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Telomeres, the physical ends of  chromosomes, have been puzzling scientists since the late 
1930s. In 1927, Hermann J. Muller discovered that ionizing radiation produced mutations 
throughout the genome, and that the number of  lesions generated increased proportionally 
with the applied dose (Muller, H. J., 1927). Strikingly, he also noticed that such mutations 
were absent at the chromosome ends (Muller, H. J., 1938). He reasoned that chromosome 
ends were somehow protected and he named that protective cap “telomere”, from the 
Greek terms telos (end) and meros (part). Barbara McClintock also made a major discovery: 
she found that chromosomes became sticky and fused to other chromosomes when their 
very end portion was missing, thus generating dicentric chromosomes that would then 
undergo what she described as breakage-fusion-bridge cycles (McClintock, 1941). These 
were the first discoveries that founded the telomere research field.

About 30 years later, Alexey Olovnikov and James D. Watson defined what is 
known as the end replication problem (Watson, 1972; Olovnikov, 1973), which describes 
how, due to the 5′ to 3′ directionality of  DNA polymerases, the two DNA strands need 
to be synthesized differently: while the leading strand is replicated continuously, the 
lagging strand is replicated discontinuously. The replication of  the lagging strand needs a 
short RNA primer to begin, that will be later removed, when the Okazaki fragments are 
processed. The removal of  this short sequence generates a 3′ single-stranded overhang 
in the lagging strand, which is a characteristic of  all telomeres. However, the replication 
of  the leading strand finishes with a blunt end that needs to be processed to generate the 
overhang, which leads to a loss of  sequence in the template strand (Hug and Lingner, 2006). 
Olovnikov and Watson realized that such loss of  DNA sequence would lead to incomplete 
chromosome replication and, therefore, cause chromosome shortening and decreased 
cell viability. Olovnikov even suggested that chromosome shortening could be linked to 
the life span of  somatic cells (Olovnikov, 1973), which turned out to be an extremely 
accurate prediction. In 2009, Elizabeth H. Blackburn, Carol W. Greider and Jack W. Szostak 
uncovered the solution to the problem postulated by Olovnikov and Watson and shared a 
Nobel Prize “for the discovery of  how chromosomes are protected by telomeres and the 
enzyme telomerase”.

This introductory chapter aims to provide a general overview on telomere biology. 
Due to the breadth of  this field, only the aspects that are most relevant to the experimental 
chapters will be discussed, with a focus on Saccharomyces cerevisiae as a model. The easy 
manipulation and powerful genetic tools available make budding yeast convenient for 
telomere research and allow the uncovering of  extensive molecular details. Importantly, 
the basic functions carried out by telomeres and telomerase are conserved among most 
eukaryotes, as well as the telomere architecture, making possible the transfer of  knowledge 
from yeast to more complex organisms, including humans, which will be also discussed. 
In addition, there will be an introduction to G-quadruplexes in the context of  telomeres, 
which is pertinent for the contextualization of  the last experimental chapter. 
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Telomeres are required to protect chromosomes from fusing to other chromosomes, 
from degradation by nuclease activity and from shortening due to incomplete replication 
(Ferreira et al., 2004). Telomere shortening is counteracted by the reverse transcriptase 
telomerase (Greider and Blackburn, 1985). Telomerase is a holoenzyme composed of  
various subunits. Upon mutation of  any subunit of  telomerase, S. cerevisiae telomeres will 
shorten at about 3-4 nucleotides per cell cycle (Marcand et al., 1999), until critically eroded 
telomeres trigger senescence (Lundblad and Szostak, 1989; Lendvay et al., 1996).

 In S. cerevisiae, Est2 is the catalytic subunit (Lingner et al., 1997) and TLC1 is the 
RNA component of  telomerase, which contains a short stretch that templates telomere 
extension by iterative reverse transcription (Singer and Gottschling, 1994). Telomerase 
is recruited to the telomere through the telomerase recruitment domain of  the single-
stranded telomeric DNA binding protein Cdc13, which binds to the telomerase subunit 
Est1 (Nugent et al., 1996; Qi and Zakian, 2000; Pennock et al., 2001). 

1.1. Structure of  telomeres

S. cerevisiae telomeres consist of  300±75 base pair-long sequence composed of  degenerated 
repeats that have the consensus sequence (TG)0-6TGGGTGTG(G)0-1 (Forstemann and 
Lingner, 2001). Most of  the telomere is double stranded, followed by a 12-15 nucleotide-
long single-stranded overhang at the 3′ end (Larrivée et al., 2004). The overhang can reach 
more than 30 nucleotides in length during S phase as a result of  nuclease-dependent 
C-strand degradation (Wellinger et al., 1993). Overall, the double-stranded telomeric DNA 
is coated by the Rap1 protein whereas the single-stranded DNA is bound by the CST 
complex. A more detailed description of  the protein composition of  yeast telomeres will 
be provided in the next section. 

There are two types of  telomere-associated subtelomeric elements, namely X 
and Y′. All telomeres contain X elements, whereas Y′ elements can be found from 1 to 
4 copies in about half  of  the chromosome ends, depending on the strain background. 
When both elements are present in a given telomere, X is centromere-proximal and Y′ is 
located right before the telomeric sequence. X elements are heterogeneous in size, while 
Y′ elements can be found only in two sizes (6.7 kb and 5.2 kb). Both Y′ and X elements 
contain autonomously replicating sequences (ARS), which likely contribute to the frequent 
recombination events and to the dynamism that is characteristic of  the subtelomeric 
sequences (Horowitz et al., 1984). The subtelomeric regions have a low histone content and 
are transcriptionally repressed. This is mainly achieved by the silencing protein complex, 
which will be later described. Besides being a transition area between euchromatic and 
heterochromatic regions, subtelomeres are also bound by multiple transcription factors. 
For example, some vertebrate-like telomeric repeats (TTAGGG) are found between with 
Y′ and X elements and are bound by the essential transcription factor Tbf1 (Brigati et al., 
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1993), which has implications for telomere biology that will be discussed in the following 
section. 

1.2. Protection of  Saccharomyces cerevisiae telomeres 

Multiple proteins and protein complexes bind or associate to telomeres. In this section, 
the most relevant proteins for the experimental chapters that follow will be discussed. For 
clarity, they will be classified as single-stranded telomeric DNA binding proteins, double-
stranded telomeric DNA binding proteins and telomere-associated proteins.   

1.2.1. Single-stranded telomeric DNA binding proteins

The CST complex (Cdc13, Stn1 and Ten1) is found at the single-stranded telomeric DNA 
and caps telomeres during late S phase and G2/M (Vodenicharov and Wellinger, 2006). 
Cdc13 is an essential telomere capping protein that binds directly to the chromosome ends 
in vitro (Lin and Zakian, 1996) and in vivo (Bourns et al., 1998). The N-terminal domain of  
Cdc13 is important for dimerization and interacts with Pol1, the catalytic subunit of  Polα 
(Qi and Zakian, 2000; Sun et al., 2011), to promote the synthesis of  the C strand. Cdc13 also 
has a telomerase recruitment domain that binds to Est1 (Nugent et al., 1996; Qi and Zakian, 
2000; Pennock et al., 2001), an OB2 domain that is important for homodimerization and 
for proper association to Stn1 (Mason et al., 2013) and a ssDNA binding domain (Hughes 
et al., 2000). Cdc13 is therefore needed for telomere protection, telomerase recruitment 
and C-strand fill-in. 

Stn1 interacts through its C-terminal domain both with Cdc13, to inhibit telomerase 
recruitment (Grandin et al., 2000; Chandra et al., 2001), and with Pol12 (Puglisi et al., 
2008), a subunit of  Polα. Stn1 also interacts with Ten1 through its N-terminal domain. This 
interaction is thought to be essential for the capping function of  Stn1 and important to 
counteract Stn1-dependent telomerase inhibition (Grandin et al., 2001; Puglisi et al., 2008).

The protection of  the chromosomal DNA is the essential function of  telomeres 
and is primarily achieved by the CST complex, by inhibiting nuclease-dependent 
degradation. Mutation of  any of  the CST complex members leads to excessive C-strand 
degradation and ssDNA accumulation (Garvik et al., 1995; Grandin et al., 1997, 2001). 
This has been well studied in the temperature sensitive cdc13-1 mutant, which carries a 
point mutation in the OB2 domain of  Cdc13 that disrupts a nuclear localisation signal, thus 
inhibiting nuclear import (Mersaoui et al., 2018). cdc13-1 telomeres are unprotected and 
suffer elevated C-strand resection, which provokes increasing amount of  G-rich ssDNA. 
This results in Mec1/Rad53/Rad9-dependent checkpoint activation and cell cycle arrest at 
G2/M (Garvik et al., 1995). 

 In summary, the members of  the CST complex are important for telomerase 
regulation (both positive, through Cdc13-Est1 interaction, and negative, via Stn1 binding), 
telomere protection and C-strand synthesis promotion. 
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Rap1 (repressor activator protein 1) is the major telomeric dsDNA binding protein. It has 
been estimated to bind every 18 nucleotides (Gilson et al., 1993), with two tandemly arranged 
domains, to the ACACC motif  within the consensus sequence 5′-ACACCCACACACC-3′ 
(König and Rhodes, 1997), where the core CCC motif  is critical for its binding (Graham 
and Chambers, 1994). Rap1 is an essential transcription factor that regulates hundreds 
of  genes besides its telomeric function, but only its function regarding telomeres will be 
discussed in this work. At telomeres, Rap1 interacts with two different protein complexes 
through its C-terminal domain:

a) Rif1 and Rif2 (Rap1 interacting factors 1 and 2) are primarily recruited to the 
chromosome ends through Rap1 (Hardy et al., 1992; Wotton and Shore, 1997; 
Shi et al., 2013), although Rif1 is also able to bind DNA on its own (Mattarocci 
et al., 2017). Telomere-bound Rap1-Rif1-Rif2 negatively regulate telomerase and 
mutation of  the Rap1 C-terminal domain results in very long telomeres (Sussel 
and Shore, 1991; Kyrion et al., 1992; Liu et al., 1994). However, Rif1 and Rif2 have 
only partially overlapping functions. There are differences on where they bind 
(Rif1 binds centromere proximal whereas Rif2 is located towards the distal end of  
the telomeres, Sabourin et al., 2007; McGee et al., 2010) and, although deletion of  
either provokes telomeres to lengthen, the effect is much stronger when RIF1 is 
knocked out (Wotton and Shore, 1997). In G1 and early S phase, Rap1 recruitment 
of  Rif2 is required for telomere protection to inhibit the resection activity of  the 
MRX complex and Tel1 (Bonetti et al., 2010). Rif1 has a minor role because its 
absence only generates a slight increase in telomeric ssDNA (Bonetti et al., 2010), 
but it becomes more important for telomere capping when Cdc13 is affected 
(Anbalagan et al., 2011). Besides protecting against resection of  the chromosomal 
DNA, Rap1-Rif1-Rif2 are important to inhibit homologous recombination 
(Negrini et al., 2007). In addition, Rap1 and Rif2 inhibit non-homologous end 
joining (NHEJ) to prevent telomere-telomere fusions; however, deletion of  RIF1 
has no effect on NHEJ (Marcand et al., 2008).

b) Rap1 also recruits the Sir complex (silent information regulator) through its 
C-terminal domain. Sir3 and Sir4 directly bind to Rap1 (Moretti et al., 1994; 
Moretti and Shore, 2001), whereas Sir2 is recruited via interaction with Sir4. The 
Sir complex is responsible for the establishment and spread of  the transcriptionally 
repressed state of  the telomere-proximal regions, also known as telomere position 
effect (TPE) (Aparicio et al., 1991; Liu et al., 1994; Moretti et al., 1994). The 
Sir complex is also important for NHEJ inhibition: deletion of  SIR4 results in 
increased telomere-telomere fusions, although deletion of  SIR2 or SIR3 has only 
a mild effect (Marcand et al., 2008).
The central domain of  Rap1 also inhibits NHEJ, but in a Rif2- and Sir4-independent 

manner. The fact that Rap1 inhibits NHEJ via three independent pathways illustrates how 
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deleterious is to suffer telomere fusions.  
The yeast Ku complex (Yku) is a heterodimer with two subunits, Yku70 and Yku80. 

Although Yku binds to telomeres, it is essential for DNA repair via NHEJ (reviewed in 
Daley et al., 2005), which is counterintuitive as it could promote telomere-telomere fusions. 
Even though some of  the functions of  the Yku complex are associated with the very distal 
end of  the telomere, Yku binds to the transition region between the subtelomere and 
the telomeric tract (Larcher et al., 2016). Besides directly binding to DNA, Yku80 is also 
recruited to the telomere through protein-protein interaction with Sir4 (Roy et al., 2004), 
which has been suggested to be a telomerase recruitment pathway (Hass and Zappulla, 
2015) and is in line with the ability of  Yku to bind the telomerase RNA subunit TLC1 
(Stellwagen et al., 2003). In agreement with this, deletion of  either YKU70 or YKU80 results 
in extremely short telomeres (Boulton and Jackson, 1998), highlighting the function of  Yku 
on telomere homeostasis maintenance. Yku is also necessary for telomere silencing, as 
shown by the classical 5-FOA silencing assay (Boulton and Jackson, 1998) and for telomere 
protection against nucleolytic resection, especially near the telomere tract (Bonetti et al., 
2010).

Rap1
Rif1 Rif2

Rap1
Rif1 Rif2

Rap1 Rap1
Rif1

Rap1
Rif1

Rap1

Rif2Sir3 Sir4

Sir2

Cdc13
Stn1 Ten1

Est3
Est2Est1

NHEJ

Ku

NHEJ
 Figure 1. Saccharomyces cerevisiae telomere binding proteins and their main functions. 

1.2.3. Telomere-associated proteins

The 3′ overhang of  the G strand is an essential feature of  telomeres. The final product after 
replication of  the leading strand is a blunt-ended DNA molecule; thus, post-replication 
degradation of  the C strand is necessary to generate such overhang. The MRX complex 
(Mre11, Rad50 and Xrs2), together with Sae2, is in charge of  the C-strand resection (Larrivée 
et al., 2004). Remarkably, the proteins involved in telomere resection also participate in 
DSB processing to generate a ssDNA overhang that will be coated by RPA (replication 
protein A) before proceeding with repair. The fact that proteins involved in DSB repair 
also act at telomeres is counterintuitive, because it is essential for cell viability to ensure the 
inhibition of  the DNA damage checkpoint response at telomeres. The Yku complex, the 
CST complex and Rap1-Rif2 are in charge of  inhibiting excessive telomeric resection. For 
instance, yku and cdc13-1 mutants show excessive resection and accumulate ssDNA, which 
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can be rescued by further deletion of  the exonuclease-encoding EXO1 gene (Maringele 
and Lydall, 2002). The MRX complex is also involved in telomere length regulation and 
deletion of  any of  its components results in short although stable telomeres (Boulton and 
Jackson, 1998).

Tel1 and Mec1 are the yeast homologs of  ATM (ataxia-telangiectasia mutated) 
and ATR (ATM-Rad3-related), respectively. Tel1 is an important promoter of  telomerase 
activity, as demonstrated by the very short telomeres of  tel1Δ cells (Greenwell et al., 1995). 
In contrast, deletion of  MEC1 has a mild effect on telomere length (Ritchie et al., 1999). 
Tel1 preferentially binds short telomeres in a Xrs2-dependent manner and it is required 
to recruit telomerase to the shortest telomeres (Hector et al., 2007; Sabourin et al., 2007) 
and to increase telomerase processivity at those short telomeres (Chang et al., 2007). The 
preferential lengthening of  the shortest telomeres (Teixeira et al., 2004) is lost in absence 
of  TEL1 at telomeres lacking the subtelomeric region (Arnerić and Lingner, 2007). Mec1 
is a checkpoint kinase that binds RPA-coated ssDNA generated after resection of  a DSB 
(Zou and Elledge, 2003). At telomeres, Cdc13 inhibits DNA damage checkpoint activation 
by preventing Mec1 binding, although it does not affect Tel1 (Hirano and Sugimoto, 2007; 
Zhang and Durocher, 2010). 

Tbf1 (TTAGGG binding factor 1) is an essential transcription factor that binds to 
subtelomeric sequences. Tbf1 is a negative regulator of  telomere length. Tethering Tbf1 to 
the telomeres by introducing Tbf1 binding sites results in telomere shortening (Berthiau 
et al., 2006) and it acts in parallel to Tel1 to promote the preferential lengthening of  short 
telomeres (Arnerić and Lingner, 2007). Tbf1 binding sites placed next to 81 base pairs of  
telomeric sequence, considered short telomeres, decrease Mre11 and Tel1 association to 
those ends. Therefore, Tbf1 is proposed to inhibit the MRX complex and Tel1 at short 
telomeres (Fukunaga et al., 2012). Moreover, Tbf1 was found to protect short telomeres by 
inhibiting checkpoint activation (Fukunaga et al., 2012).

Pif1 is a helicase that has a mitochondrial and a nuclear function that can be 
distinguished by separation-of-function mutants, where either the first (pif1-m1) or the 
second (pif1-m2) methionine is mutated. The mitochondrial function is disrupted in the 
pif1-m1 mutant, resulting in an increase in “petite” cells, which are respiratory deficient. The 
nuclear function is disrupted in the pif1-m2 mutant. At telomeres, Pif1 negatively regulates 
telomerase using its helicase activity to unwind and displace the DNA/RNA hybrid formed 
by the chromosomal DNA and the telomerase RNA subunit TLC1. Both pif1Δ and pif1-m2 
mutants result in long telomeres (Schulz and Zakian, 1994). Pif1 is also important to inhibit 
telomerase at DSBs through Mec1-dependent phosphorylation (Makovets and Blackburn, 
2009). Although Pif1 inhibits telomerase both at telomeres and at DSBs, the behaviour of  
two Pif1 phosphorylation mutants suggests that Pif1 is differently regulated at these two 
sites. The unphosphorylatable pif1-4A fails to inhibit telomerase addition at DSBs, whereas 
the phosphomimetic pif1-4D does inhibit telomerase at DSBs; however, both pif1-4A and 
pif1-4D have wild-type length telomeres (Makovets and Blackburn, 2009). 
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1.3. Regulation of  telomere length

Telomere length homeostasis maintenance is a complex and tightly regulated process. More 
than 350 essential and non-essential yeast genes have been described to affect telomere 
length (Askree et al., 2004; Gatbonton et al., 2006; Ungar et al., 2009). Semiconservative 
DNA replication is followed by the nucleolytic processing of  the 5′ end of  the leading 
strand, which leads to telomere sequence loss. To reverse telomere shortening, the reverse 
transcriptase telomerase adds telomeric repeats to the G-rich strand. In this way, the G 
strand will be used as a template to fill-in the C strand and maintain a stable telomere 
length. Telomerase, however, does not act on every telomere in every cell cycle. The 
shortest telomeres are the preferred target of  telomerase and the probability of  extending 
a certain telomere is inversely correlated with its length (Teixeira et al., 2004); this holds 
true in mice (Hemann et al., 2001) as well as in human cells (Britt-Compton et al., 2009). 
Ensuring that the shortest telomeres are elongated is critical for cell viability, as one or 
a few critically short telomeres are enough to drive senescence in S. cerevisiae (Xu et al., 
2013), mice (Hemann et al., 2001) and human cells (Kaul et al., 2012). This is in line with 
the proposed mechanism for telomere length maintenance, the so-called protein counting 
model (Marcand et al., 1997). This model predicts that the telomere-bound Rap1, together 
with Rif1 and Rif2, negatively regulate telomerase activity according to telomere length 
(Marcand et al., 1997; Levy and Blackburn, 2004). So, the longer a given telomere is, the 
more Rap1-Rif1-Rif2 is bound and the stronger the inhibition of  telomerase is. Inversely, 
at short telomeres there is less Rap1-Rif1-Rif2, making the inhibition of  telomerase much 
weaker and rendering short telomeres available for telomerase activity. Another possible 
telomere length maintenance mechanism is the replication fork model (Greider, 2016), 
which suggests that telomerase travels through the DNA molecule together with the 
replisome. At longer telomeres, telomerase would have a longer way to reach the end of  
the chromosome and, thus, an increased probability of  falling from the replisome, making 
extension of  long telomeres less likely. At short telomeres, the replisome and telomerase 
would have a shorter distance to travel, and telomerase would more likely reach the end.  

1.3.1. Telomere length regulation by homologous recombination mechanisms 

Telomerase-deficient cells shorten their telomeres with each cell division, leading to a non-
proliferative state called senescence. A small subset of  the senescent cells can overcome 
this state by lengthening their telomeres through recombination-dependent mechanisms, 
to form so-called survivors (Lundblad and Blackburn, 1993). Two main types of  survivors 
can emerge: type I and type II. Type I survivors amplify the subtelomeric Y′ elements 
while type II survivor telomeres are extended by amplification of  the terminal telomeric 
repeats (Lundblad and Blackburn, 1993; Teng and Zakian, 1999); the latter resemble most 
human ALT cancer cells (alternative lengthening of  telomeres) (Bryan et al., 1997). Type I 
survivors occur more frequently but grow slow, while type II survivors are rare but grow 
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fast. The genetic requirements for the two types of  survivors vary. Although Rad52 and 
Pol32 are required for the formation of  both types of  survivors (Lundblad and Blackburn, 
1993; Lydeard et al., 2007), type I survivors also require Rad51, Rad54, Rad55 and Rad57 
while type II survivors need Rad59, Mre11, Rad50, Xrs2 and Sgs1 (Le et al., 1999; Chen et 
al., 2001; Huang et al., 2001; Johnson et al., 2001).

1.4. Transcription at telomeres: telomere position effect and TERRA

Telomeres are heterochromatic regions and genes located nearby telomeres are 
transcriptionally silenced. This phenomenon is known as the telomere position effect 
(TPE). The Sir complex, also required for transcriptional repression of  the mating type 
loci, and the Ku complex are essential to promote TPE (Aparicio et al., 1991; Boulton 
and Jackson, 1998). TPE is often studied by inserting artificial markers in the subtelomeric 
region. However, the insertion of  the marker often entails the deletion of  the subtelomeric 
sequences that are normally found at native telomeres, which leads to differences between 
native and modified telomeres (Pryde and Louis, 1999). At artificial telomeres, the strongest 
repression starts at the telomere tracts and spreads towards the subtelomeric regions, while 
not all native ends are equally silenced (Pryde and Louis, 1999). The spreading of  the 
repressed state occurs as a consequence of  the interactions between Sir3 and Sir4 with the 
histones H3 and H4 (Hecht et al., 1995). Sir2 is also important for TPE spreading due to 
its histone deacetylase activity, since acetylation decreases the interaction between Sir3 and 
Sir4 and the histones (Hoppe et al., 2002; Xu et al., 2007). At native telomeres, the strongest 
repression is found adjacent to the ARS of  the core X element (Pryde and Louis, 1999).

The first silencing experiments were performed by placing a marker near the 
telomeric region. For example, URA3 expression from its endogenous locus is lethal when 
cells are grown on 5-fluoroorotic acid (5-FOA), but when the URA3 marker was placed in 
the subtelomere of  the left arm of  chromosome VII, cells could grow on 5-FOA because 
TPE repressed URA3 expression (Gottschling et al., 1990). Telomeric silencing was shown 
to be reversible using the same approach but introducing an ADE2 marker instead. ADE2 
cells form white colonies, while ade2 cells form red colonies due to an accumulation of  
red pigment. When the ADE2 marker was placed near the VII-L telomere, ADE2 was 
silenced and yeast colonies became red. However, some sectors of  the colonies would 
spontaneously become white, showing that the silent state is reversible (Gottschling et al., 
1990). 

Even though the use of  the URA3 marker led to the discovery of  the TPE, it is not 
an infallible method. Mutation of  some genes previously thought to be involved in telomere 
silencing, like DOT1 (disruptor of  telomeric silencing 1) and POL30 (PCNA), were latter 
shown to result in death on 5-FOA as a consequence of  an imbalance of  ribonucleotide 
reductase (RNR), and not because the subtelomere was desilenced (Rossmann et al., 2011), 
although it does not apply to all silencing-related genes (Poon and Mekhail, 2012). Silencing 
should be therefore assessed by more than one method if  using selection methods with 
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artificial reporters or, preferably, by direct measurement of  RNA expression levels.  
Although telomeres are considered transcriptionally silent, a long non-coding 

RNA is transcribed from the subtelomeric region: the telomeric repeat-containing RNA 
or TERRA (Azzalin et al., 2007). TERRA is transcribed by the RNA polymerase II (Luke 
et al., 2008) and contains subtelomeric and telomeric sequences. Induction of  TERRA 
transcription results in telomere shortening in S. cerevisiae (Pfeiffer and Lingner, 2012). 
Rap1 is an important negative regulator of  TERRA transcription because it recruits the 
Sir complex, Rif1 and Rif2, which all contribute to TERRA inhibition, probably through 
transcriptional repression. The Sir complex inhibits TERRA transcribed from X telomeres, 
and Rif1 and, to a lesser extent, Rif2, inhibit both X and Y′ TERRA (Iglesias et al., 2011). 
TERRA is cell cycle regulated, with a peak early in S phase (Graf  et al., 2017) and is 
degraded by the 5′ to 3′ exonuclease Rat1 in late S phase (Luke et al., 2008). This is thought 
to help the replisome advance through the telomere. At short telomeres there is no Rat1-
dependent degradation of  TERRA. The accumulation of  TERRA at short telomeres could 
promote homology-directed repair by R-loop (DNA/RNA hybrid) formation to delay 
premature senescence (Balk et al., 2013; Graf  et al., 2017). 

1.5. Biology of  mammalian telomeres

Human telomeres perform essentially the same functions that yeast telomeres do, although 
the proteins involved in such functions slightly differ. In this section, the most relevant 
aspects of  human telomeres will be discussed. 

1.5.1. Telomere structure and composition of  the shelterin complex

Human telomeres consist of  up to 15 kb of  TTAGGG tandem repeats that end in a 3′ 
single-stranded overhang that can reach different lengths (Cimino-Reale et al., 2001). The 
human telomeric protein complex is named shelterin and is composed of  six proteins 
(de Lange, 2005): Trf1 and Trf2 (telomeric repeat-binding factors 1 and 2), Rap1 (Trf2-
interacting factor repressor and activator protein 1), Tin2 (Trf1-interacting nuclear protein 
2), Pot1 (protection of  telomeres 1) and Tpp1 (Pot1- and Tin2-interacting protein). Trf1 
and Trf2 directly bind the double-stranded telomeric DNA, Pot1 binds the single-stranded 
overhang and Tin2 and Tpp1 act as bridging proteins to connect the two complexes. Trf1 
and Trf2 take over the task of  Rif1 and Rif2 as negative regulators of  telomerase and 
telomere fusion inhibitors, while Pot1 and Tpp1 protect the single-stranded telomeric 
DNA like yeast CST does.

Just like in budding yeast, the shelterin complex regulates telomere length and 
protects the chromosome ends by inhibiting the DNA damage response. Trf2 inhibits 
NHEJ and ATM-dependent signalling (van Steensel et al., 1998; Karlseder et al., 1999). 
Pot1 inhibits ATR-dependent signalling (Denchi and de Lange, 2007) and, together with 
Rap1, homologous recombination-mediated sister chromatid exchange (Sfeir et al., 2010). 
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Loss of  Trf2 results in ATM and Chk2 phosphorylation but does not affect ATR status. 
Similarly, loss of  Pot1 results in ATR and Chk1 phosphorylation, but does not affect ATM 
signalling (de Lange, 2009). These two pathways are therefore independent, which illustrates 
the importance of  DNA damage inhibition at chromosome ends. Trf2 is important for the 
formation of  t-loops, structures formed by invasion of  the duplex strand by the telomeric 
ssDNA 3′ overhang, which is thought to be the mechanism by which Trf2 inhibits ATM 
and NHEJ (Griffith et al., 1999). The invasion of  the single-stranded overhang within 
the duplex DNA would keep the chromosome end physically inaccessible for checkpoint 
signalling proteins. The inhibition of  ATR might be achieved when Pot1 and Tpp1 are 
recruited via Tin2 to cover the ssDNA and keep it inaccessible for RPA (Takai et al., 2011). 
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Figure 2. Components of  the human shelterin complex and their main functions.

A new protein complex, the shieldin complex, has been very recently described 
to be involved in telomere protection. A proximity-based mass spectrometry approach 
to identify neighbouring proteins of  53BP1 first identified RINN1, the REV7-interacting 
novel NHEJ regulator 1 (Gupta et al., 2018). RINN1 is the first member of  the shieldin 
complex, consisting of  REV7 and RINN1-3 or SHLD1-3 (Gupta et al., 2018). The shieldin 
complex has also been identified by screening mutants that conferred resistance to PARP 
inhibitor-treated BRCA1-mutant cells (Dev et al., 2018), by looking for mutants that 
reactivated homologous recombination in BRCA1-deficient cells (Noordermeer et al., 2018) 
and by seeking for interaction partners of  REV7 (Ghezraoui et al., 2018). All these studies 
converged to the conclusion that the shieldin complex promotes NHEJ and is responsible 
for the poor homologous recombination-dependent repair seen in BRCA1-deficient cells. 
Specifically, using Tpp1-deficient telomeres as a model for DSB resection, the inhibition 
of  DSB resection in BRCA mutants has been proposed to be achieved in an analogous 
manner to telomeres: at telomeres, Tpp1 and Pot1 recruit the CST complex and Polα to 
fill-in the C strand while, at DSBs, the 53BP1 and shieldin proteins are responsible for the 
localisation of  CST and Polα to the damaged site, where the resected strand will be filled-
in while impeding Rad51 loading and, therefore, inhibiting homologous recombination 
and promoting NHEJ (Mirman et al., 2018). The discovery of  the shieldin complex has 
important implications for human health, since tumours that acquired resistance to PARP 
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inhibitors have impaired shieldin proteins (Dev et al., 2018). 

1.5.2. Regulation of  telomere length

Given the high affinity of  the shelterin complex for telomeric repeats, shelterin is thought 
to be required for telomerase recruitment as a way to ensure telomerase addition only 
at chromosome ends. Tin2-bound Tpp1 is responsible for telomerase recruitment and 
processivity via interaction through its OB-fold domain to the reverse transcriptase 
telomerase (Abreu et al., 2010; Nandakumar et al., 2012; Zhong et al., 2012). Interestingly, 
the yeast telomerase subunit Est3 has been found to associate to the telomerase complex 
through an OB-fold domain that shares similarities with the Tpp1 OB-fold domain (Lee 
et al., 2008; Yu et al., 2008; Lue et al., 2013), suggesting that these two proteins might be 
homologs. 

Analogous to yeast, telomere length homeostasis is regulated by the protein 
counting model, where the abundance of  telomere-bound Trf1 and Trf2 is proportional 
to telomere length (Smogorzewska et al., 2000). Because Trf1 and Trf2 are negative 
regulators of  telomerase, the longer the telomere, the stronger the inhibition of  telomerase. 
Overexpression of  both Trf2 and Trf1 results in telomere shortening, while expression 
of  a dominant-negative mutant allele of  TRF1 causes telomere lengthening (van Steensel 
and de Lange, 1997; Smogorzewska et al., 2000). Moreover, the absence of  Trf1 provokes 
replication fork stalling and it has been therefore proposed to promote telomere replication 
by association with helicases (Sfeir et al., 2009). 

Besides the shelterin complex, there is an important protein involved in telomere 
length regulation: TZAP (telomeric zinc-finger associated protein). TZAP is a telomere-
specific protein that binds telomeres independently of  the shelterin complex, as shown by 
the absence of  interaction between TZAP and the members of  the shelterin complex and 
by its binding to telomeres in shelterin-free cells (Li et al., 2017). TZAP has been shown to 
compete with Trf1 and Trf2 and to bind preferentially at long telomeres, where there is a 
lower concentration of  shelterin (Li et al., 2017). TZAP bound to long telomeres triggers 
telomere shortening, providing a mechanism to limit telomere elongation (Li et al., 2017).

Like yeast survivors, human telomerase-negative cells can also extend their 
chromosome ends by a recombination-dependent mechanism, also known as alternative 
lengthening of  telomeres (ALT), giving rise to telomeres heterogeneous in length (Dunham 
et al., 2000).   

1.5.3. Transcription of  human telomeres: telomere position effect and TERRA

Human telomeric chromatin also has the ability to repress nearby located genes (Baur et al., 
2001; Koering et al., 2002). Heterochromatic marks like trimethylation of  H3K9 and H4K20 
are found in mammalian telomeres (Gonzalo et al., 2006). Protein HP1, which has high 
affinity for the trimethylated H3K9 and is required for the compaction of  the chromatin, 
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is also enriched at telomeres (Lachner et al., 2001). Interestingly, telomere position effect is 
regulated by telomere length: telomere lengthening caused by overexpression of  the reverse 
transcriptase telomerase increases transcriptional repression, and telomere shortening as 
a consequence of  Trf1 overexpression results in decreased repression (Baur et al., 2001; 
Koering et al., 2002). Conversely, TRF1 and TRF2 knockdowns, both causing telomere 
lengthening, result in TERRA upregulation and H3K9 trimethylation (Porro et al., 2014). 

The long non-coding RNA TERRA that is transcribed by the RNA polymerase 
II from the subtelomere was first described in human cells (Azzalin et al., 2007). A recent 
study in human cells showed that only ~20% of  TERRA foci colocalizes with telomeres, 
suggesting that TERRA might be found at other genomic locations (Chu et al., 2017). 
Indeed, although strongly enriched at telomeres, the majority of  TERRA binding was 
found to occur at intergenic regions and introns (Chu et al., 2017). Moreover, the chromatin 
remodeler ATRX was found to oppose TERRA at shared binding regions and to compete 
with TERRA for telomeric DNA binding (Chu et al., 2017). TERRA knockdown resulted 
in a 2-fold upregulation of  telomerase activity and increased γH2AX foci formation, 
suggesting that TERRA negatively regulates telomerase activity and protects telomere 
integrity (Chu et al., 2017). 

2. G-QUADRUPLEXES 

G-quadruplexes were first described more than 50 years ago (Gellert et al., 1962), when 
concentrated solutions of  guanylic acid were found to form gels. G-quadruplexes are highly 
stable secondary structures that can be formed within G-rich sequences of  DNA and/or 
RNA molecules. A G-quartet is formed by a planar arrangement of  four hydrogen-bound 
guanines. Two or more G-quartets can be stacked on top of  each other and stabilized by 
a monovalent cation, forming a G-quadruplex. There are multiple possible G-quadruplex 
conformations depending on the orientation of  the strands involved (parallel or antiparallel) 
and whether they take place within a single (intramolecular) or multiple (intermolecular) 
strands. The stability of  G-quadruplexes depends on many factors like the length of  the 
nucleotides bridging the G-tracts (the shorter the loops, the more stable), the composition 
of  the sequence (the longer the G-tracts, the more stable) or the cation that stabilizes the 
G-quartets (the smaller the cation, the closer the G-quartets are, making the structure 
more stable) (reviewed in Bochman et al., 2012). For obvious reasons, intramolecular 
G-quadruplexes form within G-rich sequences and the more stable forms are predicted 
to meet the consensus sequence G≥3NxG≥3NxG≥3NxG≥3, which, remarkably, is found at 
telomeres of  many species. G-quadruplexes have been largely studied in vitro, while their in 
vivo functions and biological consequences have remained mostly unanswered.     
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Figure 3. Schematic diagram of  a G-quartet and a G-quadruplex. 
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The sequences with the potential to form G-quadruplexes are not randomly 
distributed over the genome, but rather enriched in certain regions like promoters, 5′ and 
3′ untranslated regions, ribosomal DNA, transcription factor binding sites, mitotic and 
meiotic double-strand break hot spots and telomeres (reviewed in Bochman et al., 2012). 
Due to the wide range of  locations where G-quadruplexes could be formed, they have been 
proposed to influence multiple biological processes. For example, if  G-quadruplexes form 
within mRNA, it could result in repression of  translation synthesis. Transcription could 
also be affected by G-quadruplex formation, and it could both inhibit transcription, if  the 
G-quadruplex forms in the template strand, or facilitate transcription, if  the G-quadruplex 
is formed in the non-template strand, keeping the template strand accessible for the 
translation machinery. G-quadruplexes could also promote meiotic recombination when 
formed at recombination hot spots or influence epigenetics, if  recombination problems like 
stalled replication forks uncouple DNA synthesis from histone recycling marks (reviewed 
in Bochman et al., 2012; Rhodes and Lipps, 2015). Moreover, G-quadruplexes have been 
proposed to influence replication and telomere biology, the two more relevant aspects for 
this work that will be further discussed in the next sections. 

2.1. Role of  G-quadruplexes in replication

The formation of  a G-quadruplex, being such a stable structure, could affect replication by 
impeding the advance of  the replisome. This situation would cause replication fork stalling 
and helicases would be needed to unwind the G-quadruplex to let the replication machinery 
proceed through the DNA molecule. G-quadruplex formation would more likely occur 
within the ssDNA intermediates that are generated during lagging strand synthesis. Strong 
evidence supporting this idea comes from a study with a helicase-dead mutant of  the human 
G-quadruplex unwinding WRN helicase. The helicase-dead mutant results in the loss of  the 
telomeric strand that is replicated by lagging strand synthesis, but does not affect the strand 
replicated by leading strand synthesis (Crabbe et al., 2004). This suggests that WRN is 
required to resolve the G-quadruplexes formed within the telomeric lagging strand, which 
otherwise would be prone to breakage in absence of  WRN. Despite ssDNA intermediates 
seem the most prone sequences for G-quadruplex formation, Hoogsteen base pairs have 
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been reported to occur also within dsDNA, suggesting that the melting of  the duplex DNA 
would not be absolutely required for G-quadruplex formation (Nikolova et al., 2011). In any 
case, it seems clear that helicase-dependent G-quadruplex unwinding is required for proper 
DNA replication. Importantly, a genome-wide ChIP-seq study in pyridostatin-treated cells 
identified pyridostatin-induced damage sites within G-quadruplex forming motifs, where 
it caused replication- and transcription-associated DNA damage (Rodriguez et al., 2012). 
Replication was also found to be affected at G-quadruplex forming motifs when the Pif1 
helicase was absent (Paeschke et al., 2011). In such condition, replication was found to be 
retarded specifically at G-quadruplex forming motifs, as shown by higher abundance of  
the catalytic subunit of  the leading strand DNA polymerase Pol2. These slower-replicating 
sequences were also prone to breakage. Remarkably, when G-quadruplex forming motifs 
were replaced by mutated non-G-quadruplex forming motifs, replication was no longer 
slow and those sequences were no longer prone to break (Paeschke et al., 2011).    

2.2. Role of  G-quadruplexes at telomeres

The telomeres of  many species are composed of  G-rich sequences. For example, human 
telomeres consist of  TTAGGG repeats and S. cerevisiae telomeres contain degenerate repeats 
that match the sequence (TG)0-6TGGGTGTG(G)0-1. Both sequence compositions meet 
the requirements to form G-quadruplexes. Tetrahymena, Oxytricha, Trypanosoma, Dictyostelium, 
Saccharomyces and human telomere-like oligonucleotides can form G-quadruplexes in vitro 
(Henderson et al., 1987; Williamson et al., 1989; Parkinson et al., 2002) and there is also in 
vivo data that support G-quadruplex formation at telomeres. In particular, a study done by 
generating antibodies against parallel and antiparallel G4T4 motifs in the Stylonychia lemnae 
ciliate, which has macronuclei that allow direct visualization of  G-quadruplexes, identified 
antiparallel G-quadruplexes (Schaffitzel et al., 2001). Further experiments using RNAi 
showed that G-quadruplex formation at S. lemnae telomeres requires TEBPα binding to 
the telomeric overhang to then recruit TEBPβ (Paeschke et al., 2005), which promotes 
G-quadruplex formation (Fang and Cech, 1993). Furthermore, G-quadruplexes were shown 
to be removed during S phase, and their unwinding was shown to require phosphorylation 
and removal of  TEBPβ (Paeschke et al., 2005) and recruitment of  telomerase (Paeschke et 
al., 2008) and a RecQ helicase (Postberg et al., 2012).   

In humans, although there is still no direct in vivo evidence of  telomeric 
G-quadruplex formation, there is increasing evidence suggesting that G-quadruplexes 
could also be formed at mammalian telomeres. For instance, the WRN and BLM helicases, 
known to unwind G-quadruplexes in vitro and to localize at telomeres to ensure proper 
replication (Paeschke et al., 2010), cause telomeric defects when absent (Crabbe et al., 2004; 
Du et al., 2004). Similarly, RTEL1 helicase-deficient cells suffer telomere fragility (Sfeir et 
al., 2009), a phenotype that is further enhanced upon G-quadruplex stabilization, indicating 
that RTEL1 prevents telomere fragility by unwinding G-quadruplexes (Vannier et al., 2012). 
Also, stabilization of  G-quadruplexes using ligands leads to telomere dysfunction (Rizzo 
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et al., 2009). Moreover, the telomeric ssDNA binding protein Pot1 inhibits G-quadruplex 
formation in vitro and is displaced from the telomere when G-quadruplexes are stabilized 
by a ligand (Gomez et al., 2006a, 2006b), suggesting that G-quadruplexes and Pot1 are 
mutually exclusive at chromosome ends.

2.2.1. Telomerase regulation by G-quadruplexes 

Several lines of  evidence suggest that G-quadruplexes could influence telomerase activity. 
Oligonucleotides containing between 1 to 8 repeats of  T4G4 motifs were used to test 
their ability to fold into a G-quadruplex conformation. Four repeats of  telomeric ssDNA 
were required for intramolecular folding and the ability of  those oligos to be extended by 
Oxytricha nova telomerase was further tested (Zahler et al., 1991). All oligos were equally 
extended by telomerase in the absence of  a stabilizing cation or in the presence of  Na+. 
However, incubation with K+ largely reduced the extension by telomerase, suggesting that 
telomeric G-quadruplexes inhibit telomerase (Zahler et al., 1991).  

A biochemical study was able to gel-purify G-quadruplexes and to use circular 
dichroism to determine whether they were parallel (positive peak ~265 nm and negative 
peak ~240 nm) or antiparallel (positive peak ~295 nm and negative peak ~260 nm) 
(Oganesian et al., 2006). Their ability to be extended by recombinant Tetrahymena or native 
Euplotes telomerase was then tested. In both cases, intermolecular parallel G-quadruplexes 
stabilized with K+ were efficiently extended by telomerase, while intramolecular antiparallel 
G-quadruplexes blocked telomerase extension. This study also performed telomerase binding 
assays that demonstrated that intermolecular G-quadruplexes, but not intramolecular, were 
bound by telomerase (Oganesian et al., 2006, 2007). In addition, the S. cerevisiae telomerase 
Est1 subunit and the major telomeric binding protein Rap1 have been reported to promote 
the formation of  parallel G-quadruplexes (Giraldo and Rhodes, 1994; Zhang et al., 2010; 
Li et al., 2013) and human telomerase has also been shown to extend, to partially unwind 
and to colocalize with parallel intermolecular G-quadruplex conformations (Moye et al., 
2015). Overall, antiparallel G-quadruplexes are thought to block telomerase while parallel 
G-quadruplexes are able to be bound and extended by telomerase. 

2.2.2. Telomere protection by G-quadruplexes

Increasing evidence suggests that G-quadruplexes could be important for telomere capping. 
An in vitro study used oligonucleotides with duplex DNA followed by a 3′ overhang to 
mimic vertebrate telomeres and tested their ability to activate the DNA damage response. 
Those oligos with an overhang composed of  TTAGGG repeats did not lead to DNA 
damage response activation. However, oligos where the G stretches were mutated strongly 
stimulated p53 phosphorylation (Tsai et al., 2007). Importantly, melting experiments 
determined that the oligos that activated the DNA damage response were unable to form 
G-quadruplexes, while those that inhibited p53 activation adopted the conformation of  
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G-quadruplexes (Tsai et al., 2007). 
In vivo studies using the temperature sensitive allele cdc13-1 also support a protective 

role for G-quadruplexes at yeast telomeres. The telomere capping defect of  cdc13-1 cells can 
be rescued by stabilization of  G-quadruplexes through Stm1 overexpression (Hayashi and 
Murakami, 2002). Importantly, Stm1 has been shown to have affinity for G-quadruplexes in 
vitro (Frantz and Gilbert, 1995) and to bind telomeric sequences in vivo (Dyke et al., 2004). 
However, the rescue is lost when cdc13-1 cells contain mutant telomeric sequence with 
decreased G-quadruplex forming potential (Smith et al., 2011) and when Sgs1, a helicase 
known to unwind G-quadruplexes in vitro (Huber et al., 2002), is overexpressed (Hayashi 
and Murakami, 2002). Taking together all these data, there is strong evidence suggesting 
that G-quadruplexes are important for telomere protection. 

3. THESIS OVERVIEW

Despite the increasing knowledge on the relation between telomeres, ageing and cancer, we 
still do not fully understand a very fundamental question: what, essentially, is a telomere? 
Importantly, exogenous and endogenous damage create double-stranded breaks (DSBs) in 
the DNA that are very deleterious for the viability of  the cell, and it is therefore essential 
to properly repair those breaks. Paradoxically, DSBs and telomeres resemble each other, 
although they must be processed by cellular mechanisms in very different ways, and a 
mistake in the choice of  repair mechanism can be fatal for the cell. Thus, a main aim of  
this thesis is to determine what minimally constitutes a telomere. In chapter 2, we examine 
the mechanism by which the cells are able to distinguish a DSB from a telomere to make 
the appropriate repair pathway choice. To do so, we make use of  two systems in S. cerevisiae, 
artificially constructed DNA ends and natural DNA ends, and ask whether the cells process 
them as DSBs or as telomeres. We propose a length-dependent threshold of  ~40 base pairs, 
below which DNA ends are repaired as DSBs, and above which DNA ends are sensed as 
telomeres. We also propose Cdc13 and Pif1 as major players in the establishment of  such 
threshold. In chapter 3, we reanalyse the data on how natural DNA ends are repaired and 
learn that, contrary to what was previously published, Pif1 inhibits telomerase in a telomere 
length-independent fashion. In chapter 4, we investigate the in vivo role of  G-quadruplexes 
at telomeres by characterizing a template mutant of  the telomerase RNA subunit TLC1 
(tlc1-tm). In contrast to wild-type telomerase, tlc1-tm telomerase adds telomere sequence that 
does not match the G-quadruplex consensus sequence. Finally, chapter 5 provides a general 
discussion and future perspectives of  the work described in the previous chapters.
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