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SURVEY AND SUMMARY
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ABSTRACT The extremities of eukaryotic chromosomes are called telomeres. They have a structure unlike the bulk of the chromosome, which allows the cell DNA repair machinery to distinguish them from ‘broken’ DNA ends. But these specialised structures present a problem when it comes to replicating the DNA. Indeed, telomeric DNA progressively erodes with each round of cell division in cells that do not express telomerase, a specialised reverse transcriptase necessary to fully duplicate the telomeric DNA. Telomerase is expressed in tumour cells but not in most somatic cells and thus telomeres and telomerase may be proposed as attractive targets for the discovery of new anticancer agents. INTRODUCTION The telomere is a DNA–protein structure found at the ends of all eukaryotic linear chromosomes. It is involved in several essential functions: (i) telomere DNA-associated proteins help to prevent telomere DNA from being recognised as DNA breaks and allow cells to distinguish between a normal end and the result of a double-strand DNA break, i.e. telomeres ‘cap’ chromosomal ends; (ii) it provides a means of complete replication of the chromosome, since many mammalian cells that are without telomerase lose telomeric DNA at each division; (iii) it contributes to the spatial and functional organisation of chromosomes within the nucleus; (iv) it participates in transcriptome regulation. The replication and capping functions of telomeres are essential to maintain the integrity of the genome and must be present in all eukaryotic organisms. These two points, in connection with the regulation and manipulation of telomerase in normal and cancerous human cells, will be discussed in detail in this paper. The two other characteristics may be considered as



acquired functions, which may play a fundamental role in the physiology of some organisms, but could, at least in theory, be supported by other nuclear or chromosomal components. Human telomeric DNA consists of a few kilobases of a short repetitive motif which is double-stranded, except for a 3′-terminal G-rich overhang (1–3) (Table 1). Telomere maintenance is necessary for long-term cell proliferation. In the absence of a specific replication machinery at the telomere ends it was predicted (4), and later demonstrated (5), that gradual sequence loss due to incomplete replication of the lagging strand would eventually lead to critically short telomeres and trimming of essential chromosomal sequences. The mechanism whereby cells count divisions uses the gradual erosion of telomeres, which ultimately triggers replicative senescence in many cell types. In order to compensate for this loss, different mechanisms for the addition of new telomere sequences have evolved. In humans, telomere maintenance is mainly performed by a specific reverse transcriptase, telomerase, which was initially identified in ciliates (6,7). Human telomerase is a ribonucleoprotein (8) composed of a catalytic subunit, hTERT (9–11), and a 451 nt long RNA (hTR; also known as hTER or hTERC) (12), which acts as a template for the addition of a short repetitive motif d(GGGTTA)n on the 3′-end of a primer. Telomerase is active in the germline, as well as some stem cells, but is inactive in most somatic cells. It is assumed, but not firmly demonstrated, that the original length of the telomeres of these cells will be sufficient to act as a proper buffer against excessive loss during cell division: the initial telomere length is probably sufficient for a normal lifetime. Telomeres are indeed shorter in fibroblasts from an old donor compared to fibroblasts from a young donor (13). Interestingly, telomerase is reactivated in a large majority of cancer cells (for a review see 14). Furthermore, recent key experiments demonstrated that: (i) telomerase is sufficient for immortalisation of many cell types (15) and sufficient to allow transformed cells to escape from crisis (16), however, telomerase alone does not induce changes associated with a transformed phenotype
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Table 1. Telomeric repeats Species



Motifa(5′→3′)



3′-Overhangb



T-loopc



G4d



Homo sapiens



GGGTTA



Yes (1–3)



Yes (270)



?



Saccharomyces cerevisiae



G1–3T



Yes (383)



?



?



Trypanosoma brucei



GGGTTA



Yes (384)



Yes (384)



?



Oxytricha fallax/nova



GGGGTTTT



Yes (385,386)



Yes (387)



?



Tetrahymena thermophila



GGGGTT



Yes (388)



?



?



Stylonychia lemnae/pustulata



GGGGTTTT



Yes (133,385)



?



Yes (133)



aSequence



of the telomeric repeat motif. for the presence of a 3′ G-rich overhang (and relevant reference). cEvidence for T-loop formation (and relevant reference). dEvidence for quadruplex formation in the cell (and relevant reference). bEvidence



(17,18); (ii) inhibition of telomerase limits the growth of human cancer cells (19); (iii) ectopic expression of the telomerase catalytic subunit (hTERT; also known as hEST2 or hTRT) in combination with several oncogenes (the simian virus 40 large T and small t oncoproteins and an oncogenic allele of H-ras) results in direct tumourigenic conversion of normal human epithelial and fibroblast cells (20,21). All these results point to a key role of telomerase in the tumourigenic process. In a recent review, unlimited proliferative potential, which depends on telomere maintenance, was defined as one of the six hallmarks of cancer (22). Mutations leading to reactivation or up-regulation of the enzyme may represent a required event in the multistep development of many cancers, such as colorectal carcinomas (23). In some cases (notably neuroblastomas, gastric and breast tumours), higher levels of telomerase activity are associated with poor prognosis, showing that telomerase could be used as a predictive marker. Results obtained with mice lacking a functional telomerase enzyme and in successive generations of mice doubly inactivated for telomerase and INK4a clearly show that telomere dysfunction impairs tumour development (24,25). Understanding telomere/telomerase regulation is expected to give major insights into the tumourigenesis process and its manipulation becomes a challenge for the design of future antioncogenic approaches. In this review we will first present the mechanisms that regulate telomerase activity in human cells, before presenting the different strategies that have been proposed in order to inhibit telomerase in cancer cells. TELOMERASE REGULATION Telomerase activity is absent in many normal human somatic cells. Repression of telomerase activity during somatic development in other mammals, like rodents, is not as tightly regulated as in humans. Interestingly, animals that grow indeterminately, such as lobsters (26) and rainbow trout, appear to express telomerase ubiquitously. Telomerase activity is growth regulated in certain human tissues and is the target of many cellular programmes. For instance, telomerase activity is enhanced in activated lymphocytes (27–29) and in endometrial tissue during the menstrual cycle (30). In contrast, terminal maturation or differentiation of cells has been correlated with repression of telomerase activity (31–34), but these two events might be



uncoupled in some cases (35). A number of extra- or intracellular signals modulate telomerase, such as UV radiation (36), calcium (37), zinc (38), interferon α (39), oestrogen (40,41) and cytokine (42). In vitro reconstitution of human telomerase is possible in cell extracts with two partners: the template RNA component hTR and the catalytic protein subunit hTERT (43,44). The following sections will discuss the regulation of these two essential components before presenting other factors that influence telomerase activity in living cells, with special emphasis on the human case (Fig. 1). hTERT Normal human diploid cells transiently expressing hTERT acquire telomerase activity, demonstrating that hTERT is the limiting component necessary for restoration of telomerase activity in these cells (45,46). hTERT is a relatively large protein (127 kDa), with a net basic charge (pI 11.3) and reverse transcriptase motifs in its C-terminal part. Gene amplification. The hTERT gene is present in the human genome as a single copy sequence on chromosome 5p15.33 (47). It encompasses >37 kb and consists of 16 exons (48,49). It is actually the most distal gene on chromosome 5p. One may speculate that this proximity to the telomere influences its transcription thanks to telomeric position effects, recently described for human telomeres (50; C.Koering, A.Pollice, M.P.Zibella, L.Sabatier, C.Brun, S.Bauwens, J.Pulitzer and E.Gilson, submitted for publication). This localisation at the tip of 5p can also explain the amplification of hTERT observed in 31% of tumour cell lines and 30% of primary tumours (47,51). This suggests that increasing the copy number of hTERT may well be a way to up-regulate telomerase levels in tumour cells. Transcription regulation. A large number of studies have been performed on regulation of the hTERT promoter. In agreement with a key role of telomerase in cell programming, this promoter is the target for a large number of signalling pathways and integrates multiple levels of gene regulation. However, the mechanisms involved in differential hTERT transcription in normal and tumour cells are still not understood. In normal cells hTERT expression appears to be repressed: the number of hTERT mRNA molecules per cell is below the sensitivity of
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Figure 1. Telomerase components. Telomerase is composed of two major components: the catalytic subunit and the template RNA (hTR). Several proteins are associated with hTERT or hTR and facilitate their folding or assembly. Many different proteins interact with telomeric DNA and participate in telomerase recruitment. Mutations in two telomerase component (hTR and dyskerin, in red) have been demonstrated to be involved in DKC, a progressive bone-marrow failure syndrome (103,104).
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