af� nity to a telomere may be abolished by
poly-ADP-ribosylation by ‘tankyrase’ (TRF1-interacting,
ANKYrin-related ADP-ribose polymerase), thus making
telomeric DNA accessible to telomerase (Smith & De
Lange 2000; Smith et al. 1998). Protein TIN2 (TRF1-
interacting nuclear protein 2) has the opposite effect (Kim
et al. 1999). The second Myb-like protein, TRF2, partici-
pates somehow in maintenance of single-strand overhangs
whose absence results in chromosome fusions (Van Steen-
sel et al. 1998). In t-loop-reconstitution experiments,
TRF2 binds the d-loop at the junction of the lariat
(Grif� th et al. 1999).

Besides these proteins, some others previously known
as DNA recombination and repair factors (Rad50, Rad51,
Rad52 and Ku70/Ku86 heterodimer) were identi� ed as
telomere-binding proteins (Hsu et al. 1999, 2000; Laroche
et al. 1998; Samper et al. 2000; Song et al. 2000). Their
role in the biology of human telomeres is not clear yet, but
their involvement in telomerase-independent, alternative
lengthening of telomeres (ALT) is generally anticipated.
In Saccharomyces cerevisiae, two telomerase-independent
mechanisms can overcome the senescence resulting from
the loss of telomerase activity. Type I survival is charac-
terized by ampli� cation of the subtelomeric Y9 elements
with a short telomere repeat tract at the terminus whereas
type II survivors arise through the abrupt addition of long
tracts of telomere repeats. Both mechanisms are depen-
dent on RAD52 and on either RAD50 or RAD51. The
telomere elongation pathway in yeast (type II) is depen-
dent on SGS1, the yeast homologue of the gene products
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of Werner’s (WRN) and Bloom’s (BLM) syndromes
(Huang et al. 2001; Chen et al. 2001; Le et al. 1999).

In human cells, telomerase-independent telomere
maintenance (ALT) was observed in a minor fraction of
telomerase-negative in vitro immortalized and tumour-
derived cell lines (Bryan et al. 1997). Molecular analysis
of these cells showed an extreme heterogeneity in telomere
length and differences in the dynamics of telomere main-
tenance compared with telomerase-positive cell lines. The
nature of the ALT mechanism(s) is currently unknown,
but studies of telomere dynamics in an ALT cell line
containing a marker just proximal to the telomeric
sequences showed gradual shortening of the telomere
followed by rapid elongation, consistent with a non-
reciprocal recombinational mechanism similar to that
found in telomerase-defective mutant yeast strains
(Reddel et al. 1997). Fusion of ALT cells to telomerase-
positive immortal cells resulted in hybrids that appeared
immortal and also exhibited repression of the ALT telo-
mere phenotype. In these hybrids, which were all telomer-
ase positive, an initial rapid loss of most long telomeres
was observed, followed either by gradual loss of the
remaining long telomeres at a rate similar to the rate of
telomere shortening in normal telomerase-negative cells,
or by maintenance of shortened telomeres (Perrem et al.
1999). In contrast, expression of exogenous hTERT in the
ALT cell line GM847 resulted in lengthening of the short-
est telomeres, thus showing that induced telomerase is
active at the telomere. However, rapid � uctuation in telo-
mere length still occurred in the GM847/hTERT cells after
more than 100 population doublings. Very long telomeres
and ALT-associated promyelocytic leukaemia (PML)
bodies continued to be generated, indicating that telomer-
ase activity induced by exogenous hTERT did not abolish
the ALT mechanism. These data indicate that the telo-
merase-positive cells contain a factor that represses the
ALT mechanism but that this factor is unlikely to be telo-
merase. The transfection data also indicate that ALT and
telomerase can coexist in the same cells (Perrem et al.
2001). However, in a similar study using the simian virus
40 (SV40) large T-antigen-immortalized human lung
� broblast cell line VA13, which uses ALT, a signi� cant
functional inhibition of ALT upon telomerase expression
has been observed (Ford et al. 2001). Furthermore,
expression of mutant telomerase (synthesizing mutated
telomere sequence) in immortal telomerase-negative
human cells results in cell-cycle deregulation, nuclear and
chromosomal abnormalities and rapid loss of viability.
These results suggest that even very limited synthesis of
mutated sequences can affect telomere structure in human
cells, and that the toxicity of mutant telomerases is due to
telomere malfunction (Guiducci et al. 2001).

2. HUMAN TELOMERASE AND ITS REGULATION

The primary mechanism of telomere synthesis in human
is telomerase (originally termed ‘telomere-terminal
transferase’) (Greider & Blackburn 1985). Telomerase is
found in foetal tissues, adult germ cells and tumour cells,
and lower telomerase activities can also be detected in self-
renewing tissues of a high proliferative capacity. Telomer-
ase activity is regulated during development and in most
somatic cells is repressed to an almost undetectable level.
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The lack of telomerase in somatic cells results in their age-
ing, which then contributes to ageing of tissues, organs
and the body (Shay & Wright 2001; Shay et al. 2001). It
is therefore no surprise that telomerase has become a hot
topic in cancer and ageing research.

Telomerase is an enzyme complex made of a catalytic
subunit with reverse transcriptase activity, and an RNA
subunit that serves as a template for telomere sequence
synthesis. The whole RNA subunit, hTR, is 451 nucleo-
tides long and lacks polyadenylation. Its template region
is formed by an 11-nucleotide sequence 5 9 -CUAACC
CUAAC-39 complementary to one complete and one
incomplete repeat unit of G-strand telomeric sequence.
The gene coding for hTR is located on the long arm of
chromosome 3 (3q26.3) and its promoter region com-
prises CpG islands (Soder et al. 1997). Several transcrip-
tion factors that modulate the expression of hTR have
been found. NF-Y binding to the CCAAT region of the
hTR promoter is essential for promoter activity whereas
Sp1 and the retinoblastoma protein (pRb) are activators of
the promoter and Sp3 is a potent repressor. These factors
appear to act in a species-speci� c manner (Zhao et al.
2000). In cell lines exhibiting ALT and total absence of
hTR expression, the promoter of the hTR gene is methyl-
ated, and treatment with 5-azacytidine in combination
with trichostatin A resulted in partial demethylation of the
promoter and expression of the gene (Hoare et al. 2001).
Another example of hTR regulation is that imposed by
dyskerin. Dyskerin is the protein whose absence or defect
results in dyskeratosis congenita, a rare inherited disorder
whose symptoms include fragile bones, the absence of
hair, progressive nail dystrophy, underdeveloped testes,
precancerous cells in mucous membranes, abnormalities
of the gastrointestinal tract, pulmonary � brosis, immune
dysfunction and increased risk of skin cancer. It has been
reported recently that this disorder may be caused by
de� ciency of telomerase and abnormal shortening of tel-
omeres (Mitchell et al. 1999). Since normal dyskerin is
associated with hTR as a component of the telomerase
ribonucleoprotein (RNP) complex, it may be important
for the biogenesis, processing or turnover of the telomer-
ase RNP.

The catalytic activity of telomerase reverse transcriptase
resides in its protein component hTERT whose amino
acid sequence comprises a telomerase-speci� c motif (the
t-motif ) and seven further motifs conserved in reverse
transcriptases of retrotransposable elements. The hTERT
gene (of 40 kb length) has been mapped to the very distal
part of chromosome 5p (5p15.33; Bryce et al. 2000). Its
coding sequence is partitioned into 16 exons and is trans-
lated to the 127 kDa protein of 1132 amino acid residues
(Meyerson et al. 1997). In most normal somatic cells, the
hTERT gene is repressed and is therefore regarded as the
limiting component of the telomerase holoenzyme. The
principles of regulation of hTERT are the focus of intense
study (see table 1).

At the transcriptional level, the hTERT promoter may
be methylated in its CpG island. Consequent histone
deacetylation (Cong & Bacchetti 2000) could repress tran-
scription; however, the results obtained in cell lines are
ambiguous (Devereux et al. 1999). The promoter of
hTERT contains binding sites for several transcription fac-
tors; a positive regulatory role has been proved in the case
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of c-Myc and Sp1 proteins, which cooperate in transcrip-
tion activation of hTERT (Kyo et al. 2000), and oestrogen
(Kyo et al. 1999), while myeloid-speci� c zinc � nger pro-
tein 2 (MZF-2) and Mad are possible negative regulators
of expression (Fujimoto et al. 2000; Oh et al. 2000). The
observed opposite effects of Myc and Mad proteins on
hTERT expression correspond to replacement of Myc–
Max complex by Mad/Max during the process of differen-
tiation and during inhibition of cell growth (Henriksson &
Luscher 1996). In recent reports, there are a number of
other factors in� uencing expression of hTERT indirectly;
interferon-a (IFN-a) downregulates hTERT in a cell-cycle
dependent manner (possibly via downregulation of c-
Myc) (Akiyama et al. 1999) whereas the p53 tumour sup-
pressor protein inhibits hTERT expression via inhibition
of Sp1 binding to the hTERT promoter by forming a p53–
Sp1 complex (Kanaya et al. 2000; Xu et al. 2000).

In addition to these examples of hTERT regulation at
different levels, a search for telomerase repressor genes in
individual human chromosomes has been performed using
microcell-mediated chromosome transfer. Two putative
‘mortality genes’ that suppressed telomerase activity at the
hTERT transcription level and whose expression results in
telomere shortening have been found in chromosome 3
(Horikawa et al. 1998; Tanaka et al. 1998), chromosome
7 (Nakabayashi et al. 1999) and chromosome 10
(Nishimoto et al. 2001).

Although the primary level of telomerase activity
depends on transcriptional control of hTERT, another
mechanism of hTERT regulation has been found recently
at the level of its mRNA splicing. Primary hTERT tran-
scripts can be spliced into six variants, only one of these
being a precursor of functional telomerase, re� ected by
frequent � ndings of hTERT mRNA even in samples lack-
ing telomerase activity. Moreover, one of the ‘deletion’
splicing variants (hTERTa), which is missing conserved
residues from the catalytic core of the protein, inhibits
telomerase activity (Colgin et al. 2000; Yi et al. 2000).

A post-transcriptional mechanism is also responsible for
upregulation of telomerase activity in neural precursor
cells by � broblast growth factor 2 (FGF-2) (Haik et al.
2000).

At the post-translational level it appears that phos-
phorylation of hTERT is essential for its activity
(Kharbanda et al. 2000) and selective dephosphorylation
by protein phosphatase 2A (PP2A) inhibits telomerase
activity (Li et al. 1997). This inhibition may be reversed by
protein phosphorylation. In accordance with this � nding,
overexpression of the cyclin-dependent kinase inhibitors
p16INK4A (CDKN2A) and p15INK4B (CDKN2B)
inhibits telomerase activity (Fuxe et al. 2000).

In addition to the hTR and hTERT subunits, which are
both essential and suf� cient for telomerase action in vitro,
further proteins were identi� ed that participate in the telo-
merase RNP complex. Telomerase-associated protein 1
(TEP1) physically associates with both hTR and hTERT
and contributes to RNP complex stability. However, no
obvious phenotype was observed in mice mutants lacking
mTep1 (Kickhoefer et al. 2001). The molecular chap-
erones p23 and hsp90 physically and functionally associate
with hTERT and blockade of this interaction inhibits
assembly of active telomerase in vitro (Forsythe et al. 2001;
Holt et al. 1999).
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Besides the number of possibilities of telomerase regu-
lation at the level of telomerase components and telomer-
ase-associated proteins, one should not forget about the
regulation of telomere lengths by telomeres themselves
which is performed at the level of formation of alternative
secondary structures of DNA (e.g. t-loop and G4) and
interdependent changes in interactions with telomerase
and telomere-binding proteins.

3. TELOMERASE IN AGEING, PROLIFERATION,
DIFFERENTIATION AND CANCER

At present, not only has the role of replicative telomere
loss as a central timing mechanism for cellular ageing been
proved but also the possibility of resetting this mechanism
has been demonstrated (for a review, see Fossel 1998).
For example, it has been shown that telomeres are shorter
in somatic than in germline cells and that they shorten in
somatic cells with the individual’s age. Children born with
progeria (early ageing syndrome) have shortened telom-
eres compared with age-matched controls. Introduction of
a construct encoding and expressing the human telomer-
ase catalytic subunit results in elongation of telomeres and
extension of proliferative capacity of cultured cells without
their conversion to a malignant phenotype (Bodnar et al.
1998).

Telomerase activity and the levels of telomerase sub-
units hTR and hTERT are associated with cell prolifer-
ation in cultured and tumour cells. In those cells that
express telomerase, a tight correlation between telomerase
level and cell growth was found, e.g. in human tumours
in situ hybridization assays showed that the levels of the
telomerase RNA component correlated with the prolifer-
ative marker MIB-1 (for a review, see Greider 1998). Con-
trary to original expectations, telomerase has also been
found in a number of proliferating normal somatic cells,
e.g. mitogenic stimulation of lymphocytes caused upregul-
ation of telomerase (Holt et al. 1996). Telomerase was
also detected in the proliferative basal layer of skin, and
in epithelial and endothelial cell lines growing in culture.
Endometrial tissue and the proliferative zone of intestinal
crypts are also telomerase positive. However, there are
numerous reports that some primary cell types, such as
� broblasts, mammary epithelium and embryonic kidney
cells, do not express telomerase activity even when they
are proliferating (Greider 1998). Irrespective of the telo-
merase detected in some proliferative renewal tissues, tel-
omeres are shorter in older individuals compared with
younger ones, and thus the telomerase detected is not suf-
� cient to completely maintain telomeres. Downregulation
of telomerase occurs during cell differentiation, including
in various cell lines induced to differentiate, demonstrat-
ing an indirect relationship between telomerase levels in
the processes of proliferation and differentiation. The
decrease of telomerase activity has been shown in various
cell lines induced to differentiation (Albanell et al. 1996).

Con� icting reports have appeared concerning the cell-
cycle regulation of telomerase activity and its possible
repression during quiescence and cell differentiation.
Therefore, these issues have been re-examined to uncover
the basis for the discrepancies (Holt et al. 1997). Vari-
ations in extracted telomerase activity during the cell cycle
were not observed in cells sorted on the basis of DNA
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content. Variations were observed in cells synchronized
using some biochemical cell-cycle inhibitors of evident
cellular toxicity. A progressive decline in telomerase
activity is observed in cells whose growth rate is reduced
from seven to eight population doublings per week to one
to two doublings per week. Telomerase is largely absent
from cells that truly exit the cell cycle and do not divide
over the seven-day period. In the immortal cultured cell
lines examined, extracted telomerase activity does not
change signi� cantly during progression through the stages
of the cell cycle. Telomerase activity generally correlates
with growth rate and is repressed in cells that exit the cell
cycle and become quiescent.

The main role of telomerase in cancer cells is to assure
their immortality, a process necessary to accumulate
mutations required for cells to become malignant (Holt et
al. 1996). The telomere lengthening reverses replicative
senescence and increases the risk of cancer because it
allows transformed cells to continue dividing and to
achieve malignant characteristics (Fossel 1998). Telomer-
ase reactivation or upregulation may be caused by
mutations in the telomerase repression pathways (Shay &
Wright 2001). Telomerase activity in cancer cells corre-
lates with the stabilization of telomere length and cellular
immortalization. Thus, telomerase is an important mech-
anism almost universally required to maintain telomere
stability as a critical step in cancer progression. However,
it has been established that although telomerase
expression is a hallmark of cancer, ectopic expression of
telomerase in normal human � broblasts, which is suf-
� cient for their immortalization, does not result in changes
typically associated with malignant transformation
(Morales et al. 1999).

It should be mentioned here that reports differ as to
whether reconstitution of telomerase activity alone is suf-
� cient for immortalization of different types of human
somatic cells or whether additional activities encoded by
other ‘immortalizing’ genes are also required. For
example, it has been known that the E6 and E7 oncogenes
of human papillomavirus type 16 (HPV-16) are suf� cient
for the immortalization of human genital keratinocytes in
vitro. The products of these viral genes associate with p53
and pRb tumour suppressor proteins, respectively, and
interfere with their normal growth-regulatory functions.
Recently, the HPV-16 E6 protein (but not the E7 protein)
has been shown to increase the telomerase enzyme activity
in primary epithelial cells by inducing hTERT gene tran-
scription (Veldman et al. 2001). Nevertheless, in addition
to upregulation of telomerase by E6, E7 is required. Cor-
respondingly, exogenous expression of hTERT in human
foreskin keratinocytes and human mammary epithelial
cells was found to be insuf� cient for their immortalization.
These cell types can overcome senescence by co-
expression of hTERT and HPV E7 or by expression of
hTERT and loss of p16(INK4a) expression, indicating that
the retinoblastoma (Rb) pathway, along with a telomere
maintenance pathway, plays a role in determining the
lifespan of epithelial cells (Farwell et al. 2000).

In analogy with these results, it has been shown that
ectopic expression of either the catalytic subunit of human
telomerase (hTERT) or a temperature-sensitive mutant
(U19tsA58) of SV40 large-tumour antigen alone was not
suf� cient for immortalization of freshly isolated normal
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adult human mammary � broblasts and endothelial cells.
However, a combination of both genes resulted in the
ef� cient generation of immortal cell lines. Temperature-
shift experiments revealed that maintenance of the
immortalized state depended on continued expression of
functional U19tsA58 large-tumour antigen, with hTERT
alone unable to maintain growth at non-permissive tem-
peratures for U19tsA58 large-tumour antigen (O’Hare et
al. 2001).

4. CLINICAL ASPECTS OF TELOMERASE:
DIAGNOSTIC AND PROGNOSTIC VALUE OF

TELOMERASE ACTIVITY AND EXPRESSION OF
hTR AND hTERT IN CANCER CELLS

Owing to the prevalent expression of telomerase in
human malignant tumours, and its potential use not only
as a diagnostic and prognostic tool but also as a potential
target for therapy, telomerase activity and both telomerase
components, i.e. hTR and hTERT, have been the focus of
intensive studies in many tumours. Qualitative assays for
telomerase activity were replaced by a modi� ed telomere
repeat ampli� cation protocol (TRAP) assay for semi-
quantitative determination of telomerase activity levels
(Kim et al. 1994; Wright et al. 1995). In the � rst step of
this assay, telomerase adds telomeric repeats to the 3 9 -end
of a synthetic primer of nontelomeric sequence and the
extended products are subsequently ampli� ed by PCR.
The amplicons are either analysed by polyacrylamide gel
electrophoresis with � uorescent or isotopic detection or
quanti� ed by enzyme immunoassay (TRAPeze ELISA
detection kit, Oncor, USA; TeloTAGGG Telomerase
PCR ELISA PLUS, Roche, Germany; Telomere Length
and TRAP assay kits, BD PharMingen, USA). Both telo-
merase subunits (hTR and hTERT) can be quanti� ed by
LightCycler TeloTAGGG hTERT and/or hTR Quanti� -
cation Kits (Roche, Germany).

Over the past six years, screening of most types of
human cancers has shown a strong association between
telomerase activity and malignancy. Telomerase was
detected in almost all advanced tumours of over 30 types
that have been studied. A detailed survey of telomerase
activity in human cancer was published in 1997 (Shay &
Bacchetti 1997). Positive telomerase estimated with the
TRAP assay was found in 86% of head and neck cancers
(number of positive/number of tested cases: 112/130), in
81% of lung cancers (113/140), in 87% of gastrointestinal
cancers (195/223), in 95% of pancreatic cancers (41/43),
in 86% of hepatic tumours (149/173), in 88% of breast
cancers (300/339), in 96% of female reproductive tract
tumours (49/51), in 90% of male reproductive tract
tumours (52/58), in 89% of kidney and urinary tract
tumours (273/306), in 69% of neural malignant tissues
(199/290), in 92% of skin cancers (94/102) and in 73%
of haematological malignancies (143/194). However, posi-
tive telomerase activity was also detected in 10% of adjac-
ent tissues (77/749), in 26% of benign and other non-
malignant lesions (69/262), and in 5% of normal tissues
(12/224) (Shay & Bacchetti 1997). These values were con-
� rmed in an extended group of tumours in the year 2000
(table 2).
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Table 2. Telomerase activity in human normal tissues and
malignant tumours (according to Shay & Wright (1999)).

no. of
positive/no. positive

tissue tested (%)

normal tissue or adjacent
to tumour 367/2350 16

preinvasive 410/1391 29
malignant tumours

respiratory 431/541 80
digestive 1136/1330 85
reproductive 709/801 89
breast 777/896 87
urinary 392/443 88
haematological 117/157 75
total malignant 3562/4168 85

(a) Head and neck squamous cell carcinomas
Telomerase was detected in up to 86% of head and neck

squamous cell carcinoma tissues and also in hyperplastic
squamous epithelium, but not in normal squamous
mucosa. However, telomerase activity was found in 58%
of histologically tumour-free resection margins (Koscielny
et al. 2000).

(b) Lung carcinomas
Almost all lung carcinomas of both types (small cell and

non-small cell) express telomerase activity (Shay & Bacch-
etti 1997). Low-level activity was shown in normal bron-
chial epithelium. Telomerase activity was detected in 93%
(107 of 115) lung carcinomas, but not in any adjacent
non-cancerous tissues, and was signi� cantly higher in
small cell carcinoma than in any other histological type.
The overall survival rate was signi� cantly lower in the high
telomerase group (Kumaki et al. 2001). Immunohisto-
chemical staining of hTERT revealed this protein in the
nuclei of cancer cells, while mRNA for hTERT and hTR
were mainly detected in their cytoplasm (Kumaki et al.
2001). The concordance between telomerase activity in
lung cancer tissue and hTERT expression was 77%
(Arinaga et al. 2000).

(c) Breast cancer
Determination of telomerase activity in breast cancer

can be a diagnostic tool, and mean telomerase levels show
a correlation with the severity of histopathological
changes: telomerase was positive in 14% of benign breast
diseases, in 92% of carcinoma in situ lesions and in 94%
of invasive breast cancers (Yashima et al. 1998b). Careful
handling of initially negative carcinoma samples revealed
that the true values of positive tissues may be even
higher—ca. 95% for breast cancer (Carey et al. 1998).
Detection of telomerase activity in preoperative speci-
mens, such as � ne needle biopsies, may improve diagnos-
tic accuracy (reviewed in Herbert et al. 2001). Some
studies evaluating prognosis based on this parameter
reported increased values of telomerase activity associated
with decreased disease-free survival (Clark et al. 1997;
Herbert et al. 2001; Simickova et al. 2001). However, con-
clusions concerning the prognostic signi� cance of telo-
merase activity in breast cancer are still incomplete.
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Molecular detection of telomerase-positive circulating
epithelial cells appears to be a sensitive, speci� c and
non-invasive approach for detecting circulating cancer
cells in patients with metastatic breast cancer (Soria et al.
1999). Quantitation of hTERT gene expression in breast
cancer tissue by use of real-time PCR revealed statistical
correlations between high hTERT mRNA levels and
histopathological grade, and negative oestrogen and pro-
gesterone receptors (Bieche et al. 2000).

(d ) Colorectal and gastric carcinomas
These carcinomas are characterized by high levels of tel-

omerase activity (Shay & Bacchetti 1997), but normal
tissues of this region are usually negative or weakly posi-
tive. In an extensive study of 100 primary colorectal can-
cer specimens, the prognosis of the patients with high
telomerase activity (more than 50-fold more than in non-
cancerous mucosa) was signi� cantly worse than that for
patients with moderate and low telomerase activity.
Among the 87 patients with curative surgery, disease-free
survival rate of those with high telomerase activity was also
signi� cantly poorer (Tatsumoto et al. 2000). Immunohis-
tochemical localization of hTERT protein in tumour and
non-tumour colorectal tissues, using antibodies raised
against a partial peptide of hTERT, revealed expression
of this protein in normal mucosa and did not always result
in signi� cant expression of telomerase activity (Tahara et
al. 1999). Gastric cancer with high telomerase activity
tended to have deeper invasion, lymph node metastasis,
liver metastasis and peritoneal dissemination (Kakeji et
al. 2001).

(e) Hepatocellular and pancreatic carcinomas
Most hepatocellular and pancreatic carcinomas showed

telomerase activity (Shay & Bacchetti 1997) but cirrhotic
liver tissues and benign pancreatic lesions were telomerase
negative. Survival of patients seemed to be better in the
absence of telomerase expression. Expression of hTR was
detected in 78% of cases of hepatocellular carcinoma
tested and in 33% of adjacent non-cancerous tissue
(Ferlicot et al. 1999). In situ hybridization for hTR has
been successfully used to differentiate normal ductal epi-
thelium from adenocarcinoma in endoscopic brushings
(Morales et al. 1998).

(f ) Gynaecological cancers
In all gynaecological cancers, telomerase activity of the

cancerous tissues was signi� cantly higher than that of the
non-cancerous lesions (Sakamoto et al. 2000). Telomerase
activity in ovarian cancer increased with stage progression;
clear cell adenocarcinomas showed signi� cantly lower
activity (Sakamoto et al. 2000). In endometrial carcinomas
(Ebina et al. 1999), telomerase correlated signi� cantly
with advanced stage and pelvic node metastases. Messen-
ger RNA expression of hTERT was closely associated with
telomerase activity in ovarian carcinomas (Park et al.
1999). Increased frequency of telomerase activation in
cervical cancer was correlated with increased severity of
histopathological changes, but not with human papil-
lomavirus infection (Yashima et al. 1998a). However,
semiquantitative hTERT mRNA levels as well hTR levels
were related to telomerase activity and the presence of an
oncogenic type of papillomavirus (Wisman et al. 2000).
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Interesting results were obtained by the study of normal
and neoplastic human models (ovary, endometrial and
myometrial tissues) where the lack of telomerase activity
in several non-malignant tissues, expressing hTERT con-
taining complete critical reverse transcriptase motifs, sug-
gests that there are further mechanisms for suppressing
telomerase activity by translational or post-translational
modi� cations (Ulaner et al. 1998).

(g) Prostatic hyperplasy and prostatic cancer
Telomerase activity in � ne needle biopsies seems to be

of value for distinguishing benign prostatic hyperplasy
from prostatic cancer (Shay & Bacchetti 1997). In high
grade prostatic intraepithelial neoplasia (PIN) telomerase
activity is present in a low percentage of high-grade PIN
foci (Koeneman et al. 1998).

(h) Others
In melanomas, clinicopathological correlations showed

association between high telomerase activity and early
metastatic spread (Rudolph et al. 2000; Ramirez et al.
1999). In renal cell carcinoma, signi� cant correlations
were found between the telomerase activity and tumour
grade (Fujioka et al. 2000; Mehle et al. 1996). The results
of the measurement of telomerase activity from voided
urine may help provide earlier diagnosis of bladder cancer
and earlier postoperative indication of recurrence (Cheng
et al. 2000). However, limitations of such measurement
for the diagnosis of urothelial cancer should be considered
(Arai et al. 2000). Clinical trials are needed to evaluate
the utility of telomerase in easily obtained cells from other
body cavities and effusion samples.

Preliminary results showed that suppression of telomer-
ase activity after cytotoxic drug treatment in vitro could be
an indicator of drug-induced cytotoxicity in chemosensi-
tivity testing (Faraoni et al. 1999).

In conclusion, telomerase activity seems to be a useful
indicator of malignant potential of tissues (Shay & Bacch-
etti 1997). However, a key question as yet unresolved is
whether the detection of telomerase activity will allow dis-
crimination between slowly and rapidly progressing malig-
nancies. Telomerase could be also a promising marker of
minimal residual disease. Various investigations correlat-
ing telomerase activity with known prognostic factors have
yielded con� icting results. However, with increasing
accumulation of data on telomerase activity and hTERT
status in comparison with clinicopathological data, it
seems possible that the determination of these parameters
may help in the strati� cation of risk of individual patients.

5. ANTI-TELOMERASE THERAPY OF CANCER

(a) Promises and perils of telomerase inhibition
It follows from the above discussion that telomerase is

an almost universal marker and immortalization factor of
tumour cells. Consequently, it has become a promising
candidate target for new cancer therapies, which could
meet the criteria of the desired therapeutic effect with
minimal side effects. Nevertheless, the fact that telomerase
activity is not restricted only to tumour cells, but is essen-
tial for stem cells, self-renewing tissues and germinal cells,
raises the question of potential adverse effects of anti-
telomerase treatment. On the other hand, similar effects
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on stem cells and proliferative descendents are present in
all standard treatments.

Fortunately, stem cells typically possess much longer
telomeres than cancer cells, which may provide a suf� cient
window for application of anti-telomerase therapy. More-
over, stem cells proliferate intermittently and require mini-
mum telomerase activity during their quiescent period.

Another potential problem of anti-telomerase therapy is
a delay in ef� cacy; suf� cient shortening of telomeres to
cause cells to stop dividing takes a period of time and
therefore anti-telomerase agents would need to target
small numbers of cells, not large bulk tumours for which
preceding surgery or chemotherapy may be necessary.

Probably the last possible problem known to date is the
existence of telomerase-independent ALT cells (see
above) in a minor fraction of tumours, which would thus
be resistant to anti-telomerase therapy; development of
agents which inhibit ALT is therefore desirable for a com-
plete block of telomere maintenance.

Currently many papers have been published on drugs
with telomerase activity inhibitory effects, but to conclude
that any anti-telomerase compound acts purely through a
telomere–telomerase pathway, certain criteria must be met
(White et al. 2001).

(i) Initially after administration of inhibitors, only telo-
merase activity, but not cell growth rate, should be
affected (the so-called ‘lag phase’).

(ii) Progressive telomere shortening should be observed
after addition of inhibitors.

(iii) Administration of the inhibitor after suf� cient telo-
mere shortening should cause growth arrest or
initiation of apoptosis.

(iv) The time necessary to affect growth rates should
vary depending on initial telomere lengths.

(v) Chemically related molecules that do not inhibit tel-
omerase activity should not cause decreased cell pro-
liferation or telomere shortening.

(b) Telomerase inhibition strategies
The available data on structure and function of the telo-

merase–telomere complex offer a number of possible tar-
gets for inhibitors of telomere maintenance. Here we
review possible sites and mechanisms of anti-telomerase
strategies (see table 3).

(i) Targeting the catalytic subunit hTERT
In the data reviewed above, hTERT is the limiting telo-

merase component and thus the target of � rst choice. A
number of strategies are being investigated:

Reverse transcriptase inhibitors (RTIs)
This approach makes use of inhibiting the reverse tran-

scriptase activity of hTERT using mainly agents that are
applied in human immunode� ciency virus (HIV) therapy.
In an early report on this subject, Strahl & Blackburn
(1996) treated two immortalized cell lines (B and T cells)
with a range of inhibitors of retroviral reverse tran-
scriptase. Among RTIs, only dideoxyguanosine (ddGTP)
and 3 9 -azido-39 -deoxythymidine (AZT) inhibited telomer-
ase activity in vitro. Passaging of these cell lines with
ddGTP caused progressive shortening of telomeres, but
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after several weeks the telomeres became stabilized at their
short length. No effect on population doubling rates or
morphology, or growth arrest, was observed after pro-
longed passaging. Several other groups published results
of tests of RTIs, predominantly with AZT, and although
they found telomerase inhibition and affected growth rates
they were not able to see either telomere shortening, mor-
phological changes or growth arrest (Gomez et al. 1998;
Murakami et al. 1998; Yegorov et al. 1996). Since these
RTI-affected cells did not have a lag phase (described
above), their action is probably not limited to inhibition
of telomerase.

Dominant negative hTERT (DN-hTERT)
The principle of this method is simple: a construct of

mutant hTERT cDNA is prepared, which produces a pro-
tein lacking catalytic activity but still exerting binding
properties for the RNA subunit of telomerase, which
consequently acts as a dominant negative version of
hTERT and inhibits telomerase activity. This strategy was
published by Hahn et al. (1999) who generated a construct
of mutant hTERT cDNA with replacement of two amino
acids (positions 710, 711) and transfected it into certain
human cancer cell lines. Cells with ectopic expression of
DN-hTERT showed gradual telomere shortening and loss
of telomerase activity, and � nally an in� uence on rep-
licative potential of the transfected cells was observed with
cell-cycle arrest and induction of apoptosis. In this work,
in vivo effects on tumorigenicity were studied in athymic
mice inoculated with various tumour cell lines transfected
with DN-hTERT; no tumours were observed. An immor-
tal cell line GM 847, which possesses an ALT mechanism
of telomere maintenance, was also transfected with DN-
hTERT; clones remained negative for telomerase activity
and showed no change in telomere dynamics and cell
growth. On the other hand, GM 847 clones infected with
a wild-type hTERT construct recovered telomerase activity
but kept heterogeneous telomere lengths, a marker of
ALT; as mentioned above, a different result has been
obtained in recent work showing that wild-type hTERT
expression resulted in loss of ALT phenotype (Ford et al.
2001). Using a similar approach, telomerase inhibition in
cells with short telomeres was observed, which led to
chromosomal damage and apoptotic cell death (Zhang et
al. 1999).

Immunotherapy using hTERT as a tumour-speci� c antigen
Recently published work has opened possibilities of

using hTERT-mediated anti-tumour cytotoxic T cell
responses. Telomerase, which is activated in 85–90% of
tumours, could be a good candidate for a universal
tumour-associated antigen usable in immunotherapy of
tumours. The amino acid sequence of hTERT has been
screened for 9 mer peptide sequences containing known
binding motifs for the HLA-A2.1 molecule of the HLA-
A2 allele. This MHC class I allele is expressed in ca. 50%
of the population. A peptide derived from hTERT, I540,
was identi� ed that possesses binding properties to HLA-
A2.1 antigen. Autologous dendritic cells were primed with
this peptide, which generated CD81 cytotoxic T lympho-
cytes (CTLs) that lysed hTERT1 tumours of multiple
histologies whereas neither telomerase-negative nor
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Table 3. Overview of telomerase inhibition strategies.
(Abbreviation: HHR, hammerhead ribozymes.)

target mechanism reference

hTERT RT inhibitors Strahl & Blackburn (1996), Murakami et al. (1998), Gomez
et al. (1998) and Yegorov et al. (1996)

immunotherapy Vonderheide et al. (1999) and Minev et al. (2000)
dominant negative hTERT Hahn et al. (1999) and Zhang et al. (1999)

hTERT promoter hTERT promoter driven suicide gene Koga et al. (2000), Komata et al. (2001), Gu et al. (2000) and
expression Abdul-Ghani et al. (2000)

hTER HHR Kanazawa et al. (1996), Yokoyama et al. (1998) and Folini et al.
(2000a)

2 9 -O-methyl modi� ed HHR Wan et al. (1998)
antisense RNA transfection Feng et al. (1995), Kondo et al. (1998a,b), Naka et al. (1999),

Yamaguchi et al. (1999) and Bisof� et al. (1998)
modi� ed antisense RNA Pitts & Corey (1998) and Herbert et al. (1999)
antisense oligodeoxynucleotides Glukhov et al. (1998)
PNA Hamilton et al. (1999), Ray & Norden (2000), Norton et al.

(1996), Shammas et al. (1999) and Herbert et al. (1999)
2 9 -59 -oligoadenylate oligonucleotides Kondo et al. (1998a, 2000) and Kushner et al. (2000)
phosphorothioate oligonucleotides Mata et al. (1997), Ohnuma et al. (1997) and Catapano et al.

(1999)
telomeres G-quadruplex interacting agents Mergny et al. (1999), Kerwin (2000), Raymond et al. (2000),

Perry et al. (1998a,b), Fedoroff et al. (1998), Harrison et al.
(1999), Perry et al. (1999), Izbicka et al. (1999) and
Neidle & Kelland (1999)

telomeric DNA interacting agents Raymond et al. (2000) and Mergny et al. (1999)
undetermined small molecules inhibitors Naasani et al. (1998, 1999), Tabata et al. (1999) and Wu et al.

(1999)

HLA-A2.1-negative cell lines showed a CTL response
(Vonderheide et al. 1999).

These results were con� rmed and expanded by another
group (Minev et al. 2000) using two hTERT peptides
(p540 and p865) selected using the procedure described
above. The CTLs of cancer patients speci� cally lysed a
variety of HLA-A2( 1 ) cancer cell lines, demonstrating
immunological recognition of endogenously processed
hTERT peptides. In vivo immunization of HLA-A2.1
transgenic mice generated a speci� c CTL response against
both hTERT peptides. On the basis of the induction of
CTL responses in vitro and in vivo, and the susceptibility
to lysis of tumour cells of various origins by hTERT CTL,
hTERT peptides were suggested as a universal cancer vac-
cine for humans.

A potential problem of hTERT-based vaccination could
be induction of an autoimmune response, e.g. against
stem and germinal cells. In the above work a CTL-speci� c
response to CD34 1 cells, as a representative of haemo-
poietic cells, was not generated. The advantage of this
approach compared with most other strategies is the
absence of a lag period. There are currently clinical trials
ongoing in this area which should answer these questions
( J. W. Shay, personal communication).

(ii) Targeting the hTERT promoter
The speci� city of hTERT expression in cancer cells may

be used for selective targeting of tumour cells. For turning
telomerase on or off, the promoter region of the hTERT
is responsible and can therefore be used to induce tumour-
speci� c transgene expression in cancer gene therapy.
Thus, a hTERT promoter-driven caspase-8 expression viral
vector (hTERT/caspase-8) results in apoptosis that is
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restricted to a wide range of telomerase-positive tumour
cells but is not seen in normal � broblast cells without telo-
merase activity. Moreover, treatment of subcutaneous
tumours in nude mice with this construct inhibits tumour
growth signi� cantly because of induction of apoptosis
(Koga et al. 2000). In another recent study, an expression
vector was constructed consisting of the constitutively
active caspase-6 (rev-caspase-6) under the hTERT promoter
(hTERT/rev-caspase-6). The rev-caspase-6 gene induces
apoptosis independent of the initiator caspases. The
hTERT/rev-caspase-6 construct induced apoptosis in
hTERT-positive malignant glioma cells, but not in
hTERT-negative astrocytes, � broblasts and ALT cells. In
addition, the growth of tumours in nude mice was signi� -
cantly suppressed by the treatment with hTERT/rev-
caspase-6 construct (Komata et al. 2001). Using a binary
adenoviral system that can induce Bax gene expression,
another group has shown that induction of Bax expression
via the hTERT promoter elicited tumour-speci� c
apoptosis in vitro, suppressed tumour growth in nude
mice, and prevented the toxicity of the Bax gene in vitro
and in vivo (Gu et al. 2000). Both hTR and hTERT pro-
moters have been used to control the expression of a cyto-
toxic gene—the diphtheria toxin A-chain (DT-A) gene—
in bladder tumour cells, resulting in the selective destruc-
tion of this cell population. Inhibition of protein synthesis
occurred in transfected bladder and hepatocellular carci-
noma cells (Abdul-Ghani et al. 2000). A number of vari-
ants of this approach are being investigated by scientists
in Geron Corporation (USA). In one of these, the hTERT
promoter was used to turn on expression of the thymidine
kinase (TK) suicide gene, which promotes the death of
cells that express telomerase by making them sensitive to
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the drug gancyclovir. In another variant, the hTERT pro-
moter drives expression of the genes that are required for
the adenovirus to replicate so that when cells are infected,
the virus replicates and causes lysis (rupture and death)
of the tumour cells, but remains inert in normal cells (see
also http://www.geron.com). In all these approaches, the
problems of killing all telomerase-expressing cells in a per-
son must be carefully considered.

(iii) Targeting the RNA subunit: hTR
Hammerhead ribozymes

These are small molecules which exert speci� c endo-
ribonuclease activity; this activity is located in the catalytic
core domain, while the speci� c recognition of the target
RNA sequences is mediated by the rest of the molecule.
Telomerase inhibition using several ribozyme constructs
targeting different hTR domains was reported in vitro
(Kanazawa et al. 1996). After introduction into an endo-
metrial cancer cell line, reduction of telomerase activity in
vivo and consequent telomere shortening was achieved in
the case of a ribozyme targeting the template domain of
hTR, but the proliferation rate was not affected by this
approach (Yokoyama et al. 1998). Similarly, both in vivo
and in vitro inhibition of telomerase in human melanoma
cells was obtained by a hammerhead ribozyme (HHR)
that targeted hTR by another group (Folini et al. 2000a).
This inhibition was both concentration and time depen-
dent. Furthermore, reduced telomerase RNA level,
signi� cant elongation of population doubling time but no
telomere shortening was observed. Susceptibility of
human melanoma cells to a variety of anticancer agents
(platinum compounds, taxanes, topoisomerase I inhibitors)
was not affected by this treatment (Folini et al. 2000b). A
2 9 -O-methyl-modi� ed HHR has been designed (Wan et
al. 1998) to enhance its biological activity; this showed a
dose-dependent inhibition of telomerase activity, but no
effect on telomere dynamics could be observed.

Antisense strategies
Antisense (AS) molecules bind their complementary

DNA or RNA sequence, thus preventing transcription or
translation of the targeted gene. Their action can proceed
in an active or passive manner; the passive mechanism
involves only competitive binding of AS molecules to the
target sequence, whereas in the active mechanism RNase
degradation of the target RNA in an RNA–AS complex
takes place. Both natural and chemically modi� ed anti-
sense molecules may be used for the AS strategy. Besides
the possibility of direct transfection of AS molecules into
cells, antisense RNA may be generated by transcription
(constitutive or inducible) inside cells that have been
transformed with a recombinant vector coding for AS–
RNA. The latter approach has been applied to func-
tionally prove the identity of the cloned RNA component
of human telomerase (Feng et al. 1995). Introduction of
an AS hTR expression construct (against the � rst 185
nucleotides) into HeLa cells resulted in crisis after 23–26
doublings, and telomere shortening was observed com-
pared with control clones transformed by the vector alone.
Using the same AS hTR in a malignant glioma cell line,
a reduction of telomerase activity after 15 cell doublings
has been reported (Kondo et al. 1998b). After 30 cell
doublings, morphological analysis showed apoptotic cell
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death in 40% of cells. This group further reported syner-
gistic effects of AS hTR and cisplatin in U251-MG cells
that are cisplatin resistant (Kondo et al. 1998c). An AS
hTR has been used also in gastric cancer cell lines (Naka
et al. 1999) and glioma cell lines (Yamaguchi et al. 1999)
with similar � ndings. When a replication-de� cient retro-
virus expressing a 48-nucleotide RNA sequence contain-
ing six repeats of the sequence complementary to the
template region of hTR was used for transduction of
mouse PA317 and human HeLa cells, giant senescent-like
cells emerged shortly after cloning; however, the fraction
of giant cells varied from 100% at the � fth population
doubling (PD) in one culture to 2–6% at 50 PD in others,
showing that the effect of inhibition on individual cells is
highly variable (Bisof� et al. 1998).

The other approach—direct transfection of cells by syn-
thetic AS hTR molecules—was initially performed using
unmodi� ed AS oligodeoxynucleotides. Telomerase inhi-
bition and subsequent telomere shortening have been
demonstrated in tumour cell lines (Glukhov et al. 1998).
Nevertheless, in current studies various modi� cations of
synthetic oligodeoxynucleotides, e.g. 2 9 -O-methyl-RNA,
2 9 -5 9 -oligoadenylate (2-5A), phosphoramidate or phos-
phorothioate (PS) oligodeoxynucleotides or peptide–
nucleic acids (PNAs) are preferred; these modi� cations
may facilitate transfer across the cell membrane, increase
resistance of AS drugs to cellular nucleases and strengthen
binding of the AS molecule to its target.

Synthetic 29 -O-methyl-RNA oligonucleotides
Synthetic oligonucleotides complementary to the hTR

template sequence were studied with the human prostate
cancer cell line DU-145 (Pitts & Corey 1998). Telomerase
inhibition was observed in response to treatment with 6–
9 mers and a 13 mer of 2 9 -O-methyl oligonucleotides and
the most potent inhibitor was a 13 mer containing two
nucleotides with phosphorothioate bonds at both the 39
and the 5 9 ends. 2 9 -O-methyl RNA has been tested also
on immortalized human breast cells (Herbert et al. 1999);
13 mer complementary to the template region of hTR
were used in both match and mismatch manners. Over a
120-day period the cells demonstrated telomerase activity
inhibition, and after a lag-phase telomere shortening with
subsequent apoptosis was observed. Control cells and the
mismatch control cells did not show changes in telomere
dynamics. No revertants were observed, indicating that
the engagement of the ALT pathway is not very likely in
human tumours treated with telomerase inhibitors.

The reason for using 2-5A DNA oligonucleotides is that
modi� cation by linking to 2-5A recruits ribonuclease L
(RNaseL) with ribonuclease H (RNaseH) upon hybrid-
ization to the target sequence. In malignant glioma cells,
a 19 mer 2-5A-oligonucleotide against a non-template
region of hTR caused hTR to become undetectable by
reverse-transcription-mediated PCR in only 5 hours and,
within 14 days of treatment, 79% of the cells underwent
apoptosis (Kondo et al. 1998a). In human ovarian cancer
cell lines, growth arrest, activation of caspase and
apoptosis were observed after only 7 days of treatment
with 2–5A AS oligodeoxynucleotide (Kushner et al. 2000).
Moreover, in vivo experiments in severe combined
immunode� ciency (SCID) mice have been performed
using human prostate cancer xenografts and 2–5A AS

http://www.geron.com
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19 mer oligodeoxynucleotides injected directly into the
tumour. Within 7 days, a signi� cant reduction of tumour
progression was observed compared with the control
(Kondo et al. 2000).

Phosphorothioate oligodeoxynucleotides
These oligonucleotides, which mimic the human telo-

meric repeat sequence were used in a Burkitt’s lymphoma
cell line (OMA-BL1); telomerase inhibition, lengthening
of doubling time and � nal induction of apoptosis were
observed (Mata et al. 1997). To demonstrate an in vivo
effect, the 6 mer PS-DNA oligonucleotide TTAGGG was
injected into BALB/c mice with human tumour xenografts
and caused a signi� cant dose-dependent decrease in
tumour volume. In contrast, another group observed no
growth inhibitory effect of 6 mer and 12 mer PS oligo-
deoxynucleotides on different cancer cell lines although
the 18 mer and 24 mer displayed strong growth inhibition
(Ohnuma et al. 1997). A new approach in the PS oligo-
deoxynucleotide � eld is represented by phosphorothioate
foldback triplex-forming oligonucleotides (FTFOs), of
which one domain forms a duplex with a target site in
hTR, while the second domain, linked by a dinucleotide
loop, is designed to bind to the duplex, thus forming a
triple-helical complex. The telomerase inhibitory effect
was 10–50-fold higher than that of a conventional oligo-
deoxynucleotide (Catapano et al. 1999).

Peptide nucleic acid analogues
These peptide nucleic acid (PNA) analogues show

higher stability and more ef� cient transfer through the cell
membrane. In PNAs, the pentose phosphate backbone is
replaced by an N-(2-aminoethyl) glycine oligomer that
possesses speci� c and high-af� nity binding to the target
nucleotide sequences and resistance to degradation
(Hamilton et al. 1999; Ray & Norden 2000). In vitro stud-
ies show that PNA could inhibit both transcription and
translation of targeted genes. Targeting of hTR by PNA
in cultured cells resulted in telomerase inhibition (Norton
et al. 1996) and, in further experiments, PNA treatment
of cell lines immortalized by SV40-transfection caused
inhibition of telomerase activity, telomere shortening after
a lag-phase and � nally a growth arrest (Shammas et al.
1999). It is worth noting that telomere shortening is
reversible: if the inhibitor is removed, telomeres regain
their initial lengths and this may be an important advan-
tage of this strategy by suppressing adverse effects on ger-
minal and stem cells after complete removal of tumour
cells (Herbert et al. 1999).

The good prospect of AS PNA and AS oligodeoxynu-
cleotide strategies is enhanced by using them in combi-
nation with an ef� cient method of delivery into the cells
such as lipofection or electroporation (Hamilton et al.
1999; Shammas et al. 1999).

(iv) Targeting the telomeres
G-quadruplex interacting agents

The G-overhang, the natural substrate of telomerase,
cannot be accessed by the enzyme when folded into G-
quadruplexes and, consequently, agents stabilizing these
structures act as potent inhibitors of telomerase (Kerwin
2000; Mergny et al. 1999). A number of G-quadruplex
stabilizing compounds have been described, including 2,6-
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diamidoanthraquinones (Perry et al. 1998a,b), porphyrin
derivatives (Fedoroff et al. 1998), acridines (Harrison et
al. 1999) and � uorenones (Perry et al. 1999). These drugs
cause telomerase inhibition and growth arrest, but corre-
sponding telomere shortening and the predicted lag phase
have not been demonstrated (Neidle & Kelland 1999).
For example, MCF-7 cells treated with cationic porphy-
rins show growth arrest only after 15 days (ten population
doubling times) (Izbicka et al. 1999). These results indi-
cate that the effect of G-quadruplex stabilizers is not lim-
ited to telomerase inhibition and that other effects, such
as unspeci� c binding to DNA and RNA, may be involved.

The other known folded G-overhang structure—the t-
loop (see § 1)—also masks G-overhangs from telomerase
and may thus be a perspective for speci� c telomerase inhi-
bition. Unfortunately, no t-loop-speci� c agents are avail-
able so far.

Telomeric DNA/G-rich DNA-interacting agents
A number of drugs are reported to interact with G-rich

sequences of DNA, including telomeric sequences. These
include known anticancer drugs (cisplatin, etoposide,
etc.), DNA gyrase inhibitors (o� oxacin, levo� oxacin), and
novel alkaloids or their semi-synthetic analogues (ET-743,
MGI 114) with potent anticancer effects (Raymond et al.
2000; Mergny et al. 1999). The observed effects of these
drugs, such as telomere shortening and decreased telomer-
ase activity, are unlikely to be due to speci� c and selective
inhibition of telomerase, and probably just arise from one
of their mechanisms of action.

The above list of strategies for telomerase inhibition is
far from being complete. There is a growing hetero-
geneous group of ‘small molecule inhibitors’ of telomerase
of which some are G-quadruplex interacting agents, but
in most cases their mechanism of action is not known, for
example: tea catechins have been demonstrated to be
potent inhibitors of telomerase activity; and cells treated
with epigallocatechin gallate, epigallocatechin, epicachetin
gallate and epicachetin showed decreased levels of telo-
merase activity, shortening of telomeres and subsequent
crisis (Naasani et al. 1998). Diazaphilonic acid, a new fer-
mentation metabolite from Talaromyces � avus, has been
reported to be an inhibitor of telomerase activity in a dose-
dependent manner (Tabata et al. 1999). Similarly, the nat-
urally occurring alkaloid barberine has been shown to pos-
sess anti-telomerase activity (Wu et al. 1999).

A number of telomerase inhibitors have been found by
exploiting the database of the disease-oriented screening
program (DOS) using COMPARE analysis (Naasani et al.
1999). In primary and arbitrary screening, the alkaloid
berberine was identi� ed as a moderate inhibitor with 50%
inhibition at ca. 35 mM. Using this alkaloid as a seed com-
pound in COMPARE resulted in the identi� cation of
other berberine-like compounds among which MKT077,
a rhodacyanine derivative currently under clinical trials,
showed a potent inhibitory effect with 50% inhibition at
ca. 5 mM. Using MKT077 as an upgraded seed for a new
round of COMPARE analysis, rhodacyanine FJ5002, a
close derivative of MKT077, was identi� ed as the most
potent telomerase inhibitor with 50% inhibition at ca.
2 mM. Long-term cultivation of U937, a human leukaemia
cell line, with subacute concentrations of FJ5002 resulted
in population-doubling dependent changes characterized
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by progressive telomere erosion, increased chromosome
abnormalities and senescence/crisis-like features. These
results indicated that FJ5002 may be a genuine and effec-
tive anti-telomerase agent.

Established anticancer agents have been the subject of
numerous studies to assess their telomerase inhibitory
properties, but in most cases, e.g. cisplatin, doxorubicin,
daunorubicin and 5-� uorouracil, controversial results
were obtained by different groups (Perry & Jenkins 1999).
Some other compounds, such as staurosporine or curcu-
min, are under evaluation.

It should be noted that besides the strategies reviewed
above, it could well be that cellular factors involved in
natural telomerase regulation would provide probably the
optimal agents for anti-telomerase-based therapy of can-
cer.

6. CELL AND TISSUE ENGINEERING

Although it might seem from the above text that telo-
merase is always an enemy to � ght against, restoration of
telomerase activity may be bene� cial in certain medical
applications. The demonstration that ectopic expression
of hTERT is suf� cient to restore telomerase activity and
extend lifespan (Bodnar et al. 1998) makes it possible to
immortalize normal cells of various tissues while taking
advantage of the fact that immortalization via introduction
of an hTERT-expressing construct does not result in neo-
plastic transformation of the cell. This enables researchers
to develop better cellular models of human diseases
(Ouellette et al. 2000b) and to produce unlimited quan-
tities of normal human cells of virtually any tissue type.
The possibility of rejuvenation of patient’s or donor cells
may be extremely useful in the � eld of gene therapy or
transplantation, and currently remarkable progress can be
seen in this promising � eld.

During limited expression of hTERT short telomeres
were stable in length, in contrast with long telomeres that
shorten, suggesting that there is a preferential recruitment
of hTERT to shorter telomeres in cells (Ouellette et al.
2000a). Important steps towards the safety of using
hTERT in tissue engineering have been made. As the � rst
step, the absence of neoplastic transformation as a conse-
quence of transfecting cells with hTERT was reported
( Jiang et al. 1999; Morales et al. 1999). The in vitro growth
requirements, cell-cycle checkpoints and other character-
istics were similar to those of untransfected controls and
these cells also did not cause tumours in immunosup-
pressed mice. Thus telomerase alone is not suf� cient for
malignant transformation of transfected cells. Develop-
ment of the Cre-lox recombination system for transient
expression of telomerase activity may represent a further
step (Steinert et al. 2000); a short-term expression of
hTERT in human � broblasts using this system is suf� cient
to maintain critically shortened telomeres, which results
in a 50% increase in lifespan.

Recently the � rst use of hTERT expression in experi-
mental xenotransplantation has been performed (Thomas
et al. 2000). Primary bovine adrenocortical cells were co-
transfected with plasmids encoding hTERT, SV40 T anti-
gen, neo and green � uorescent protein. The transfected
clones did not undergo loss of telomeric DNA, showed
telomerase activity and appeared to be immortalized. Two
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clones were transplanted beneath the kidney capsule of
SCID mice and the animals that received cell transplants
survived inde� nitely despite adrenalectomy. The mouse
glucocorticoid, corticosterone, was replaced by the bovine
glucocorticoid, cortisol, in the plasma of these animals.
The tissue formed from the transplanted cells resembled
that formed by transplantation of cells that were not gen-
etically modi� ed and was similar to normal bovine adrenal
cortex. The proliferation rate in tissues formed from these
clones was low and there were no indications of malig-
nant transformation.

These results document the state of the art of cell and
tissue engineering technology based on introduction of the
hTERT gene. Future prospects include production of
desired and commercially important proteins, slowing
down senescence of speci� c tissues, and rejuvenation of
haemopoietic stem cells for either improving bone marrow
transplants or enhancing general immunity for older
patients. This technology may be further used to increase
the proliferative capacity of cells in chronic skin ulcers, to
immortalize chondrocytes to repair knee damage, to pro-
duce osteoprogenitor cells for bone grafts and endothelial
cells for the generation of tissue-engineered blood vessels.
Extending the lifespan of muscle satellite cells would be
important for cure of Duchenne muscular dystrophy in
combination with gene therapy of these cells. Similarly,
‘telomerized’ retinal cells could be used for treatment of
age-related macular degeneration. The advantage of these
approaches is that the patient’s own cells would be used
and immune rejection could be avoided (Shay & Wright
2001).

The realization of the perspectives presented in this
review on the use of telomerase for cell and tissue engin-
eering, as well as those of anti-telomerase-based
anticancer therapy, will depend on future progress in our
detailed understanding of the biology of telomeres and the
initiation of clinical trials to test their ef� cacy. Although
much remains to be done, the progress in telomere biology
achieved in the past decade has been extraordinary and
promises to ful� l the expectations of professionals and the
public in the near future.

The authors thank Dr Ronald Hancock (Laval University Can-
cer Research Centre, USA) and James M. Watson (Texas
A&M University, USA) for critical reading of the manuscript
and Dr Jerry W. Shay (University of Texas Southwestern
Medical Center, USA) for revision and insightful comments.
This work was supported by the Grant Agency of the Czech
Republic, Project 301/99/0045, the Grant Agency of the Acad-
emy of Sciences of the Czech Republic, Project S5004010 and
institutional support (MSM J07/98:143100008, Z5004920
and MZ00020980501).

REFERENCES

Abdul-Ghani, R. (and 11 others) 2000 Use of transcriptional
regulatory sequences of telomerase (hTER and hTERT) for
selective killing of cancer cells. Mol. Ther. 2, 539–544.

Akiyama, M., Iwase, S., Horiguchi-Yamada, J., Saito, S.,
Furukawa, Y., Yamada, O., Mizoguchi, H., Ohno, T. &
Yamada, H. 1999 Interferon-alpha repressed telomerase
along with G1-accumulation of Daudi cells. Cancer Lett. 142,
23–30.

Albanell, J., Han, W., Mellado, B., Gunawardane, R., Scher,
H. I., Dmitrovsky, E. & Moore, M. A. 1996 Telomerase

http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1525-0016^28^292L.539[aid=2320137]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0304-3835^28^29142L.23[aid=2320138]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0304-3835^28^29142L.23[aid=2320138]


558 J. Fajkus and others Telomere in medicine

activity is repressed during differentiation of maturation-
sensitive but not resistant human tumor cell lines. Cancer
Res. 56, 1503–1508.

Arai, Y. (and 10 others) 2000 Limitations of urinary telomer-
ase activity measurement in urothelial cancer. Clin. Chim.
Acta 296, 35–44.

Arinaga, M., Shimizu, S., Gotoh, K., Haruki, N., Takahashi,
T. & Mitsudomi, T. 2000 Expression of human telomerase
subunit genes in primary lung cancer and its clinical signi� -
cance. Ann. Thorac. Surg. 70, 401–405; discussion 405–406.

Baumann, P. & Cech, T. R. 2001 Pot1, the putative telomere
end-binding protein in � ssion yeast and humans. Science 292,
1171–1175.

Bieche, I., Nogues, C., Paradis, V., Olivi, M., Bedossa, P.,
Lidereau, R. & Vidaud, M. 2000 Quantitation of hTERT
gene expression in sporadic breast tumors with a real-time
reverse transcription-polymerase chain reaction assay. Clin.
Cancer Res. 6, 452–459.

Biessmann, H. & Mason, J. M. 1997 Telomere maintenance
without telomerase. Chromosoma 106, 63–69.

Bisof� , M., Chakerian, A. E., Fore, M. L., Bryant, J. E., Her-
nandez, J. P., Moyzis, R. K. & Grif� th, J. K. 1998 Inhibition
of human telomerase by a retrovirus expressing telomeric
antisense RNA. Eur. J. Cancer 34, 1242–1249.

Bodnar, A. G., Ouellette, M., Frolkis, M., Holt, S. E., Chiu,
C. P., Morin, G. B., Harley, C. B., Shay, J. W., Lichtsteiner,
S. & Wright, W. E. 1998 Extension of life-span by introduc-
tion of telomerase into normal human cells. Science 279,
349–352.

Broccoli, D., Smogorzewska, A., Chong, L. & De Lange, T.
1997 Human telomeres contain two distinct Myb-related
proteins, TRF1 and TRF2. Nature Genet. 17, 231–235.

Brown II, B. A., Li, Y., Roberts, J. F. & Hardin, C. C. 1995
Antibodies speci� c for the DNA quadruplex [d(CGC G4
GCG)4] isolated from autoimmune mice. Nucleic Acids
Symp. Ser. 96, 134–136.

Brown II, B. A., Li, Y., Brown, J. C., Hardin, C. C., Roberts,
J. F., Pelsue, S. C. & Shultz, L. D. 1998 Isolation and
characterization of a monoclonal anti-quadruplex DNA anti-
body from autoimmune ‘viable motheaten’ mice. Biochemis-
try 37, 16 325–16 337.

Bryan, T. M., Englezou, A., Dalla-Pozza, L., Dunham,
M. A. & Reddel, R. R. 1997 Evidence for an alternative
mechanism for maintaining telomere length in human
tumors and tumor-derived cell lines. Nature Med. 3, 1271–
1274.

Bryce, L. A., Morrison, N., Hoare, S. F., Muir, S. & Keith,
W. N. 2000 Mapping of the gene for the human telomerase
reverse transcriptase, hTERT, to chromosome 5p15.33 by
� uorescence in situ hybridization. Neoplasia 2, 197–201.

Cardenas, M. E., Bianchi, A. & De Lange, T. 1993 A Xenopus
egg factor with DNA-binding properties characteristic of ter-
minus-speci� c telomeric proteins. Genes Dev. 7, 883–894.

Carey, L. A., Hedican, C. A., Henderson, G. S., Umbricht,
C. B., Dome, J. S., Varon, D. & Sukumar, S. 1998 Careful
histological con� rmation and microdissection reveal telo-
merase activity in otherwise telomerase-negative breast can-
cers. Clin. Cancer Res. 4, 435–440.

Catapano, C. V., Pacheco, D., Carbone, G. M. R. & McGuf-
� e, E. M. 1999 Inhibition of human telomerase activity by
foldback triplex-forming oligonucleotides (FTFOs). Proc.
Am. Assoc. Cancer Res. 40, 134.

Chen, Q., Ijpma, A. & Greider, C. W. 2001 Two survivor
pathways that allow growth in the absence of telomerase are
generated by distinct telomere recombination events. Mol.
Cell. Biol. 21, 1819–1827.

Cheng, C. W., Chueh, S. C. & Chern, H. D. 2000 Diagnosis
of bladder cancer using telomerase activity in voided urine.
J. Formos. Med. Assoc. 99, 920–925.

Phil. Trans. R. Soc. Lond. B (2002)

Clark, G. M., Osborne, C. K., Levitt, D., Wu, F. & Kim,
N. W. 1997 Telomerase activity and survival of patients with
node-positive breast cancer. J. Natl Cancer Inst. 89, 1874–
1881.

Colgin, L. M., Wilkinson, C., Englezou, A., Kilian, A., Robin-
son, M. O. & Reddel, R. R. 2000 The hTERT alpha splice
variant is a dominant negative inhibitor of telomerase
activity. Neoplasia 2, 426–432.

Cong, Y. S. & Bacchetti, S. 2000 Histone deacetylation is
involved in the transcriptional repression of hTERT in nor-
mal human cells. J. Biol. Chem. 275, 35 665–35 668.

Devereux, T. R., Horikawa, I., Anna, C. H., Annab, L. A.,
Afshari, C. A. & Barrett, J. C. 1999 DNA methylation analy-
sis of the promoter region of the human telomerase reverse
transcriptase (hTERT ) gene. Cancer Res. 59, 6087–6090.

Ebina, Y., Yamada, H., Fujino, T., Furuta, I., Sakuragi, N.,
Yamamoto, R., Katoh, M., Oshimura, M. & Fujimoto, S.
1999 Telomerase activity correlates with histo-pathological
factors in uterine endometrial carcinoma. Int. J. Cancer 84,
529–532.

Fajkus, J. & Trifonov, E. N. 2001 Columnar packing of telo-
meric nucleosomes. Biochem. Biophys. Res. Commun. 280,
961–963.

Fajkus, J., Kovarik, A., Kralovics, R. & Bezdek, M. 1995
Organization of telomeric and subtelomeric chromatin in the
higher plant Nicotiana tabacum. Mol. Gen. Genet. 247,
633–638.

Fang, G. & Cech, T. R. 1993 Characterization of a G-quartet
formation reaction promoted by the beta-subunit of the Oxy-
tricha telomere-binding protein. Biochemistry 32, 11 646–
11 657.

Faraoni, I., Graziani, G., Turriziani, M., Masci, G., Mezzetti,
M., Testori, A., Veronesi, U. & Bonmassar, E. 1999 Sup-
pression of telomerase activity as an indicator of drug-
induced cytotoxicity against cancer cells: in vitro studies with
fresh human tumor samples. Lab. Invest. 79, 993–1005.

Farwell, D. G., Shera, K. A., Koop, J. I., Bonnet, G. A., Mat-
thews, C. P., Reuther, G. W., Coltrera, M. D., McDougall,
J. K. & Klingelhutz, A. J. 2000 Genetic and epigenetic
changes in human epithelial cells immortalized by telomer-
ase. Am. J. Pathol. 156, 1537–1547.

Fedoroff, O. Y., Salazar, M., Han, H., Chemeris V, V., Ker-
win, S. M. & Hurley, L. H. 1998 NMR-based model of a
telomerase-inhibiting compound bound to G-quadruplex
DNA. Biochemistry 37, 12 367–12 374.

Feng, J. (and 15 others) 1995 The RNA component of human
telomerase. Science 269, 1236–1241.

Ferlicot, S., Paradis, V., Dargere, D., Monges, G. & Bedossa,
P. 1999 Detection of telomerase in hepatocellular carci-
nomas using a PCR ELISA assay: comparison with hTR
expression. J. Clin. Pathol. 52, 725–729.

Folini, M., Colella, G., Villa, R., Lualdi, S., Daidone, M. G. &
Zaffaroni, N. 2000a Inhibition of telomerase activity by a
hammerhead ribozyme targeting the RNA component of tel-
omerase in human melanoma cells. J. Invest. Dermatol. 114,
259–267.

Folini, M., De Marco, C., Orlandi, L., Daidone, M. G. & Zaf-
faroni, N. 2000b Attenuation of telomerase activity does not
increase sensitivity of human melanoma cells to anticancer
agents. Eur. J. Cancer 36, 2137–2145.

Ford, L. P., Zou, Y., Pongracz, K., Gryaznov, S. M., Shay,
J. W. & Wright, W. E. 2001 Telomerase can inhibit the
recombination-based pathway of telomere maintenance in
human cells. J. Biol. Chem. 276, 32 198–32 203.

Forsythe, H. L., Jarvis, J. L., Turner, J. W., Elmore, L. W. &
Holt, S. E. 2001 Stable association of hsp90 and p23, but
not hsp70, with active human telomerase. J. Biol. Chem. 276,
15 571–15 574.

http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-2960^28^2932L.11646[aid=2320156]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8874^28^2989L.1874[aid=2320149]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1078-8956^28^293L.1271[aid=1798430]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2956L.1503[aid=2320139]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-8981^28^29296L.35[aid=2320140]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0036-8075^28^29292L.1171[aid=1545798]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1078-0432^28^296L.452[aid=2320141]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^29106L.63[aid=736463]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0959-8049^28^2934L.1242[aid=2320142]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0036-8075^28^29279L.349[aid=183754]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1061-4036^28^2917L.231[aid=2320143]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-2960^28^2937L.16[aid=752339]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1078-8956^28^293L.1271[aid=1798430]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0890-9369^28^297L.883[aid=2320146]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-7306^28^2921L.1819[aid=2320148]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8874^28^2989L.1874[aid=2320149]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29275L.35665[aid=2320151]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2959L.6087[aid=2320152]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0020-7136^28^2984L.529[aid=2320153]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-291X^28^29280L.961[aid=2320154]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0026-8925^28^29247L.633[aid=2320155]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-2960^28^2932L.11646[aid=2320156]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0023-6837^28^2979L.993[aid=2320157]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-2960^28^2937L.12[aid=2320158]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0036-8075^28^29269L.1236[aid=166912]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9746^28^2952L.725[aid=2320159]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-202X^28^29114L.259[aid=2320160]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0959-8049^28^2936L.2137[aid=2320161]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29276L.32198[aid=2320162]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29276L.15571[aid=2320163]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2956L.1503[aid=2320139]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-8981^28^29296L.35[aid=2320140]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-4975^28^2970L.401[aid=2320164]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0036-8075^28^29292L.1171[aid=1545798]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1078-0432^28^296L.452[aid=2320141]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0036-8075^28^29279L.349[aid=183754]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-2960^28^2937L.16[aid=752339]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1078-0432^28^294L.435[aid=2320165]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-7306^28^2921L.1819[aid=2320148]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0929-6646^28^2999L.920[aid=2320166]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0020-7136^28^2984L.529[aid=2320153]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-291X^28^29280L.961[aid=2320154]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0026-8925^28^29247L.633[aid=2320155]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0002-9440^28^29156L.1537[aid=2320167]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-202X^28^29114L.259[aid=2320160]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29276L.15571[aid=2320163]


Telomere in medicine J. Fajkus and others 559

Fossel, M. 1998 Telomerase and the aging cell: implications
for human health. J. Am. Med. Assoc. 279, 1732–1735.

Fujimoto, K., Kyo, S., Takakura, M., Kanaya, T., Kitagawa,
Y., Itoh, H., Takahashi, M. & Inoue, M. 2000 Identi� cation
and characterization of negative regulatory elements of the
human telomerase catalytic subunit (hTERT ) gene pro-
moter: possible role of MZF-2 in transcriptional repression
of hTERT. Nucleic Acids Res. 28, 2557–2562.

Fujioka, T., Hasegawa, M., Suzuki, Y., Suzuki, T., Sugimura,
J., Tanji, S. & Koike, H. 2000 Telomerase activity in human
renal cell carcinoma. Int. J. Urol. 7, 16–21.

Fuxe, J., Akusjarvi, G., Goike, H. M., Roos, G., Collins,
V. P. & Pettersson, R. F. 2000 Adenovirus-mediated over-
expression of p15INK4B inhibits human glioma cell growth,
induces replicative senescence, and inhibits telomerase
activity similarly to p16INK4A. Cell Growth Differ. 11,
373–384.

Glukhov, A. I., Zimnik, O. V., Gordeev, S. A. & Severin, S. E.
1998 Inhibition of telomerase activity of melanoma cells in
vitro by antisense oligonucleotides. Biochem. Biophys. Res.
Commun. 248, 368–371.

Gomez, D. E., Tejera, A. M. & Olivero, O. A. 1998 Irrevers-
ible telomere shortening by 3 9 -azido-2 9 ,3 9 -dideoxythymidine
(AZT) treatment. Biochem. Biophys. Res. Commun. 246,
107–110.

Greider, C. W. 1998 Telomerase activity, cell proliferation,
and cancer. Proc. Natl Acad. Sci. USA 95, 90–92.

Greider, C. W. & Blackburn, E. H. 1985 Identi� cation of a
speci� c telomere terminal transferase activity in Tetrahymena
extracts. Cell 43, 405–413.

Grif� th, J. D., Comeau, L., Rosen� eld, S., Stansel, R. M.,
Bianchi, A., Moss, H. & De Lange, T. 1999 Mammalian
telomeres end in a large duplex loop. Cell 97, 503–514.

Gu, J., Kagawa, S., Takakura, M., Kyo, S., Inoue, M., Roth,
J. A. & Fang, B. 2000 Tumor-speci� c transgene expression
from the human telomerase reverse transcriptase promoter
enables targeting of the therapeutic effects of the Bax gene
to cancers. Cancer Res. 60, 5359–5364.

Guiducci, C., Cerone, M. A. & Bacchetti, S. 2001 Expression
of mutant telomerase in immortal telomerase-negative
human cells results in cell cycle deregulation, nuclear and
chromosomal abnormalities and rapid loss of viability. Onco-
gene 20, 714–725.

Hahn, W. C., Stewart, S. A., Brooks, M. W., York, S. G.,
Eaton, E., Kurachi, A., Beijersbergen, R. L., Knoll, J. H.,
Meyerson, M. & Weinberg, R. A. 1999 Inhibition of telo-
merase limits the growth of human cancer cells. Nature Med.
5, 1164–1170.

Haik, S., Gauthier, L. R., Granotier, C., Peyrin, J. M., Lages,
C. S., Dormont, D. & Boussin, F. D. 2000 Fibroblast
growth factor 2 upregulates telomerase activity in neural pre-
cursor cells. Oncogene 19, 2957–2966.

Hamilton, S. E., Simmons, C. G., Kathiriya, I. S. & Corey,
D. R. 1999 Cellular delivery of peptide nucleic acids and
inhibition of human telomerase. Chem. Biol. 6, 343–351.

Harrison, R. J., Gowan, S. M., Kelland, L. R. & Neidle, S.
1999 Human telomerase inhibition by substituted acridine
derivatives. Bioorg. Med. Chem. Lett. 9, 2463–2468.

Henriksson, M. & Luscher, B. 1996 Proteins of the Myc net-
work: essential regulators of cell growth and differentiation.
Adv. Cancer Res. 68, 109–182.

Herbert, B., Pitts, A. E., Baker, S. I., Hamilton, S. E., Wright,
W. E., Shay, J. W. & Corey, D. R. 1999 Inhibition of human
telomerase in immortal human cells leads to progressive telo-
mere shortening and cell death. Proc. Natl Acad. Sci. USA
96, 14 276–14 281.

Herbert, B. S., Wright, W. E. & Shay, J. W. 2001 Telomerase
and breast cancer. Breast Cancer Res. 3, 146–149.

Hoare, S. F., Bryce, L. A., Wisman, G. B., Burns, S., Going,

Phil. Trans. R. Soc. Lond. B (2002)

J. J., Van der Zee, A. G. & Keith, W. N. 2001 Lack of telo-
merase RNA gene hTERC expression in alternative length-
ening of telomeres cells is associated with methylation of the
hTERC promoter. Cancer Res. 61, 27–32.

Holt, S. E., Shay, J. W. & Wright, W. E. 1996 Re� ning the
telomere–telomerase hypothesis of aging and cancer. Nature
Biotechnol. 14, 836–839.

Holt, S. E., Aisner, D. L., Shay, J. W. & Wright, W. E. 1997
Lack of cell cycle regulation of telomerase activity in human
cells. Proc. Natl Acad. Sci. USA 94, 10 687–10 692.

Holt, S. E. (and 11 others) 1999 Functional requirement of
p23 and Hsp90 in telomerase complexes. Genes Dev. 13,
817–826.

Horikawa, I., Oshimura, M. & Barrett, J. C. 1998 Repression
of the telomerase catalytic subunit by a gene on human chro-
mosome 3 that induces cellular senescence. Mol. Carcinog.
22, 65–72.

Hsu, H. L., Gilley, D., Blackburn, E. H. & Chen, D. J. 1999
Ku is associated with the telomere in mammals. Proc. Natl
Acad. Sci. USA 96, 12 454–12 458.

Hsu, H. L., Gilley, D., Galande, S. A., Hande, M. P., Allen,
B., Kim, S. H., Li, G. C., Campisi, J., Kohwi-Shigematsu,
T. & Chen, D. J. 2000 Ku acts in a unique way at the mam-
malian telomere to prevent end joining. Genes Dev. 14,
2807–2812.

Huang, P., Pryde, F. E., Lester, D., Maddison, R. L., Borts,
R. H., Hickson, I. D. & Louis, E. J. 2001 SGS1 is required
for telomere elongation in the absence of telomerase. Curr.
Biol. 11, 125–129.

Izbicka, E., Wheelhouse, R. T., Raymond, E., Davidson,
K. K., Lawrence, R. A., Sun, D., Windle, B. E., Hurley,
L. H. & Von Hoff, D. D. 1999 Effects of cationic porphyrins
as G-quadruplex interactive agents in human tumor cells.
Cancer Res. 59, 639–644.

Jiang, X. R. (and 10 others) 1999 Telomerase expression in
human somatic cells does not induce changes associated
with a transformed phenotype. Nature Genet. 21, 111–114.

Kakeji, Y., Maehara, Y., Koga, T., Shibahara, K., Kabashima,
A., Tokunaga, E. & Sugimachi, K. 2001 Gastric cancer with
high telomerase activity shows rapid development and invas-
iveness. Oncol. Rep. 8, 107–110.

Kanaya, T., Kyo, S., Hamada, K., Takakura, M., Kitagawa,
Y., Harada, H. & Inoue, M. 2000 Adenoviral expression of
p53 represses telomerase activity through down-regulation
of human telomerase reverse transcriptase transcription.
Clin. Cancer Res. 6, 1239–1247.

Kanazawa, Y., Ohkawa, K., Ueda, K., Mita, E., Takehara, T.,
Sasaki, Y., Kasahara, A. & Hayashi, N. 1996 Hammerhead
ribozyme-mediated inhibition of telomerase activity in
extracts of human hepatocellular carcinoma cells. Biochem.
Biophys. Res. Commun. 225, 570–576.

Kerwin, S. M. 2000 G-Quadruplex DNA as a target for drug
design. Curr. Pharm. Des. 6, 441–478.

Kharbanda, S. (and 11 others) 2000 Regulation of the hTERT
telomerase catalytic subunit by the c-Abl tyrosine kinase.
Curr. Biol. 10, 568–575.

Kickhoefer, V. A., Liu, Y., Kong, L. B., Snow, B. E., Stewart,
P. L., Harrington, L. & Rome, L. H. 2001 The
Telomerase/vault-associated protein TEP1 is required for
vault RNA stability and its association with the vault particle.
J. Cell Biol. 152, 157–164.

Kim, N. W., Piatyszek, M. A., Prowse, K. R., Harley, C. B.,
West, M. D., Ho, P. L., Coviello, G. M., Wright, W. E.,
Weinrich, S. L. & Shay, J. W. 1994 Speci� c association of
human telomerase activity with immortal cells and cancer.
Science 266, 2011–2015.

Kim, S. H., Kaminker, P. & Campisi, J. 1999 TIN2, a new
regulator of telomere length in human cells. Nature Genet.
23, 405–412.

http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0098-7484^28^29279L.1732[aid=2320168]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0305-1048^28^2928L.2557[aid=1593465]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0919-8172^28^297L.16[aid=2320169]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1044-9523^28^2911L.373[aid=2320170]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-291X^28^29248L.368[aid=2320171]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-291X^28^29246L.107[aid=2320172]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2995L.90[aid=2320173]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0092-8674^28^2943L.405[aid=184558]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0092-8674^28^2997L.503[aid=1303918]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2960L.5359[aid=2320174]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0950-9232^28^2920L.714[aid=2320175]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1078-8956^28^295L.1164[aid=2320176]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0950-9232^28^2919L.2957[aid=2320177]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1074-5521^28^296L.343[aid=2320178]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0960-894X^28^299L.2463[aid=2320179]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2996L.14276[aid=2320180]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1465-5411^28^293L.146[aid=2320181]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2961L.27[aid=2320182]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1087-0156^28^2914L.836[aid=2320183]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2994L.10687[aid=2320184]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0890-9369^28^2913L.817[aid=2320185]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0899-1987^28^2922L.65[aid=2320186]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2996L.12454[aid=2320187]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0890-9369^28^2914L.2807[aid=1545820]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0960-9822^28^2911L.125[aid=2320188]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1061-4036^28^2921L.111[aid=183752]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-291X^28^29225L.570[aid=2320189]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1381-6128^28^296L.441[aid=2320190]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1061-4036^28^2923L.405[aid=2320191]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1044-9523^28^2911L.373[aid=2320170]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-291X^28^29248L.368[aid=2320171]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-291X^28^29246L.107[aid=2320172]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0950-9232^28^2920L.714[aid=2320175]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1078-8956^28^295L.1164[aid=2320176]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0065-230X^28^2968L.109[aid=176284]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2996L.14276[aid=2320180]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1087-0156^28^2914L.836[aid=2320183]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0890-9369^28^2913L.817[aid=2320185]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0899-1987^28^2922L.65[aid=2320186]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2996L.12454[aid=2320187]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0890-9369^28^2914L.2807[aid=1545820]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0960-9822^28^2911L.125[aid=2320188]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2959L.639[aid=2320192]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1021-335X^28^298L.107[aid=2320193]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1078-0432^28^296L.1239[aid=2320194]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-291X^28^29225L.570[aid=2320189]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0960-9822^28^2910L.568[aid=1545822]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9525^28^29152L.157[aid=2320195]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0036-8075^28^29266L.2011[aid=687550]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1061-4036^28^2923L.405[aid=2320191]


560 J. Fajkus and others Telomere in medicine

Koeneman, K. S., Pan, C. X., Jin, J. K., Pyle, J. M., Flanigan,
R. C., Shankey, T. V. & Diaz, M. O. 1998 Telomerase
activity, telomere length, and DNA ploidy in prostatic
intraepithelial neoplasia (PIN). J. Urol. 160, 1533–1539.

Koga, S., Hirohata, S., Kondo, Y., Komata, T., Takakura, M.,
Inoue, M., Kyo, S. & Kondo, S. 2000 A novel telomerase-
speci� c gene therapy: gene transfer of caspase-8 utilizing the
human telomerase catalytic subunit gene promoter. Hum.
Gene Ther. 11, 1397–1406.

Komata, T. (and 14 others) 2001 Treatment of malignant gli-
oma cells with the transfer of constitutively active caspase-
6 using the human telomerase catalytic subunit (human telo-
merase reverse transcriptase) gene promoter. Cancer Res. 61,
5796–5802.

Kondo, S., Kondo, Y., Li, G., Silverman, R. H. & Cowell,
J. K. 1998a Targeted therapy of human malignant glioma in
a mouse model by 2-5A antisense directed against telomer-
ase RNA. Oncogene 16, 3323–3330.

Kondo, S. (and 11 others) 1998b Antisense telomerase treat-
ment: induction of two distinct pathways, apoptosis and dif-
ferentiation. FASEB J. 12, 801–811.

Kondo, Y., Kondo, S., Tanaka, Y., Haqqi, T., Barna, B. P. &
Cowell, J. K. 1998c Inhibition of telomerase increases the
susceptibility of human malignant glioblastoma cells to cis-
platin-induced apoptosis. Oncogene 16, 2243–2248.

Kondo, Y., Koga, S., Komata, T. & Kondo, S. 2000 Treat-
ment of prostate cancer in vitro and in vivo with 2-5A-anti-
telomerase RNA component. Oncogene 19, 2205–2211.

Koscielny, S., Fiedler, W., Dahse, R. & Beleites, E. 2000 Reac-
tivation of telomerase in squamous epithelial carcinomas in
the area of the head and neck. Laryngorhinootologie 79,
551–556.

Kumaki, F., Kawai, T., Hiroi, S., Shinomiya, N., Ozeki, Y.,
Ferrans, V. J. & Torikata, C. 2001 Telomerase activity and
expression of human telomerase RNA component and
human telomerase reverse transcriptase in lung carcinomas.
Hum. Pathol. 32, 188–195.

Kushner, D. M., Paranjape, J. M., Bandyopadhyay, B.,
Cramer, H., Leaman, D. W., Kennedy, A. W., Silverman,
R. H. & Cowell, J. K. 2000 2-5A antisense directed against
telomerase RNA produces apoptosis in ovarian cancer cells.
Gynecol. Oncol. 76, 183–192.

Kyo, S., Takakura, M., Kanaya, T., Zhuo, W., Fujimoto, K.,
Nishio, Y., Orimo, A. & Inoue, M. 1999 Estrogen activates
telomerase. Cancer Res. 59, 5917–5921.

Kyo, S., Takakura, M., Taira, T., Kanaya, T., Itoh, H., Yut-
sudo, M., Ariga, H. & Inoue, M. 2000 Sp1 cooperates with
c-Myc to activate transcription of the human telomerase
reverse transcriptase gene (hTERT ). Nucleic Acids Res. 28,
669–677.

Laroche, T., Martin, S. G., Gotta, M., Gorham, H. C., Pryde,
F. E., Louis, E. J. & Gasser, S. M. 1998 Mutation of yeast
Ku genes disrupts the subnuclear organization of telomeres.
Curr. Biol. 8, 653–656.

Le, S., Moore, J. K., Haber, J. E. & Greider, C. W. 1999
RAD50 and RAD51 de� ne two pathways that collaborate
to maintain telomeres in the absence of telomerase. Genetics
152, 143–152.

Li, H., Zhao, L. L., Funder, J. W. & Liu, J. P. 1997 Protein
phosphatase 2A inhibits nuclear telomerase activity in
human breast cancer cells. J. Biol. Chem. 272, 16 729–
16 732.

Lingner, J. & Cech, T. R. 1998 Telomerase and chromosome
end maintenance. Curr. Opin. Genet. Dev. 8, 226–232.

Makarov, V. L., Lejnine, S., Bedoyan, J. & Langmore, J. P.
1993 Nucleosomal organization of telomere-speci� c
chromatin in rat. Cell 73, 775–787.

Mata, J. E., Joshi, S. S., Palen, B., Pirruccello, S. J., Jackson,
J. D., Elias, N., Page, T. J., Medlin, K. L. & Iversen, P. L.

Phil. Trans. R. Soc. Lond. B (2002)

1997 A hexameric phosphorothioate oligonucleotide telo-
merase inhibitor arrests growth of Burkitt’s lymphoma cells
in vitro and in vivo. Toxicol Appl. Pharmacol. 144, 189–197.

Mehle, C., Piatyszek, M. A., Ljungberg, B., Shay, J. W. &
Roos, G. 1996 Telomerase activity in human renal cell carci-
noma. Oncogene 13, 161–166.

Mergny, J. L., Mailliet, P., Lavelle, F., Riou, J. F., Laoui, A. &
Helene, C. 1999 The development of telomerase inhibitors:
the G-quartet approach. Anticancer Drug Des. 14, 327–339.

Meyerson, M. (and 12 others) 1997 hEST2, the putative
human telomerase catalytic subunit gene, is up-regulated in
tumor cells and during immortalization. Cell 90, 785–795.

Minev, B., Hipp, J., Firat, H., Schmidt, J. D., Langlade-
Demoyen, P. & Zanetti, M. 2000 Cytotoxic T cell immunity
against telomerase reverse transcriptase in humans. Proc.
Natl Acad. Sci. USA 97, 4796–4801.

Misiti, S. (and 10 others) 2000 Induction of hTERT expression
and telomerase activity by estrogens in human ovary epi-
thelium cells. Mol. Cell. Biol. 20, 3764–3771.

Mitchell, J. R., Wood, E. & Collins, K. 1999 A telomerase
component is defective in the human disease dyskeratosis
congenita. Nature 402, 551–555.

Morales, C. P., Burdick, J. S., Saboorian, M. H., Wright,
W. E. & Shay, J. W. 1998 In situ hybridization for telomerase
RNA in routine cytologic brushings for the diagnosis of pan-
creaticobiliary malignancies. Gastrointest. Endosc. 48, 402–
405.

Morales, C. P., Holt, S. E., Ouellette, M., Kaur, K. J., Yan,
Y., Wilson, K. S., White, M. A., Wright, W. E. & Shay,
J. W. 1999 Absence of cancer-associated changes in human
� broblasts immortalized with telomerase. Nature Genet. 21,
115–118.

Muniyappa, K., Anuradha, S. & Byers, B. 2000 Yeast meiosis-
speci� c protein Hop1 binds to G4 DNA and promotes its
formation. Mol. Cell. Biol. 20, 1361–1369.

Murakami, J., Nagai, N. & Ohama, K. 1998 Telomerase
activity in body cavity � uid and peritoneal washings in uter-
ine and ovarian cancer. J. Int. Med. Res. 26, 129–139.

Naasani, I., Seimiya, H. & Tsuruo, T. 1998 Telomerase inhi-
bition, telomere shortening, and senescence of cancer cells
by tea catechins. Biochem. Biophys. Res. Commun. 249,
391–396.

Naasani, I., Seimiya, H., Yamori, T. & Tsuruo, T. 1999
FJ5002: a potent telomerase inhibitor identi� ed by
exploiting the disease-oriented screening program with
COMPARE analysis. Cancer Res. 59, 4004–4011.

Naka, K., Yokozaki, H., Yasui, W., Tahara, H. & Tahara, E.
1999 Effect of antisense human telomerase RNA transfec-
tion on the growth of human gastric cancer cell lines.
Biochem. Biophys. Res. Commun. 255, 753–758.

Nakabayashi, K., Ogino, H., Michishita, E., Satoh, N. & Ayus-
awa, D. 1999 Introduction of chromosome 7 suppresses tel-
omerase with shortening of telomeres in a human
mesothelial cell line. Exp. Cell Res. 252, 376–382.

Neidle, S. & Kelland, L. R. 1999 Telomerase as an anti-cancer
target: current status and future prospects. Anti-cancer Drug
Des. 14, 341–347.

Nishimoto, A. (and 10 others) 2001 Functional evidence for a
telomerase repressor gene on human chromosome 10p15.1.
Oncogene 20, 828–835.

Norton, J. C., Piatyszek, M. A., Wright, W. E., Shay, J. W. &
Corey, D. R. 1996 Inhibition of human telomerase activity
by peptide nucleic acids. Nature Biotechnol. 14, 615–619.

Oh, S., Song, Y. H., Yim, J. & Kim, T. K. 2000 Identi� cation
of Mad as a repressor of the human telomerase (hTERT )
gene. Oncogene 19, 1485–1490.

O’Hare, M. J. (and 11 others) 2001 Conditional immortaliz-
ation of freshly isolated human mammary � broblasts and
endothelial cells. Proc. Natl Acad. Sci. USA 98, 646–651.

http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0016-5107^28^2948L.402[aid=2320209]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29272L.16729[aid=1545827]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-5347^28^29160L.1533[aid=2320196]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1043-0342^28^2911L.1397[aid=2320197]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2961L.5796[aid=2320198]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0950-9232^28^2916L.3323[aid=166938]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0950-9232^28^2916L.2243[aid=2320199]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0950-9232^28^2919L.2205[aid=2320200]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0935-8943^28^2979L.551[aid=2320201]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2959L.5917[aid=2320202]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0305-1048^28^2928L.669[aid=2320203]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0016-6731^28^29152L.143[aid=1545831]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29272L.16729[aid=1545827]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0959-437X^28^298L.226[aid=2320204]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0092-8674^28^2973L.775[aid=2320205]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0041-008X^28^29144L.189[aid=196576]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0266-9536^28^2914L.327[aid=2320206]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0092-8674^28^2990L.785[aid=166929]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2997L.4796[aid=2320207]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-7306^28^2920L.3764[aid=2320208]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29402L.551[aid=793822]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0016-5107^28^2948L.402[aid=2320209]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1061-4036^28^2921L.115[aid=183761]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-7306^28^2920L.1361[aid=2320210]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0300-0605^28^2926L.129[aid=2320211]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-291X^28^29249L.391[aid=2320212]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2959L.4004[aid=2320213]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-4827^28^29252L.376[aid=2320214]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0266-9536^28^2914L.341[aid=2320215]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0950-9232^28^2920L.828[aid=2320216]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1087-0156^28^2914L.615[aid=156800]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0950-9232^28^2919L.1485[aid=2320217]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2998L.646[aid=2320218]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1043-0342^28^2911L.1397[aid=2320197]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2961L.5796[aid=2320198]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0892-6638^28^2912L.801[aid=2320219]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0935-8943^28^2979L.551[aid=2320201]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0046-8177^28^2932L.188[aid=2320220]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0090-8258^28^2976L.183[aid=2320221]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0305-1048^28^2928L.669[aid=2320203]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0960-9822^28^298L.653[aid=2320222]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0016-6731^28^29152L.143[aid=1545831]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0950-9232^28^2913L.161[aid=2320223]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2997L.4796[aid=2320207]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1061-4036^28^2921L.115[aid=183761]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-291X^28^29249L.391[aid=2320212]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-291X^28^29255L.753[aid=2320224]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0266-9536^28^2914L.341[aid=2320215]


Telomere in medicine J. Fajkus and others 561

Ohnuma, T., Li, F. L. & Holland, J. F. 1997 Inhibitory effects
of telomere-mimic phosphorothioate oligonucleotides on
various human tumor cells in vitro. Anticancer Res. 17,
2455–2458.

Olovnikov, A. M. 1973 A theory of marginotomy. The incom-
plete copying of template margin in enzymic synthesis of
polynucleotides and biological signi� cance of the phenom-
enon. J. Theor. Biol. 41, 181–190.

Ouellette, M. M., Liao, M., Herbert, B. S., Johnson, M., Holt,
S. E., Liss, H. S., Shay, J. W. & Wright, W. E. 2000a Sub-
senescent telomere lengths in � broblasts immortalized by
limiting amounts of telomerase. J. Biol. Chem. 275,
10 072–10 076.

Ouellette, M. M., McDaniel, L. D., Wright, W. E., Shay,
J. W. & Schultz, R. A. 2000b The establishment of telomer-
ase-immortalized cell lines representing human chromosome
instability syndromes. Hum. Mol. Genet. 9, 403–411.

Park, T. W., Riethdorf, S., Riethdorf, L., Loning, T. & Jan-
icke, F. 1999 Differential telomerase activity, expression of
the telomerase catalytic sub-unit and telomerase-RNA in
ovarian tumors. Int. J. Cancer 84, 426–431.

Perrem, K., Bryan, T. M., Englezou, A., Hackl, T., Moy,
E. L. & Reddel, R. R. 1999 Repression of an alternative
mechanism for lengthening of telomeres in somatic cell
hybrids. Oncogene 18, 3383–3390.

Perrem, K., Colgin, L. M., Neumann, A. A., Yeager, T. R. &
Reddel, R. R. 2001 Coexistence of alternative lengthening
of telomeres and telomerase in hTERT-transfected GM847
cells. Mol. Cell. Biol. 21, 3862–3875.

Perry, P. J. & Jenkins, T. C. 1999 Recent advances in the
development of telomerase inhibitors for the treatment of
cancer. Expert Opin. Investig. Drugs 8, 1981–2008.

Perry, P. J., Gowan, S. M., Reszka, A. P., Polucci, P., Jenkins,
T. C., Kelland, L. R. & Neidle, S. 1998a 1,4- and 2,6-disub-
stituted amidoanthracene-9,10-dione derivatives as inhibi-
tors of human telomerase. J. Med. Chem. 41, 3253–3260.

Perry, P. J., Reszka, A. P., Wood, A. A., Read, M. A., Gowan,
S. M., Dosanjh, H. S., Trent, J. O., Jenkins, T. C., Kelland,
L. R. & Neidle, S. 1998b Human telomerase inhibition by
regioisomeric disubstituted amidoanthracene-9,10-diones.
J. Med. Chem. 41, 4873–4884.

Perry, P. J., Read, M. A., Davies, R. T., Gowan, S. M.,
Reszka, A. P., Wood, A. A., Kelland, L. R. & Neidle, S.
1999 2,7-Disubstituted amido� uorenone derivatives as
inhibitors of human telomerase. J. Med. Chem. 42, 2679–
2684.

Pitts, A. E. & Corey, D. R. 1998 Inhibition of human telomer-
ase by 2 9 -O-methyl-RNA. Proc. Natl Acad. Sci. USA 95,
11 549–11 554.

Price, C. M. 1990 Telomere structure in Euplotes crassus:
characterization of DNA-protein interactions and isolation
of a telomere-binding protein. Mol. Cell. Biol. 10, 3421–
3431.

Price, C. M. & Cech, T. R. 1989 Properties of the telomeric
DNA-binding protein from Oxytricha nova. Biochemistry 28,
769–774.

Ramirez, R. D., D’Atri, S., Pagani, E., Faraggiana, T., Lacal,
P. M., Taylor, R. S. & Shay, J. W. 1999 Progressive increase
in telomerase activity from benign melanocytic conditions to
malignant melanoma. Neoplasia 1, 42–49.

Ray, A. & Norden, B. 2000 Peptide nucleic acid (PNA): its
medical and biotechnical applications and promise for the
future. FASEB J. 14, 1041–1060.

Raymond, E., Soria, J. C., Izbicka, E., Boussin, F., Hurley,
L. & Von Hoff, D. D. 2000 DNA G-quadruplexes, telo-
mere-speci� c proteins and telomere-associated enzymes as
potential targets for new anticancer drugs. Invest. New Drugs
18, 123–137.

Reddel, R. R., Bryan, T. M. & Murnane, J. P. 1997 Immor-

Phil. Trans. R. Soc. Lond. B (2002)

talized cells with no detectable telomerase activity. A review.
Biochemistry (Mosc.) 62, 1254–1262.

Riethman, H. C., Xiang, Z., Paul, S., Morse, E., Hu, X. L.,
Flint, J., Chi, H. C., Grady, D. L. & Moyzis, R. K. 2001
Integration of telomere sequences with the draft human gen-
ome sequence. Nature 409, 948–951.

Riha, K., McKnight, T. D., Fajkus, J., Vyskot, B. & Shippen,
D. E. 2000 Analysis of the G-overhang structures on plant
telomeres: evidence for two distinct telomere architectures.
Plant J. 23, 633–641.

Rossetti, L., Cacchione, S., Fua, M. & Savino, M. 1998
Nucleosome assembly on telomeric sequences. Biochemistry
37, 6727–6737.

Rudolph, P., Schubert, C., Tamm, S., Heidorn, K., Hausch-
ild, A., Michalska, I., Majewski, S., Krupp, G., Jablonska,
S. & Parwaresch, R. 2000 Telomerase activity in mel-
anocytic lesions: a potential marker of tumor biology. Am.
J. Pathol. 156, 1425–1432.

Sakamoto, M., Toyoizumi, T., Kikuchi, Y., Okamoto, A.,
Nakayama, H., Aoki, D., Yamamoto, K., Hata, H., Sugish-
ita, T. & Tenjin, Y. 2000 Telomerase activity in gynecologi-
cal tumors. Oncol. Rep. 7, 1003–1009.

Samper, E., Goytisolo, F. A., Slijepcevic, P., Van Buul, P. P. &
Blasco, M. A. 2000 Mammalian Ku86 protein prevents telo-
meric fusions independently of the length of TTAGGG
repeats and the G-strand overhang. EMBO Rep. 1, 244–252.

Saretzki, G., Sitte, N., Merkel, U., Wurm, R. E. & Von Zglin-
icki, T. 1999 Telomere shortening triggers a p53-dependent
cell cycle arrest via accumulation of G-rich single stranded
DNA fragments. Oncogene 18, 5148–5158.

Shammas, M. A., Simmons, C. G., Corey, D. R. & Reis, R. J.
1999 Telomerase inhibition by peptide nucleic acids reverses
‘immortality’ of transformed human cells. Oncogene 18,
6191–6200.

Shay, J. W. & Bacchetti, S. 1997 A survey of telomerase
activity in human cancer. Eur. J. Cancer 33, 787–791.

Shay, J. W. & Wright, W. E. 1999 Telomeres and telomerase
in the regulation of human cellular aging. Mol. Biol. Aging.
Alfred Benzon Symp. 44, 148–158.

Shay, J. W. & Wright, W. E. 2001 Telomeres and telomerase:
implications for cancer and aging. Radiat. Res. 155, 188–
193.

Shay, J. W., Zou, Y., Hiyama, E. & Wright, W. E. 2001 Telo-
merase and cancer. Hum. Mol. Genet. 10, 677–685.

Simickova, M., Nekulova, M., Pecen, L., Cernoch, M.,
Vagundova, M. & Pacovsky, Z. 2001 Quantitative determi-
nation of telomerase activity in breast cancer and benign
breast diseases. Neoplasma 48, 267–733.

Smith, S. & De Lange, T. 2000 Tankyrase promotes telomere
elongation in human cells. Curr. Biol. 10, 1299–1302.

Smith, S., Giriat, I., Schmitt, A. & De Lange, T. 1998 Tankyr-
ase, a poly(ADP-ribose) polymerase at human telomeres.
Science 282, 1484–1487.

Smogorzewska, A., Van Steensel, B., Bianchi, A., Oelmann,
S., Schaefer, M. R., Schnapp, G. & De Lange, T. 2000 Con-
trol of human telomere length by TRF1 and TRF2. Mol.
Cell. Biol. 20, 1659–1668.

Soder, A. I., Hoare, S. F., Muir, S., Going, J. J., Parkinson,
E. K. & Keith, W. N. 1997 Ampli� cation, increased dosage
and in situ expression of the telomerase RNA gene in human
cancer. Oncogene 14, 1013–1021.

Song, K., Jung, D., Jung, Y., Lee, S. G. & Lee, I. 2000 Interac-
tion of human Ku70 with TRF2. FEBS Lett. 481, 81–85.

Soria, J. C., Gauthier, L. R., Raymond, E., Granotier, C.,
Morat, L., Armand, J. P., Boussin, F. D. & Sabatier, L.
1999 Molecular detection of telomerase-positive circulating
epithelial cells in metastatic breast cancer patients. Clin.
Cancer Res. 5, 971–975.

Steinert, S., Shay, J. W. & Wright, W. E. 2000 Transient

http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0033-7587^28^29155L.188[aid=2320250]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-7306^28^2910L.3421[aid=2320236]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0950-9232^28^2918L.6191[aid=2320248]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0250-7005^28^2917L.2455[aid=2320225]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29275L.10072[aid=2320226]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0964-6906^28^299L.403[aid=2320227]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0020-7136^28^2984L.426[aid=2320228]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0950-9232^28^2918L.3383[aid=2320229]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-7306^28^2921L.3862[aid=2320230]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1354-3784^28^298L.1981[aid=2320231]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-2623^28^2941L.3253[aid=2320233]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-2623^28^2942L.2679[aid=2320234]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2995L.11549[aid=2320235]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-7306^28^2910L.3421[aid=2320236]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-2960^28^2928L.769[aid=2320237]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0892-6638^28^2914L.1041[aid=2320239]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0167-6997^28^2918L.123[aid=2320240]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29409L.948[aid=2320242]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-2960^28^2937L.6727[aid=2320243]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0002-9440^28^29156L.1425[aid=2320244]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1021-335X^28^297L.1003[aid=2320245]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1469-221X^28^291L.244[aid=2320246]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0950-9232^28^2918L.5148[aid=2320247]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0950-9232^28^2918L.6191[aid=2320248]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0959-8049^28^2933L.787[aid=2320249]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0033-7587^28^29155L.188[aid=2320250]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0964-6906^28^2910L.677[aid=2320251]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-2685^28^2948L.267[aid=2320252]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0960-9822^28^2910L.1299[aid=1798447]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-7306^28^2920L.1659[aid=1545843]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0950-9232^28^2914L.1013[aid=2320253]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-5793^28^29481L.81[aid=2320254]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1078-0432^28^295L.971[aid=2320255]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0250-7005^28^2917L.2455[aid=2320225]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-5193^28^2941L.181[aid=183976]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29275L.10072[aid=2320226]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-2623^28^2941L.4873[aid=2320256]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2995L.11549[aid=2320235]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-2960^28^2928L.769[aid=2320237]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0167-6997^28^2918L.123[aid=2320240]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0960-7412^28^2923L.633[aid=2320257]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-2960^28^2937L.6727[aid=2320243]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0002-9440^28^29156L.1425[aid=2320244]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0950-9232^28^2918L.6191[aid=2320248]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0036-8075^28^29282L.1484[aid=744991]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-7306^28^2920L.1659[aid=1545843]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1078-0432^28^295L.971[aid=2320255]


562 J. Fajkus and others Telomere in medicine

expression of human telomerase extends the life span of nor-
mal human � broblasts. Biochem. Biophys. Res. Commun. 273,
1095–1098.

Strahl, C. & Blackburn, E. H. 1996 Effects of reverse tran-
scriptase inhibitors on telomere length and telomerase
activity in two immortalized human cell lines. Mol. Cell. Biol.
16, 53–65.

Tabata, Y., Ikegami, S., Yaguchi, T., Sasaki, T., Hoshiko, S.,
Sakuma, S., Shin-Ya, K. & Seto, H. 1999 Diazaphilonic
acid, a new azaphilone with telomerase inhibitory activity.
J. Antibiot. (Tokyo) 52, 412–414.

Tahara, H., Yasui, W., Tahara, E., Fujimoto, J., Ito, K.,
Tamai, K., Nakayama, J., Ishikawa, F. & Ide, T. 1999
Immuno-histochemical detection of human telomerase cata-
lytic component, hTERT, in human colorectal tumor and
non-tumor tissue sections. Oncogene 18, 1561–1567.

Tanaka, H., Shimizu, M., Horikawa, I., Kugoh, H., Yokota, J.,
Barrett, J. C. & Oshimura, M. 1998 Evidence for a putative
telomerase repressor gene in the 3p14.2-p21.1 region. Genes
Chromosomes Cancer 23, 123–133.

Tatsumoto, N., Hiyama, E., Murakami, Y., Imamura, Y.,
Shay, J. W., Matsuura, Y. & Yokoyama, T. 2000 High telo-
merase activity is an independent prognostic indicator of
poor outcome in colorectal cancer. Clin. Cancer Res. 6,
2696–2701.

Thomas, M., Yang, L. & Hornsby, P. J. 2000 Formation of
functional tissue from transplanted adrenocortical cells
expressing telomerase reverse transcriptase. Nature Biotech-
nol. 18, 39–42.

Tommerup, H., Dousmanis, A. & De Lange, T. 1994 Unusual
chromatin in human telomeres. Mol. Cell. Biol. 14, 5777–
5785.

Ulaner, G. A., Hu, J. F., Vu, T. H., Giudice, L. C. & Hoff-
man, A. R. 1998 Telomerase activity in human development
is regulated by human telomerase reverse transcriptase
(hTERT ) transcription and by alternate splicing of hTERT
transcripts. Cancer Res. 58, 4168–4172.

Van Steensel, B., Smogorzewska, A. & De Lange, T. 1998
TRF2 protects human telomeres from end-to-end fusions.
Cell 92, 401–413.

Veldman, T., Horikawa, I., Barrett, J. C. & Schlegel, R. 2001
Transcriptional activation of the telomerase hTERT gene by
human papillomavirus type 16 E6 oncoprotein. J. Virol. 75,
4467–4472.

Vonderheide, R. H., Hahn, W. C., Schultze, J. L. & Nadler,
L. M. 1999 The telomerase catalytic subunit is a widely
expressed tumor-associated antigen recognized by cytotoxic
T lymphocytes. Immunity 10, 673–679.

Wan, M. S., Fell, P. L. & Akhtar, S. 1998 Synthetic 2 9 -O-
methyl-modi� ed hammerhead ribozymes targeted to the
RNA component of telomerase as sequence-speci� c inhibi-
tors of telomerase activity. Antisense Nucleic Acid Drug Dev.
8, 309–317.

White, L. K., Wright, W. E. & Shay, J. W. 2001 Telomerase
inhibitors. Trends Biotechnol. 19, 114–120.

Wisman, G. B., De Jong, S., Meersma, G. J., Helder, M. N.,
Hollema, H., De Vries, E. G., Keith, W. N. & Van der Zee,
A. G. 2000 Telomerase in (pre)neoplastic cervical disease.
Hum. Pathol. 31, 1304–1312.

Phil. Trans. R. Soc. Lond. B (2002)

Wright, J. H., Gottschling, D. E. & Zakian, V. A. 1992 Sac-
charomyces telomeres assume a non-nucleosomal chromatin
structure. Genes Dev. 6, 197–210.

Wright, W. E., Shay, J. W. & Piatyszek, M. A. 1995 Modi� -
cations of a telomeric repeat ampli� cation protocol (TRAP)
result in increased reliability, linearity and sensitivity. Nucleic
Acids Res. 23, 3794–3795.

Wright, W. E., Tesmer, V. M., Huffman, K. E., Levene,
S. D. & Shay, J. W. 1997 Normal human chromosomes have
long G-rich telomeric overhangs at one end. Genes Dev. 11,
2801–2809.

Wright, W. E., Tesmer, V. M., Liao, M. L. & Shay, J. W. 1999
Normal human telomeres are not late replicating. Exp. Cell
Res. 251, 492–499.

Wu, H. L., Hsu, C. Y., Liu, W. H. & Yung, B. Y. 1999 Ber-
berine-induced apoptosis of human leukemia HL-60 cells is
associated with down-regulation of nucleophosmin/B23 and
telomerase activity. Int. J. Cancer 81, 923–929.

Xu, D., Wang, Q., Gruber, A., Bjorkholm, M., Chen, Z., Zaid,
A., Selivanova, G., Peterson, C., Wiman, K. G. & Pisa, P.
2000 Downregulation of telomerase reverse transcriptase
mRNA expression by wild type p53 in human tumor cells.
Oncogene 19, 5123–5133.

Yamaguchi, F., Morrison, R. S., Takahashi, H. & Teramoto,
A. 1999 Anti-telomerase therapy suppressed glioma prolifer-
ation. Oncol. Rep. 6, 773–776.

Yashima, K., Ashfaq, R., Nowak, J., Von Gruenigen, V.,
Milchgrub, S., Rathi, A., Albores-Saavedra, J., Shay, J. W. &
Gazdar, A. F. 1998a Telomerase activity and expression of
its RNA component in cervical lesions. Cancer 82, 1319–
1327.

Yashima, K., Milchgrub, S., Gollahon, L. S., Maitra, A., Sabo-
orian, M. H., Shay, J. W. & Gazdar, A. F. 1998b Telomerase
enzyme activity and RNA expression during the multistage
pathogenesis of breast carcinoma. Clin. Cancer Res. 4,
229–234.

Yegorov, Y. E., Chernov, D. N., Akimov, S. S., Bolsheva,
N. L., Krayevsky, A. A. & Zelenin, A. V. 1996 Reverse tran-
scriptase inhibitors suppress telomerase function and induce
senescence-like processes in cultured mouse � broblasts.
FEBS Lett. 389, 115–118.

Yi, X., White, D. M., Aisner, D. L., Baur, J. A., Wright,
W. E. & Shay, J. W. 2000 An alternate splicing variant of
the human telomerase catalytic subunit inhibits telomerase
activity. Neoplasia 2, 433–440.

Yokoyama, Y., Takahashi, Y., Shinohara, A., Lian, Z., Wan,
X., Niwa, K. & Tamaya, T. 1998 Attenuation of telomerase
activity by a hammerhead ribozyme targeting the template
region of telomerase RNA in endometrial carcinoma cells.
Cancer Res. 58, 5406–5410.

Zhang, X., Mar, V., Zhou, W., Harrington, L. & Robinson,
M. O. 1999 Telomere shortening and apoptosis in telomer-
ase-inhibited human tumor cells. Genes Dev. 13, 2388–2399.

Zhao, J. Q., Glasspool, R. M., Hoare, S. F., Bilsland, A., Szat-
mari, I. I. & Keith, W. N. 2000 Activation of telomerase
RNA gene promoter activity by NF-Y, Sp1, and the retino-
blastoma protein and repression by Sp3. Neoplasia 2, 531–
539.

http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-543X^28^2982L.1319[aid=2320275]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-7306^28^2914L.5777[aid=2320264]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-291X^28^29273L.1095[aid=2320258]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-7306^28^2916L.53[aid=2320259]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0950-9232^28^2918L.1561[aid=2320261]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1045-2257^28^2923L.123[aid=2320262]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1078-0432^28^296L.2696[aid=2320263]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1087-0156^28^2918L.39[aid=2269379]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-7306^28^2914L.5777[aid=2320264]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2958L.4168[aid=2320265]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-538X^28^2975L.4467[aid=2320266]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1074-7613^28^2910L.673[aid=2320267]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1087-2906^28^298L.309[aid=2320268]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0167-7799^28^2919L.114[aid=2320269]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0890-9369^28^296L.197[aid=2320270]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0305-1048^28^2923L.3794[aid=2320271]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0890-9369^28^2911L.2801[aid=2320272]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-4827^28^29251L.492[aid=2320273]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0020-7136^28^2981L.923[aid=2320274]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-543X^28^2982L.1319[aid=2320275]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1078-0432^28^294L.229[aid=2320276]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0890-9369^28^2913L.2388[aid=2320278]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-291X^28^29273L.1095[aid=2320258]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-7306^28^2916L.53[aid=2320259]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1045-2257^28^2923L.123[aid=2320262]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1078-0432^28^296L.2696[aid=2320263]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1087-0156^28^2918L.39[aid=2269379]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0092-8674^28^2992L.401[aid=1545855]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-538X^28^2975L.4467[aid=2320266]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1087-2906^28^298L.309[aid=2320268]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0046-8177^28^2931L.1304[aid=2320280]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0305-1048^28^2923L.3794[aid=2320271]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0890-9369^28^2911L.2801[aid=2320272]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-4827^28^29251L.492[aid=2320273]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0950-9232^28^2919L.5123[aid=2320281]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1021-335X^28^296L.773[aid=2320282]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1078-0432^28^294L.229[aid=2320276]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-5793^28^29389L.115[aid=2320283]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2958L.5406[aid=2320284]

