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Abstract
Telomeres, the physical ends of linear eukaryotic chromosomes, protect chromosome ends from end fusions and degradation. Telomere length is tightly regulated to ensure that
telomeres are neither too short nor too long. Short telomeres
are preferentially elongated by the enzyme telomerase. In the
absence of telomerase, telomeres progressively shorten with
each round of cell division. Critically shortened telomeres
lose their ability to protect chromosome ends, inducing cell
cycle arrest and senescence. While the consequences and
cellular response to short telomeres are frequently explored,
long telomeres also pose problems and cells have evolved
mechanisms to shorten over-elongated telomeres. These
aspects of long telomeres are discussed in this short conceptual overview.
Keywords: telomerase; telomere length regulation;
telomere rapid deletion; telomeres.

Introduction
Eukaryotic DNA is organized into linear chromosomes.
Maintaining the genetic information encoded within the
DNA is an essential biological process. The DNA in our
cells is constantly being challenged, both by DNA-damaging
agents and by normal DNA metabolism, and any damage to
the DNA must be repaired to safeguard the integrity of the
genome. Perhaps the most hazardous DNA lesion is a double-stranded DNA break (DSB). DSBs, created by mechanical stress or DNA-damaging agents, need to be recognized
and accurately repaired (1). In contrast, natural chromosome
ends must be shielded from repair activities. Failure to do
so could lead to cell cycle arrest, end-to-end fusion events,
and loss of genome integrity. To combat this problem, cells
have evolved specialized proteins that bind to short, repetitive, G-rich sequences at chromosome ends, forming protective nucleoprotein complexes called telomeres (2). However,
the canonical DNA replication machinery is unable to fully

replicate chromosome ends, resulting in telomere erosion
with each round of cell division (3). In the vast majority of
eukaryotes, telomere shortening is counteracted by a specialized reverse transcriptase called telomerase, whose core
consists of a protein catalytic subunit and an RNA moiety,
hTERT and hTR, respectively, in humans (4–6). Telomerase
extends a telomere by repeated reverse transcription of a short
sequence to the 3′ end of the telomere, using the RNA subunit as a template (7–9). The DNA replication machinery that
is responsible for lagging strand synthesis presumably fills
in the complementary 5′ strand. To ensure that telomeres are
never in danger of becoming too short, telomerase preferentially extends short telomeres, an evolutionarily conserved
feature of telomerase that has been observed in the budding
yeast Saccharomyces cerevisiae (10), mice (11), and human
fibroblasts expressing telomerase (12). Individuals born with
reduced telomerase activity have short telomeres, which leads
to telomere dysfunction in highly proliferative cells, and several human diseases are associated with shortened telomeres
(13). Furthermore, critically shortened, dysfunctional telomeres are unstable and lead to chromosome end-to-end fusion
events and genome instability, which can promote tumor progression (14, 15).
A review on telomeres typically includes a discussion
on the consequences of harboring short telomeres, and a
description of how cells recognize and extend short telomeres. However, telomere length is tightly regulated, not
just to ensure that telomeres do not become too short, but
also to prevent them from becoming over-elongated. If short
telomeres can have such negative consequences, why are
longer telomeres not evolutionarily selected? Can longerthan-normal telomeres have detrimental effects as well? This
overview aims to highlight some of the important aspects of
long telomeres.

Evolutionary considerations of long telomeres
Most human somatic cells do not express telomerase, resulting in progressive telomere shortening with each round of cell
division (16). Extensively eroded telomeres trigger a DNA
damage checkpoint response, which arrests cell cycle progression and causes cells to either die by apoptosis or enter
a state known as replicative senescence (9, 17, 18). A recent
report indicates that the presence of approximately five dysfunctional telomeres causes p53-dependent senescence in
human cells (19). Senescence limits replicative potential and
therefore has been proposed to be a cause of human aging, but
it is also thought that replicative senescence is an important
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barrier to tumorigenesis as cancer cells need to maintain their
telomeres to continue proliferating. Thus, inheriting long
telomeres may increase replicative potential, and perhaps
life span, but it could result in increased cancer rates (20).
However, this model seems unlikely as it has recently been
noted that longer blood and epithelial cell telomere length is
rarely associated with increased rates of cancer (21). On the
other hand, short dysfunctional telomeres promote genome
instability, which is a hallmark of cancer cells, and short
telomeres are often linked to increased cancer risks (14, 15,
21). Furthermore, most cancers occur late in life when the
force of selection pressure is reduced (21). Therefore, it is
unlikely that individuals with long telomeres are selected
against because of increased cancer rates.
An alternative explanation for keeping telomere lengths in
check is the ‘thrifty telomere’ hypothesis, which suggests that
long telomeres require more energy to maintain (21). In this
model, telomeres should be kept as short as possible provided
they are still fully functional. However, the evolutionary
reasons for limiting telomere length are still far from being
understood. Evolutionary models must be able to account for
telomere length variation within a species as well as variation
between species, and such models are often difficult to prove.
Thus, instead of examining the strengths and weaknesses of
these speculative models, this review will focus on the cellular and molecular consequences of long telomeres.

DNA replication stress at telomeres
Telomeric DNA sequences are highly repetitive and GC
rich – features that are typically troublesome for the DNA
replication machinery during DNA synthesis. Moreover,
human telomeres are hypersensitive to UV-induced DNA
damage (22), and sites of damage also cause problems for
DNA polymerases. In S. cerevisiae, replication forks pause
while traversing the telomeric repeats, and the strength of this
pausing is proportional to telomere length (23, 24). Several
proteins have been identified that promote telomeric DNA
replication, suggesting that there may be multiple reasons
for replication fork pausing at telomeres. The Rrm3 helicase
promotes replication through the telomere, likely by facilitating replication past non-histone protein-DNA complexes
(23, 25). In the fission yeast Schizosaccharomyces pombe, the
telomere-binding protein Taz1 promotes DNA replication at
telomeres (26). Similarly, mammalian telomeres also pose a
challenge to the DNA replication machinery and require the
Taz1-homolog TRF1 for efficient replication (27).
The telomeric DNA from most eukaryotic organisms can
form G-quadruplex (G4) structures in vitro (28, 29). G4
DNA was first observed in vivo through studies using anti-G4
DNA-specific antibodies to detect such structures at ciliate
telomeres (30, 31). In theory, the formation of G4 DNA structures should be problematic for a passing replication fork. In
S. cerevisiae, the Pif1 helicase is needed to resolve G4 DNA,
and in cells lacking Pif1, DNA replication is impeded and
there is an increase in replication fork collapse (32). Other
helicases, such as mammalian BLM, WRN, and RTEL, have

also been implicated in promoting telomeric replication
through the removal of G4 DNA structures (27, 33, 34). Taz1
and TRF1 have both been suggested to promote telomeric replication by recruiting one or more of these helicases (26, 27).
Increasing the length of a telomere would obviously
increase the number of potential barriers to efficient telomeric
DNA synthesis, making long telomeres more difficult to fully
replicate. Furthermore, although there is some evidence
that DNA replication can initiate within the telomeric tracts
(27, 35), the majority of telomere replication is accomplished
by replication forks originating from subtelomeric regions
(24, 27). Thus, increasing the length of a telomere would also
increase the distance that the replication fork must travel to
fully replicate the telomere, which may result in a prolonged
S phase and disruption of cell cycle progression. Taken
together, cells may not favor the presence of long telomeres
due to problems associated with the telomere replication.

Effect of long telomeres on telomere-binding
proteins
Telomeric repeats are bound by telomere-binding proteins, so
long telomeres would recruit more of these proteins. If cells
maintain longer-than-normal telomeres, sufficient quantities
of these telomere-binding proteins must be present to ensure
proper capping of the telomeres. Remarkably, both S. cerevisiae and human cells can be manipulated to have extremely
elongated telomeres with no dramatic effect on cell viability, indicating that telomere-binding proteins are not easily
titrated below a threshold needed to maintain essential telomere capping (36, 37).
However, many telomere-binding proteins have both telomeric and non-telomeric functions. For example, S. cerevisiae Rap1 binds telomeric repeat DNA and is important to
establish telomere length homeostasis (38, 39), but it was first
discovered as a protein than can modulate gene expression
(40). Furthermore, the Rap1-associated proteins Sir2, Sir3,
and Sir4 are important for repressing transcription near telomeres as well as at the silent mating type loci (41). Sir2 is also
important for regulating replicative life span through its role
at the ribosomal DNA (rDNA) repeats (42, 43). Increasing
telomere length may sequester telomere-binding proteins at
the telomere and away from non-telomeric sites. Indeed, it
has been reported that long telomeres reduce life span by
reducing the amount of Sir2 available at the rDNA repeats
(44). Similarly, long telomeres increase telomeric silencing,
but reduce silencing at the HMR mating type locus by sequestering the Sir proteins to telomeres (45, 46). Whether the
sequestration of telomere-binding proteins at over-elongated
telomeres significantly affects other aspects of cell biology is
still largely unknown.

Shortening over-elongated telomeres
The previous sections described potential downsides of
harboring long telomeres. So how do cells shorten over-
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elongated telomeres? The most obvious mechanism is to limit
telomerase-mediated telomere extension (Figure 1A). Short
telomeres are preferentially elongated by telomerase in S.
cerevisiae (10), mice (11), and human fibroblasts expressing
telomerase (12). In other words, long telomeres are less likely
to be extended by telomerase and will progressively shorten
at a rate similar to when telomerase is absent. Indeed, in S.
cerevisiae, an artificially over-elongated telomere shortens at
a rate of ∼3–4 base pairs (bp) per generation, and this rate is
independent of the presence or absence of telomerase (47).
The shortening rate is ∼50–150 bp per generation in mouse
cells lacking telomerase (48), and in a variety of human cell
types with no detectable telomerase activity (18, 49–51).
The reason for this shortening is primarily due to a combination of incomplete DNA replication of chromosome ends
and nucleolytic degradation. Incomplete DNA replication
occurs because (i) DNA polymerases can only synthesize
DNA in a 5′ to 3′ direction, and (ii) DNA polymerases cannot synthesize DNA de novo and require a short primer of
∼10 nucleotides (nt) of RNA. On the leading strand, DNA
polymerase can theoretically synthesize DNA until it reaches
the end of the chromosome, producing a blunt end. However,
lagging strand synthesis occurs discontinuously, with each
fragment (or Okazaki fragment) beginning with a short RNA
primer. The RNA primers must be removed and replaced
with DNA, which is synthesized by DNA polymerase from
an upstream Okazaki fragment. Removal of the RNA primer
of the terminal Okazaki fragment leaves a gap of ∼10 nt that
cannot be replaced. Without a mechanism to compensate for
this loss, chromosome ends will progressively shorten. This
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phenomenon was termed the ‘end-replication problem’ (52,
53). In addition, to the end-replication problem, chromosome
ends terminate with 3′ overhangs, the size of which varies
from species to species. Thus, nucleolytic degradation must
occur, at least on the blunt-ended telomere synthesized by the
leading strand (3). The combined effect of the end-replication
problem and nucleolytic degradation is that telomeres shorten
with each round of cell division.
DNA damage can also contribute to the shortening of
telomeres (Figure 1B). For example, the accumulation of
single-stranded breaks in telomeric DNA, induced by oxidative stress, is a major cause of telomere shortening in human
fibroblasts (54, 55). Furthermore, as mentioned above, DNA
replication forks have difficulty traversing telomeric DNA
(23, 24, 26, 27). If a replication fork collapses before reaching
the end of the telomere, there is no replication origin distal to
the site of fork collapse to generate a fork to finish the replication of the telomere, resulting in a truncated telomere (Figure
1C). Evidence for such truncated telomeres has been observed
in S. cerevisiae (56). Normally, if the truncated telomere is
significantly shortened, the telomerase will preferentially
elongate it (10). However, if the telomere was initially overelongated, the truncation may still leave the telomere longer
than wild-type length. Telomerase would not preferentially
elongate such a telomere, and this might be used as a mechanism to shorten over-elongated telomeres.
While incomplete replication, nucleolytic degradation,
DNA damage, and replication fork collapse can all shorten
over-elongated telomeres, these mechanisms act at telomeres
of all lengths. In contrast, over-elongated telomeres are also

Over-elongated telomere

A Inhibition of telomerase/

telomere attrition due to
‘end-replication problem’
and nucleolytic degradation

D Telomere rapid deletion

B DNA damage

(TRD)

C Replication fork collapse
Figure 1 Shortening over-elongated telomeres.
(A) In the absence of telomerase, or when telomerase activity is inhibited, telomeres shorten due to a combination of incomplete DNA replication and nucleolytic degradation. (B) DNA damage within the telomeric tracts can lead to telomere truncation events. (C) Replication forks
pause while traversing telomeric repeats. The fork pausing can be induced by proteins bound to the telomere or, as depicted here, by the presence of G4 DNA. Collapse of a stalled replication fork can lead to a truncated telomere. (D) Over-elongated telomeres can undergo TRD events,
which return the telomere to approximately wild-type length by excising an extrachromosomal DNA circle containing telomeric repeats.
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Figure 2 Regulating telomere length via a protein-counting mechanism in S. cerevisiae.
(A) Telomerase activity is regulated by telomere length, which is determined by the amount of Rap1, Rif1, and Rif2 bound at a telomere.
A short telomere recruits few Rap1/Rif complexes, which favors telomerase-mediated extension of the telomere. A long telomere associates with many Rap1/Rif complexes, which inhibits telomerase activity. (B) While telomere-bound Rap1/Rif complexes regulate telomerase
activity, it is unclear whether Rap1/Rif complexes can also mark a telomere for shortening by TRD. It is possible that TRD is regulated by a
Rap1/Rif-independent mechanism.

specifically targeted for shortening by a mechanism called
‘telomere rapid deletion’ (TRD; Figure 1D) (57), which has
also been referred to as ‘telomere trimming’ to avoid implying that the telomeres are completely deleted (58). TRD was
first identified in S. cerevisiae, where it was shown that overelongated telomeres could be shortened to approximately
wild-type telomere length via a single intrachromosomal
recombination event between telomere repeats (59, 60). A
TRD event involves the excision of a telomere loop formed
by the invasion of the telomeric 3′ overhang into telomeric
sequence further upstream in the telomere. TRD has also been
observed in Kluyveromyces lactis (61), Arabidopsis thaliana
(62), and human cells (58, 63), indicating that it is a general
mechanism for rapidly shortening over-elongated telomeres.

Telomere length determination
Having discussed how cells shorten over-elongated telomeres,
an important question still remains: how do cells determine
if a telomere is over-elongated? Telomere length determination is best understood in S. cerevisiae. Rap1 binds to double-stranded telomeric repeats about once every 18 bp (64).
Rap1 recruits two additional proteins, Rif1 and Rif2, which

act synergistically to negatively regulate telomerase (65, 66).
Thus, the longer the telomere, the more Rap1/Rif1 and Rap1/
Rif2 complexes will be at the telomere and the stronger the
inhibition on telomerase (Figure 2A). Tethering Rap1, Rif1,
or Rif2 to a telomere shortens the telomere in a manner that is
proportional to the number of tethered molecules (38, 39). In
human cells, a similar ‘protein-counting’ mechanism was also
observed by targeting the telomeric proteins TRF1 and TRF2
to specific telomeres (67).
Although the precise details still need to be worked out,
much is already known about the mechanisms by which short
telomeres activate telomerase. Both physical and genetic evidence indicates that the Rif proteins inhibit Tel1, the yeast
ortholog of human ataxia telangiectasia mutated (ATM),
which is a positive regulator of telomerase (68, 69). When
a telomere is short, there are fewer Rap1/Rif complexes at
the telomere, allowing Tel1 to act. Indeed, recruitment of
Tel1 to telomeres is about 10-fold higher at short telomeres
than at wild-type length telomeres (70). Tel1 is a kinase and
its kinase activity is important for its role in telomere length
maintenance (71), but there is currently no consensus on what
its critical telomeric phosphorylation targets are.
Considerably less is known about the targeting of overelongated telomeres for shortening. As mentioned above, it
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is known that telomerase activity is inhibited at long telomeres, but it is unclear whether they are specifically targeted for
shortening by TRD, and if they are, whether a similar Rap1/
Rif protein-counting mechanism is employed (Figure 2B).
It is also unclear whether the frequency of TRD is directly
proportional to telomere length. However, TRD is a recombination-mediated event, and recombination efficiency is
directly proportional to the length of the substrate DNA in
prokaryotes, yeast, and mammalian cells (72–77). Consistent
with this notion, it has been observed, under certain circumstances, that long telomeres in S. cerevisiae preferentially
undergo recombination (78). It will be interesting to determine whether TRD is subject to active regulation, and if so,
how this is accomplished.

Outlook
Although the consequences of long telomeres have less obvious impact than those of short telomeres, it is clear that overelongated telomeres must be shortened. More work is needed
to characterize the cellular response to over-elongated telomeres, and to determine whether long telomeres are subject to
evolutionary selection pressure. Such work is particularly
important given the connections between telomere length
homeostasis and human health.

Acknowledgments
I thank Brian Luke and Peter Lansdorp for critically reading this
manuscript. I apologize to those scientists whose work I could not
mention due to the space limitations of the short conceptual overview
format.

Conflict of interest statement
The author declares that no conflict of interest exists.

References
1. Kanaar R, Wyman C, Rothstein R. Quality control of DNA break
metabolism: in the ‘end’, it’s a good thing. EMBO J 2008; 27:
581–8.
2. de Lange T. How telomeres solve the end-protection problem.
Science 2009; 326: 948–52.
3. Hug N, Lingner J. Telomere length homeostasis. Chromosoma
2006; 115: 413–25.
4. Greider CW, Blackburn EH. Identification of a specific telomere
terminal transferase activity in Tetrahymena extracts. Cell 1985;
43: 405–13.
5. Nakamura TM, Morin GB, Chapman KB, Weinrich SL, Andrews
WH, Lingner J, Harley CB, Cech TR. Telomerase catalytic subunit
homologs from fission yeast and human. Science 1997; 277: 955–9.
6. Feng J, Funk WD, Wang SS, Weinrich SL, Avilion AA, Chiu
CP, Adams RR, Chang E, Allsopp RC, Yu J, Le S, West MD,
Harley CB, Andrews WH, Greider CW, Villeponteau B. The
RNA component of human telomerase. Science 1995; 269:
1236–41.

391

7. Greider CW, Blackburn EH. A telomeric sequence in the RNA of
Tetrahymena telomerase required for telomere repeat synthesis.
Nature 1989; 337: 331–7.
8. Singer MS, Gottschling DE. TLC1: template RNA component
of Saccharomyces cerevisiae telomerase. Science 1994; 266:
404–9.
9. Yu GL, Bradley JD, Attardi LD, Blackburn EH. In vivo alteration of telomere sequences and senescence caused by mutated
Tetrahymena telomerase RNAs. Nature 1990; 344: 126–32.
10. Teixeira MT, Arneric M, Sperisen P, Lingner J. Telomere length
homeostasis is achieved via a switch between telomerase- extendible and -nonextendible states. Cell 2004; 117: 323–35.
11. Hemann MT, Strong MA, Hao LY, Greider CW. The shortest
telomere, not average telomere length, is critical for cell viability
and chromosome stability. Cell 2001; 107: 67–77.
12. Britt-Compton B, Capper R, Rowson J, Baird DM. Short telomeres are preferentially elongated by telomerase in human cells.
FEBS Lett 2009; 583: 3076–80.
13. Armanios M. Syndromes of telomere shortening. Annu Rev
Genomics Hum Genet 2009; 10: 45–61.
14. Serrano M, Blasco MA. Cancer and ageing: convergent and
divergent mechanisms. Nat Rev Mol Cell Biol 2007; 8: 715–22.
15. Artandi SE, DePinho RA. Telomeres and telomerase in cancer.
Carcinogenesis 2010; 31: 9–18.
16. Verdun RE, Karlseder J. Replication and protection of telomeres.
Nature 2007; 447: 924–31.
17. Lundblad V, Szostak JW. A mutant with a defect in telomere
elongation leads to senescence in yeast. Cell 1989; 57: 633–43.
18. Harley CB, Futcher AB, Greider CW. Telomeres shorten during
ageing of human fibroblasts. Nature 1990; 345: 458–60.
19. Kaul Z, Cesare AJ, Huschtscha LI, Neumann AA, Reddel RR.
Five dysfunctional telomeres predict onset of senescence in
human cells. EMBO Rep 2011; 13: 52–9.
20. Weinstein BS, Ciszek D. The reserve-capacity hypothesis: evolutionary origins and modern implications of the trade-off between
tumor-suppression and tissue-repair. Exp Gerontol 2002; 37:
615–27.
21. Eisenberg DT. An evolutionary review of human telomere biology: the thrifty telomere hypothesis and notes on potential adaptive paternal effects. Am J Hum Biol 2011; 23: 149–67.
22. Rochette PJ, Brash DE. Human telomeres are hypersensitive to
UV-induced DNA Damage and refractory to repair. PLoS Genet
2010; 6: e1000926.
23. Ivessa AS, Zhou JQ, Schulz VP, Monson EK, Zakian VA.
Saccharomyces Rrm3p, a 5′ to 3′ DNA helicase that promotes
replication fork progression through telomeric and subtelomeric
DNA. Genes Dev 2002; 16: 1383–96.
24. Makovets S, Herskowitz I, Blackburn EH. Anatomy and dynamics of DNA replication fork movement in yeast telomeric regions.
Mol Cell Biol 2004; 24: 4019–31.
25. Ivessa AS, Lenzmeier BA, Bessler JB, Goudsouzian LK,
Schnakenberg SL, Zakian VA. The Saccharomyces cerevisiae
helicase Rrm3p facilitates replication past nonhistone proteinDNA complexes. Mol Cell 2003; 12: 1525–36.
26. Miller KM, Rog O, Cooper JP. Semi-conservative DNA replication through telomeres requires Taz1. Nature 2006; 440: 824–8.
27. Sfeir A, Kosiyatrakul ST, Hockemeyer D, MacRae SL, Karlseder
J, Schildkraut CL, de Lange T. Mammalian telomeres resemble
fragile sites and require TRF1 for efficient replication. Cell 2009;
138: 90–103.
28. Sen D, Gilbert W. Formation of parallel four-stranded complexes
by guanine-rich motifs in DNA and its implications for meiosis.
Nature 1988; 334: 364–6.

Brought to you by | Bibliotheek der Rijksuniversiteit
Authenticated | 129.125.213.113
Download Date | 10/8/12 11:38 AM

392

M. Chang

29. Sundquist WI, Klug A. Telomeric DNA dimerizes by formation
of guanine tetrads between hairpin loops. Nature 1989; 342:
825–9.
30. Paeschke K, Simonsson T, Postberg J, Rhodes D, Lipps
HJ. Telomere end-binding proteins control the formation of
G-quadruplex DNA structures in vivo. Nat Struct Mol Biol 2005;
12: 847–54.
31. Paeschke K, Juranek S, Simonsson T, Hempel A, Rhodes D,
Lipps HJ. Telomerase recruitment by the telomere end binding
protein- facilitates G-quadruplex DNA unfolding in ciliates. Nat
Struct Mol Biol 2008; 15: 598–604.
32. Paeschke K, Capra JA, Zakian VA. DNA replication through
G-quadruplex motifs is promoted by the Saccharomyces cerevisiae Pif1 DNA helicase. Cell 2011; 145: 678–91.
33. Crabbe L, Verdun RE, Haggblom CI, Karlseder J. Defective
telomere lagging strand synthesis in cells lacking WRN helicase
activity. Science 2004; 306: 1951–3.
34. Ding H, Schertzer M, Wu X, Gertsenstein M, Selig S, Kammori
M, Pourvali R, Poon S, Vulto I, Chavez E, Tam PP, Nagy A,
Lansdorp PM. Regulation of murine telomere length by Rtel: an
essential gene encoding a helicase-like protein. Cell 2004; 117:
873–86.
35. Kurth I, Gautier J. Origin-dependent initiation of DNA replication within telomeric sequences. Nucleic Acids Res 2010; 38:
467–76.
36. Puglisi A, Bianchi A, Lemmens L, Damay P, Shore D. Distinct
roles for yeast Stn1 in telomere capping and telomerase inhibition. EMBO J 2008; 27: 2328–39.
37. Cristofari G, Lingner J. Telomere length homeostasis requires
that telomerase levels are limiting. EMBO J 2006; 25: 565–74.
38. Marcand S, Gilson E, Shore D. A protein-counting mechanism for
telomere length regulation in yeast. Science 1997; 275: 986–90.
39. Levy DL, Blackburn EH. Counting of Rif1p and Rif2p on
Saccharomyces cerevisiae telomeres regulates telomere length.
Mol Cell Biol 2004; 24: 10857–67.
40. Shore D, Nasmyth K. Purification and cloning of a DNA binding
protein from yeast that binds to both silencer and activator elements. Cell 1987; 51: 721–32.
41. Aparicio OM, Billington BL, Gottschling DE. Modifiers of position effect are shared between telomeric and silent mating-type
loci in S. cerevisiae. Cell 1991; 66: 1279–87.
42. Sinclair DA, Guarente L. Extrachromosomal rDNA circles – a
cause of aging in yeast. Cell 1997; 91: 1033–42.
43. Guarente L. Sir2 links chromatin silencing, metabolism, and
aging. Genes Dev 2000; 14: 1021–6.
44. Austriaco NR Jr, Guarente LP. Changes of telomere length
cause reciprocal changes in the lifespan of mother cells in
Saccharomyces cerevisiae. Proc Natl Acad Sci USA 1997; 94:
9768–72.
45. Kyrion G, Liu K, Liu C, Lustig AJ. RAP1 and telomere structure
regulate telomere position effects in Saccharomyces cerevisiae.
Genes Dev 1993; 7: 1146–59.
46. Buck SW, Shore D. Action of a RAP1 carboxy-terminal silencing
domain reveals an underlying competition between HMR and
telomeres in yeast. Genes Dev 1995; 9: 370–84.
47. Marcand S, Brevet V, Gilson E. Progressive cis-inhibition
of telomerase upon telomere elongation. EMBO J 1999; 18:
3509–19.
48. Niida H, Matsumoto T, Satoh H, Shiwa M, Tokutake Y, Furuichi
Y, Shinkai Y. Severe growth defect in mouse cells lacking the
telomerase RNA component. Nat Genet 1998; 19: 203–6.
49. Counter CM, Avilion AA, LeFeuvre CE, Stewart NG, Greider
CW, Harley CB, Bacchetti S. Telomere shortening associated

with chromosome instability is arrested in immortal cells which
express telomerase activity. EMBO J 1992; 11: 1921–9.
50. Bodnar AG, Ouellette M, Frolkis M, Holt SE, Chiu CP, Morin
GB, Harley CB, Shay JW, Lichtsteiner S, Wright WE. Extension
of life-span by introduction of telomerase into normal human
cells. Science 1998; 279: 349–52.
51. Yang J, Chang E, Cherry AM, Bangs CD, Oei Y, Bodnar A,
Bronstein A, Chiu CP, Herron GS. Human endothelial cell life
extension by telomerase expression. J Biol Chem 1999; 274:
26141–8.
52. Olovnikov AM. [Principle of marginotomy in template synthesis
of polynucleotides]. Dokl Akad Nauk SSSR 1971; 201: 1496–9.
53. Watson JD. Origin of concatemeric T7 DNA. Nat New Biol
1972; 239: 197–201.
54. von Zglinicki T, Saretzki G, Döcke W, Lotze C. Mild hyperoxia
shortens telomeres and inhibits proliferation of fibroblasts: a
model for senescence? Exp Cell Res 1995; 220: 186–93.
55. von Zglinicki T, Pilger R, Sitte N. Accumulation of single-strand
breaks is the major cause of telomere shortening in human fibroblasts. Free Radic Biol Med 2000; 28: 64–74.
56. Chang M, Arneric M, Lingner J. Telomerase repeat addition
processivity is increased at critically short telomeres in a Tel1dependent manner in Saccharomyces cerevisiae. Genes Dev
2007; 21: 2485–94.
57. Lustig AJ. Clues to catastrophic telomere loss in mammals from
yeast telomere rapid deletion. Nat Rev Genet 2003; 4: 916–23.
58. Pickett HA, Cesare AJ, Johnston RL, Neumann AA, Reddel
RR. Control of telomere length by a trimming mechanism that
involves generation of t-circles. EMBO J 2009; 28: 799–809.
59. Li B, Lustig AJ. A novel mechanism for telomere size control in
Saccharomyces cerevisiae. Genes Dev 1996; 10: 1310–26.
60. Bucholc M, Park Y, Lustig AJ. Intrachromatid excision of
telomeric DNA as a mechanism for telomere size control in
Saccharomyces cerevisiae. Mol Cell Biol 2001; 21: 6559–73.
61. Bechard LH, Jamieson N, McEachern MJ. Recombination can
cause telomere elongations as well as truncations deep within
telomeres in wild-type Kluyveromyces lactis cells. Eukaryot Cell
2011; 10: 226–36.
62. Watson JM, Shippen DE. Telomere rapid deletion regulates
telomere length in Arabidopsis thaliana. Mol Cell Biol 2007; 27:
1706–15.
63. Pickett HA, Henson JD, Au AY, Neumann AA, Reddel RR.
Normal mammalian cells negatively regulate telomere length by
telomere trimming. Hum Mol Genet 2011; 20: 4684–92.
64. Gilson E, Roberge M, Giraldo R, Rhodes D, Gasser SM. Distortion of the DNA double helix by RAP1 at silencers and multiple
telomeric binding sites. J Mol Biol 1993; 231: 293–310.
65. Hardy CF, Sussel L, Shore D. A RAP1-interacting protein
involved in transcriptional silencing and telomere length regulation. Genes Dev 1992; 6: 801–14.
66. Wotton D, Shore D. A novel Rap1p-interacting factor, Rif2p, cooperates with Rif1p to regulate telomere length in Saccharomyces
cerevisiae. Genes Dev 1997; 11: 748–60.
67. Ancelin K, Brunori M, Bauwens S, Koering CE, Brun C, Ricoul
M, Pommier JP, Sabatier L, Gilson E. Targeting assay to study
the cis functions of human telomeric proteins: evidence for inhibition of telomerase by TRF1 and for activation of telomere degradation by TRF2. Mol Cell Biol 2002; 22: 3474–87.
68. Hirano Y, Fukunaga K, Sugimoto K. Rif1 and rif2 inhibit localization of tel1 to DNA ends. Mol Cell 2009; 33: 312–22.
69. Craven RJ, Petes TD. Dependence of the regulation of telomere length on the type of subtelomeric repeat in the yeast
Saccharomyces cerevisiae. Genetics 1999; 152: 1531–41.

Brought to you by | Bibliotheek der Rijksuniversiteit
Authenticated | 129.125.213.113
Download Date | 10/8/12 11:38 AM

Long telomeres: too much of a good thing

70. Sabourin M, Tuzon CT, Zakian VA. Telomerase and Tel1p
preferentially associate with short telomeres in S. cerevisiae. Mol
Cell 2007; 27: 550–61.
71. Mallory JC, Petes TD. Protein kinase activity of Tel1p and
Mec1p, two Saccharomyces cerevisiae proteins related to the
human ATM protein kinase. Proc Natl Acad Sci USA 2000; 97:
13749–54.
72. Singer BS, Gold L, Gauss P, Doherty DH. Determination of the
amount of homology required for recombination in bacteriophage T4. Cell 1982; 31: 25–33.
73. Watt VM, Ingles CJ, Urdea MS, Rutter WJ. Homology requirements for recombination in Escherichia coli. Proc Natl Acad Sci
USA 1985; 82: 4768–72.
74. Shen P, Huang HV. Homologous recombination in Escherichia
coli: dependence on substrate length and homology. Genetics
1986; 112: 441–57.

393

75. Jinks-Robertson S, Michelitch M, Ramcharan S. Substrate
length requirements for efficient mitotic recombination in
Saccharomyces cerevisiae. Mol Cell Biol 1993; 13: 3937–50.
76. Rubnitz J, Subramani S. The minimum amount of homology
required for homologous recombination in mammalian cells.
Mol Cell Biol 1984; 4: 2253–8.
77. Liskay RM, Letsou A, Stachelek JL. Homology requirement
for efficient gene conversion between duplicated chromosomal
sequences in mammalian cells. Genetics 1987; 115: 161–7.
78. Chang M, Dittmar JC, Rothstein R. Long telomeres are preferentially extended during recombination-mediated telomere maintenance. Nat Struct Mol Biol 2011; 18: 451–6.

Received March 20, 2012; accepted April 10, 2012

Michael Chang received his
PhD degree at the University
of Toronto in 2005 under the
supervision of Dr. Grant W.
Brown, studying DNA damage response pathways using
high-throughput functional
genomics. After his PhD, he
took a position at the Swiss
Institute for Experimental
Cancer Research in Lausanne
as a postdoctoral fellow
in the lab of Dr. Joachim
Lingner, whose research is focused on telomerase and chromosome end replication. In 2008, Michael moved to the lab
of Dr. Rodney Rothstein at the Columbia University Medical
Center in New York, where he continued to study factors
that regulate telomerase as well as telomerase-independent
mechanisms of telomere maintenance. In 2011, he joined the
European Research Institute for the Biology of Ageing in the
Netherlands as an Assistant Professor. Work in his lab focuses
on telomere maintenance and genome integrity as it relates to
cancer and aging.

Brought to you by | Bibliotheek der Rijksuniversiteit
Authenticated | 129.125.213.113
Download Date | 10/8/12 11:38 AM

