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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 



Introduction

13

Ch
ap

te
r 1

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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ABSTRACT

DNA double-strand breaks (DSBs) and short telomeres are structurally similar yet have 
diametrically opposed fates. Cells must repair DSBs while blocking the action of  telomerase 
on these ends. Short telomeres must avoid recognition by the DNA damage response 
while promoting telomerase recruitment. In Saccharomyces cerevisiae, the Pif1 helicase, a 
telomerase inhibitor, lies at the interface of  these end-fate decisions. Using Pif1 as a sensor, 
we uncover a transition point in which 34 bp of  telomeric (TG1-3)n repeat sequence renders 
a DNA end insensitive to Pif1 action, thereby enabling extension by telomerase. A similar 
transition point exists at natural chromosome ends, where telomeres shorter than ~40 
bp are inefficiently extended by telomerase. This phenomenon is not due to known Pif1 
modifications and we instead propose that Cdc13 renders TG34+ ends insensitive to Pif1 
action. We contend that the observed threshold of  Pif1 activity defines a dividing line 
between DSBs and telomeres.
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INTRODUCTION

A fundamental question in chromosome biology is how cells differentiate between DNA 
double-strand breaks (DSBs) and telomeres, the natural ends of  chromosomes. A failure 
to distinguish between these structures has severe consequences for genome integrity. For 
example, the engagement of  the non-homologous end-joining pathway at telomeres can 
lead to breakage-fusion-bridge cycles that wreak havoc on the genome. Similarly, the activity 
of  telomerase at DSBs can generate new telomeres at the cost of  the genetic information 
distal to the break. Telomere addition has been observed in a variety of  species (Biessmann 
et al., 1990; Kramer and Haber, 1993; Fouladi et al., 2000) and has been linked to human 
disorders involving terminal deletions of  chromosome 16 (Wilkie et al., 1990) and 22 
(Wong et al., 1997). While DSBs and telomeres reflect extreme positions on the spectrum, 
a continuum of  DNA ends exists between them, including critically short telomeres and 
DSBs occurring in telomeric-like sequence. All of  these require a decision: should the end 
be repaired or should it be elongated by telomerase?

The budding yeast Saccharomyces cerevisiae, whose telomeres consist of  300±75 bp 
of  heterogeneous (TG1-3)n repeats, has been a key model to study mechanisms of  genomic 
stability (Zakian, 1996). The telomere repeats organize a nucleoprotein structure minimally 
composed of  the double-stranded (ds) DNA binding protein Rap1, its interacting factors 
Rif1 and Rif2, and the telomere-specific single-stranded (ss) DNA-binding Cdc13-Stn1-
Ten1 (CST) complex, which caps the chromosome ends (Dewar and Lydall, 2012). These 
telomere-bound proteins prevent activation of  DNA damage signalling pathways and 
the ability of  the DSB repair machinery to use telomeric ends as substrates. This so-
called capping function is a universal property of  eukaryotic telomeres; while different in 
composition a set of  human proteins collectively known as shelterin accomplishes a similar 
function in human cells (Palm and Lange, 2008).

Telomerase-mediated extension does not occur at every telomere in every cell 
cycle, but the probability of  telomere extension steadily increases as telomere length 
decreases (Teixeira et al., 2004). Telomerase also acts more processively at telomeres less 
than 125 bp in length, resulting in more extensive elongation of  critically short telomeres 
(Chang et al., 2007). The preferential extension of  short telomeres can be rationalized since 
short telomeres are most in danger of  becoming dysfunctional. Thus, while telomerase 
must be tightly inhibited at DSBs, its activity must also be suppressed at telomeres that 
are sufficiently long. A number of  proteins have been implicated in this process, including 
Rif1, Rif2, and the Tel1 (ATM) kinase (Wellinger and Zakian, 2012). In addition, the 
telomerase inhibitor Pif1, which is a helicase that unwinds RNA-DNA hybrids in vitro and 
removes telomerase from telomeric DNA (Boulé et al., 2005), has recently been shown to 
act preferentially at long telomeres (Phillips et al., 2015).

Remarkably, Pif1 is also required to inhibit telomerase at DSBs. Pif1 has both 
mitochondrial and nuclear isoforms encoded from separate translational start sites; mutation 
of  the second start site in the pif1-m2 mutant abolishes the nuclear isoform, resulting in 
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telomere elongation (Schulz and Zakian, 1994) and a 240-fold increase in telomere addition 
at DSBs (Myung et al., 2001). The Mec1 (ATR)-dependent phosphorylation of  Cdc13 also 
guards against the inappropriate recruitment of  the CST complex to DSB sites (Zhang and 
Durocher, 2010).

One striking feature of  Pif1 is that it is able to distinguish between DSBs and 
telomeres, as a pif1-4A mutant affects telomere addition frequency at DSBs but without 
influencing native telomere length (Makovets and Blackburn, 2009). This observation 
makes Pif1 an attractive candidate for a protein that controls the distinction between DSBs 
and short telomeres. We noted in our previous work that Pif1 suppresses telomere addition 
at HO-induced DSBs containing 18 bp of  (TG1-3)n telomeric repeats (referred to as TG18), 
but has no impact on the telomerase-dependent elongation of  DNA ends containing a 
TG82 sequence (Zhang and Durocher, 2010). This observation suggests that the TG82 

substrate behaves as a critically short telomere, and that cells elongate it in a manner that 
is uninhibited by Pif1. Thus, this system appears to recapitulate the end-fate decisions 
undertaken at DSBs versus critically short telomeres.

RESULTS

Identification of  a Pif1-insensitivity threshold at DNA ends

To characterize the dividing line between a DSB and a short telomere, we used a genetic 
system in which galactose-inducible HO endonuclease can be expressed to create a single 
DSB at the ADH4 locus on Chr VII-L (Gottschling et al., 1990; Diede and Gottschling, 
1999). By placing different lengths of  telomeric (TG1-3)n sequence immediately adjacent 
to the HO cut site, one can study the fate of  DNA ends using two readouts: a genetic 
assay for telomere addition based on the loss of  the distal LYS2 marker, and by Southern 
blotting to monitor the length of  the DNA end (Figure 1a,b). The HO cut site in this 
system contributes one thymine nucleotide to the inserted telomeric seed, accounting for 
a one base pair discrepancy from prior reports. As previous work indicated that Pif1 is 
active at TG18, but not TG82 (Zhang and Durocher, 2010), we first constructed strains 
containing 34, 45, 56, and 67 bp of  telomeric repeats in both wild-type and pif1-m2 cells 
(see Supplementary File 1A for all TG repeat sequences). We observed similar rates of  
telomere addition at all DNA ends in both backgrounds, indicating that 34 bp of  telomeric 
repeats are sufficient to render a DNA end insensitive to Pif1 (Figure 1c). To account for 
variations in HO cutting efficiency and the propensity to recruit telomerase at each DNA 
end, we also normalized telomere addition frequency to pif1-m2 cells to provide a clear 
readout of  Pif1 activity (Figure 1 – Figure Supplement 1a). Analysis of  DNA ends by 
Southern blot also revealed robust telomere addition at the TG34 substrate in PIF1 cells 
mirroring the results of  the genetic assay (Figure 1d).

The standard genetic telomere addition assay includes a nocodazole arrest before 
DSB induction, as telomerase is active in S/G2 phase (Diede and Gottschling, 1999). 
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However, asynchronously dividing cells also exhibited a similar phenotype at the TG18 and 
TG34 ends (Figure 1 – Figure Supplement 1b). To exclusively study telomere addition 
by telomerase and not through homologous recombination, telomere addition strains also 
harboured a rad52Δ mutation. The addition of  RAD52 in this assay reduced telomere 
addition at the TG18 end in pif1-m2 cells but had no impact on the behaviour of  Pif1 at the 
TG34 substrate (Figure 1 – Figure Supplement 1b).
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Figure 1. Characterization of  Pif1 activity at DNA ends reveals a DSB-telomere transition. a, Schematic 
of  a system to study the fate of  DNA ends. Telomeric repeats are placed adjacent to an HO cut site (HOcs) 
at the ADH4 locus on Chr VII. Telomere addition can be measured using a genetic assay based on the loss 
of  the distal LYS2 gene as measured by resistance to α-aminoadipic acid. Southern blotting with a probe 
complementary to URA3 (black bar) allows for visualization of  DNA end stability. b, Sequence of  the TG18 
substrate and the overhang produced by the HO endonuclease. The C-rich strand runs 5′ to 3′ towards the 
centromere and is resected following DSB induction to expose a 3′ G-rich overhang. c, Telomere addition 
frequency at DNA ends containing 18-82 bp of  TG sequence. Data represent the mean ± s.d. from a minimum 
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of  n=3 independent experiments. See Supplementary File 1a for the sequences of  all DNA ends. d, Southern 
blot of  DNA ends containing TG18 and TG34 ends in wild-type and pif1-m2 cells following HO induction. A 
URA3 probe was used to label the ura3-52 internal control (INT) and the URA3 gene adjacent to the TGn-
HO insert (PRE) which is cleaved by HO endonuclease (CUT). Newly added telomeres are visualized as a 
heterogeneous smear above the CUT band. e, Telomere addition frequency normalized to pif1-m2 cells at DNA 
ends containing 18-38 bp of  TG sequence. Data represent the mean ± s.d. from n=3 independent experiments. 
f, Summary of  telomere addition frequency normalized to pif1-m2 across the spectrum of  TG repeat substrates.

To further refine the Pif1-insensitivity threshold, we added 4 bp increments of  TG 
repeat sequence to the centromeric side of  the TG18 substrate yielding strains with 22, 26, 
30, 34, and 38 bp of  telomeric repeats. Importantly, with the exception of  length, these 
strains contained the same DNA sequence and shared a common distal end. Analysis of  
telomere addition revealed that Pif1 is active at DNA ends up to TG26, while the frequency 
of  telomere addition increased at the TG30 end and beyond (Figure 1e). As telomeric 
repeats are heterogeneous in nature, we next determined if  this phenotype is dependent 
on the particular DNA sequence. We selected three different sequences from S. cerevisiae 
telomeric DNA and constructed strains with DNA ends containing either 26 or 36 bp of  
each sequence. Consistent with our initial observations, telomere addition was inhibited by 
Pif1 at all TG26 ends, while the corresponding TG36 ends resulted in telomere addition in 
the presence of  Pif1 (Figure 1 – Figure Supplement 1c,d).

Visualization of  the combined genetic assay results across different lengths of  
TG-repeat substrates reveals a striking transition with regards to Pif1 function (Figure 
1f). By using Pif1-insensitivity as an operational definition of  a short telomere, we propose 
that the 26 to 34 bp window of  telomeric sequence is the dividing line between what the 
cell interprets to be a DSB and what is considered to be a critically short telomere. These 
data suggest that DNA ends containing 34 bp or more of  telomeric DNA are allowed to 
elongate in a manner unimpeded by Pif1 and we herein refer to this phenomenon as the 
DSB-telomere transition.

A DSB-telomere transition also exists at chromosome ends

To validate the threshold that defines the DSB-telomere transition, we set up a system based 
on the STEX (Single Telomere EXtension) assay to monitor telomerase-mediated extension 
events at chromosome ends at nucleotide resolution after a single cell cycle (Teixeira et al., 
2004). In the STEX assay, a clonal population of  telomerase-negative cells is mated to a 
strain expressing telomerase. Telomeres that had shortened in the telomerase-negative cells 
can then be re-extended in the zygote. DNA is isolated from the zygotes and telomere 
elongation can be detected by amplification, cloning and sequencing telomeres originating 
from the telomerase-negative strain. Since yeast telomerase adds imperfect 5′-(TG)0-

6TGGGTGTG(G)0-1-3′ repeats (Forstemann and Lingner, 2001), telomere elongation can 
be detected after sequence alignment of  the telomeres because newly added sequences do 
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not align with the non-elongated telomeres. We call these newly added sequences ‘sequence 
divergence events’ because they diverge from the other sequences. We introduced two 
major modifications to the STEX assay: 1) we use a strain where the expression of  EST1, 
encoding a subunit of  telomerase (Lundblad and Szostak, 1989), is under the control of  a 
galactose-inducible promoter, allowing us to avoid the challenging high mating efficiency 
needed in the classical STEX assay, and 2) we make use of  a tlc1 template mutant (tlc1-
tm) that introduces 5′-[(TG)0–4TGG]nATTTGG-3′ telomeric repeats (Chang et al., 2007), 
enabling us to distinguish sequence divergence events that are telomerase-dependent (i.e. 
the divergent sequence is mutant) from those that are telomerase-independent (i.e. the 
divergent sequence is wild type). This modification was found to be important since a 
fraction of  sequence divergence events can occur due to homologous recombination, 
as well as from errors introduced during amplification, cloning and sequencing of  the 
telomeres (Claussin and Chang, 2016). Importantly, our iSTEX (for inducible STEX) data 
are similar to previously published STEX data (Teixeira et al., 2004; Arnerić and Lingner, 
2007; Ji et al., 2008) in terms of  the frequency and extent of  telomere elongation events, 
and use of  the tlc1-tm mutant does not significantly affect the repeat addition processivity 
of  telomerase (Chang et al., 2007).

In this revised assay, we transform a PCR fragment containing the tlc1-tm allele 
into a strain with EST1 under the control of  a galactose-inducible promoter (Figure 2a). 
From the moment we transform strains with the tlc1-tm PCR fragment, we keep the cells 
in media containing glucose, which shuts off  EST1 expression and causes the telomeres to 
shorten. We then arrest successfully-transformed cells in late G1 phase and release them 
in the presence of  galactose to reactivate telomerase, allowing the addition of  mutant 
sequences to the chromosome ends. We monitor the arrest/release efficiency by flow 
cytometry (Figure 2b), extract genomic DNA from released cells that have completed 
DNA replication, amplify telomeres by PCR, and then clone and sequence telomeres.

We monitor telomere sequence addition at an engineered V-R telomere, which 
contains an ADE2 marker placed adjacent to the telomere repeats (Singer and Gottschling, 
1994), and at the natural VI-R telomere. In agreement with previous reports (Teixeira et 
al., 2004), there is a strong preference to elongate short telomeres (Figure 2c, Figure 
2 – Figure Supplement 1a) and the frequency of  telomerase-independent sequence 
divergence events is similar to previous reports where telomerase is knocked out (Teixeira 
et al., 2004; Chang et al., 2011; Claussin and Chang, 2016). These data indicate that the 
presence of  tlc1-tm telomerase does not influence these events. Strikingly, at both the V-R 
and VI-R telomeres, the frequency of  telomere extension drops dramatically at extremely 
short telomeres (Figure 2c, Figure 2 – Figure Supplement 1a). At the V-R telomere, 
only two out of  32 telomeres (6.3%) shorter than 44 bp were extended by telomerase, while 
65 out of  136 telomeres (47.8%) between 44 bp and 86 bp long were extended. Similarly, at 
the VI-R telomere, two of  the 13 telomeres below 38 bp (15.4%) were extended, while 51 
out of  115 telomeres (44.3%) between 38 bp and 74 bp long were extended. Thus, while 
telomerase preferentially elongates short telomeres, those below ~40 bp are inefficiently 
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extended. These data suggest that the DSB-telomere transition identified at HO-induced 
breaks also exists at native chromosome ends.

a b

c

d

TELOMERE SHORTENING IN GLUCOSE

TELOMERASE INDUCTION IN GALACTOSE

tlc1-tm
transformants

Single 
colony

Cell 
propagation

G1 arrested
cells

Alpha
factor 

Release

GALL-EST1
Transformation

tlc1-tm
PCR product

1) Genomic DNA isolation
2) Telomere PCR
3) Clone & sequence

Alpha
factor 

Asynchronous

1h post-release

2h post-release

1C 2C

Alpha factor-arrested

45 min post-release

V-R telomeres, pif1-m2 

31.9% mutant divergence (150 out of 470)
7.4% wild type divergence (35 out of 470)

Te
lo

m
er

e 
le

ng
th

 (n
t)

0
50

100
150
200
250
300
350
400

44 bp

V-R telomeres
below threshold (44 bp)

PIF1

pif1-m2

Total

32

17

Extended

2 (6.3%) 

5 (29.4%)

p value

0.041

Undiverged sequence Diverged mutant sequence Diverged wild-type sequence

V-R telomeres

22.7% mutant divergence (107 out of 471)
7.6% wild type divergence (36 out of 471)

Te
lo

m
er

e 
le

ng
th

 (n
t)

0

50

100

150

200

250

44 bp

V-R telomeres

up to 43 bp

from 44 to 86 bp

Total

32

136

Extended

2 (6.3%)

65 (47.8%)

p value

3.8x10-6

Undiverged sequence Diverged mutant sequence Diverged wild-type sequence

Figure 2. Characterization of  the DSB-telomere transition at chromosome ends. a, Methodology of  the 
iSTEX assay; see text for details. b, Arrest and release efficiency monitored by flow cytometry. c, Telomere V-R 
was amplified, cloned and sequenced after 2 h of  tlc1-tm telomerase induction. Each bar represents an individual 
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telomere. The black portion of  each bar represents the undivergent sequence, the red portion shows the mutant 
divergent sequence and the grey portion indicates the wild-type divergent sequence. Telomeres are sorted based 
on the length of  the undiverged sequence (black portion). The red line indicates the threshold below which 
telomerase-mediated telomere extension becomes very inefficient. Statistical analysis was done using a Fisher’s 
exact test and for this analysis, telomeres containing only wild-type divergence were excluded. d, As in panel c, 
except in a pif1-m2 background. Statistical analysis comparing extension of  telomeres below 44 bp in length in 
wild type and pif1-m2 was done using a Fisher’s exact test. 

To determine whether Pif1 is also important for the DSB-telomere transition at 
chromosome ends, the iSTEX assays were repeated in a pif1-m2 background (Figure 2d, 
Figure 2 – Figure Supplement 1b). At both the V-R and VI-R telomeres, the percentage 
of  elongated telomeres below the DSB-telomere transition length determined in PIF1 cells 
increased in the pif1-m2 background (although statistical significance was not reached for the 
VI-R telomere due to difficulties in obtaining enough short telomeres for analysis). Thus, 
at both DSBs and chromosome ends, Pif1 is needed to set the DSB-telomere transition.

Pif1 is not inhibited by DNA damage kinases 

One attractive mechanism for the observed DSB-telomere transition is that Pif1 might 
be inactivated at DNA ends containing telomeric repeats 34 bp in length or longer. 
Prime candidates for this regulation include the central DNA damage kinases including 
Mec1 (ATR), Tel1 (ATM), and Rad53 (CHK2). Previous work has identified that Tel1 
promotes telomerase-mediated extension of  a TG82 end (Frank et al., 2006), and targets 
short telomeres for elongation (Arnerić and Lingner, 2007; Hector et al., 2007; Sabourin 
et al., 2007). As these results raised the possibility that Tel1 antagonizes Pif1, we deleted 
TEL1 in wild-type and pif1-m2 backgrounds and followed the fate of  the TG82 DNA end 
by Southern blotting. Although telomere addition was reduced in tel1Δ cells, we observed a 
similar reduction in tel1Δ pif1-m2 cells, indicating that TEL1 and PIF1 function in separate 
pathways (Figure 3a,b). Consistent with this observation, the loss of  TEL1 did not affect 
the DSB-telomere transition at the TG18 and TG34 DNA ends (Figure 3c). Loss of  MEC1 
and RAD53 also failed to inhibit telomerase in a Pif1-specific manner at the TG82 end 
(Figure 3 – Figure Supplement 1a-d). Pif1 contains five consensus S/T-Q Mec1 and 
Tel1 phosphorylation sites; however, their mutation in the pif1-5AQ allele (S148A/S180A/
T206A/S707A/T811A) also did not decrease telomere addition at the TG34 end (Figure 
3d).

As Pif1 might be regulated through unanticipated post-translational modifications 
or protein-protein interactions, we performed a PIF1 PCR mutagenesis screen to identify 
gain-of-function mutations that inhibit telomere addition at the TG82 end but we were 
unable to recover any mutants. Together, these data suggest that Pif1 is not directly 
inactivated at the TG34 and TG82 DNA ends, so we next considered alternative explanations 
for the observed DSB-telomere transition.
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Figure 3. Pif1 is not inactivated by Tel1 at short telomeres. a, b, Southern blot of  the TG82 DNA end 
following HO-induction in wild-type (WT) and pif1-m2 cells without or with a TEL1 deletion. An ADE2 probe 
was used to label the ade2Δ1 internal control (INT) and the ADE2 gene adjacent to the TGn-HO insert (PRE) 
which is cleaved by HO endonuclease (CUT). Quantification of  the newly added telomere signal (b) calculated 
by subtracting the background signal present prior to HO-induction and by normalizing to the INT control. 
Data represent the mean ± s.d. from n=2 independent experiments. c, Telomere addition frequency at the TG18 

and TG34 DNA ends in tel1Δ mutants. Data represent the mean ± s.d. from n=3 independent experiments. d, 
Telomere addition frequency at the TG34 DNA end in pif1-m2 cells (-) and cells expressing a wild-type (WT) or 
pif1-5AQ (S148A, S180A, T206A, S707A, T811A) nuclear-specific pif1-m1 allele. Data represent the mean ± 
s.d. from n=3 independent experiments. The functionality of  the pif1-m1 alleles was assessed by rescue of  the 
telomere elongation associated with pif1-m2 (Figure 3 – Figure Supplement 1e). 

Artificial telomerase recruitment does not outcompete Pif1

A simple explanation for the DSB-telomere transition is that longer telomeric repeats 
might have an increased ability to recruit telomerase. This model predicts that artificially 
increasing telomerase recruitment to the TG18 end might be sufficient to overcome Pif1 
inhibition. Since the primary mechanism of  telomerase recruitment involves an interaction 
between the DNA binding protein Cdc13 and the Est1 telomerase subunit (Nugent et al., 
1996; Pennock et al., 2001), we expressed Cdc13-Est1 and Cdc13-Est2 fusion proteins 
(Evans and Lundblad, 1999) to test this possibility. In agreement with previous work, 
expression of  both fusions resulted in greatly elongated telomeres (Evans and Lundblad, 



A sharp Pif1-dependent threshold separates DNA double-strand breaks from critically short telomeres

35

Ch
ap

te
r 2

1999) (Figure 4a); however, they did not increase telomere addition at the TG18 DNA end 
in the presence of  Pif1 (Figure 4b). To test whether the Cdc13-Est1 fusion protein is able 
to bind and extend the TG18 substrate, we repeated the genetic telomere healing assay in 
est1Δ cells expressing a Cdc13-Est1 fusion containing the est1-60 mutation (K444E) that 
disrupts the interaction of  Est1 with endogenous Cdc13 (Pennock et al., 2001). Telomerase 
extension in these est1Δ cells must therefore arise from the ectopic construct. We observed 
that Cdc13-Est1K444E can extend the TG18 end only in the absence of  PIF1 (Figure 4b). 
Together, these data indicate that Pif1 is able to effectively suppress telomere addition even 
in the presence of  enhanced telomerase recruitment, suggesting that increased telomerase 
recruitment to the TG34 end is unlikely to underpin the observed DSB-telomere transition.
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Figure 4. The DSB-telomere transition recapitulates the differential regulation of  Pif1. a, Southern blot 
for telomere length in TG18-HO wild-type (WT) and pif1-m2 cells harbouring an empty plasmid (-) or expressing 
plasmid-based Cdc13-Est1 or Cdc13-Est2 fusions. Cells were passaged for approximately 75 generations 
before genomic DNA extraction. A Y′ TG probe was used to label telomeric sequences. b, Telomere addition 
frequency of  the cells described in panel a, and est1Δ strains expressing a cdc13-est1-60 (K444E) fusion. Data 
represent the mean ± s.d. from n=3 independent experiments. c, Telomere addition frequency at the TG18 and 
TG34 DNA ends in pif1-m2 cells (-) and cells expressing a wild-type (WT), pif1-4A (T763A/S765A/S766A/
S769A), or pif1-4D (T763A/S765A/S766A/S769A) nuclear specific pif1-m1 allele. Data represent the mean ± 
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s.d. from n=3 independent experiments. d, Southern blot for telomere length in PIF1 (WT) and pif1-m2 cells 
combined with or without the est2-up34 mutation. Cells were passaged for approximately 75 generations before 
genomic DNA extraction and a Y′ TG probe was used to label telomere sequences. e, Telomere addition 
frequency at the TG18 and TG34 DNA ends in PIF1 and pif1-m2 cells with or without the est2-up34 mutation. 
Data represent the mean ± s.d. from n=3 independent experiments. The EST2 data are the same as the WT 
data shown in Figure 3c. 

The DSB-telomere transition recapitulates the differential regulation of  Pif1

Pif1 may only be activated at DNA ends with short tracts of  telomeric sequence. Consistent 
with this model, Pif1 is reported to be phosphorylated after DNA damage in a Mec1-
Rad53-Dun1-dependent manner and further characterization of  this activity led to the 
identification of  the pif1-4A mutant (T763A/S765A/S766A/S769A) that is unable to 
inhibit telomere addition at DSBs (Makovets and Blackburn, 2009). Importantly, mimicking 
phosphorylation with the pif1-4D allele can restore Pif1 activity (Makovets and Blackburn, 
2009). We first confirmed the function of  these mutants at the TG18 DNA end by integrating 
variants of  the nuclear specific pif1-m1 allele at the AUR1 locus in pif1-m2 cells (Figure 4c). 
As expected, introducing the pif1-m1 allele rescued the telomere lengthening phenotype 
of  the pif1-m2 allele (Figure 3 – Figure Supplement 1e). If  Pif1 phosphorylation only 
occurs at DNA ends with short lengths of  telomeric repeats, such as TG18, then mimicking 
phosphorylation may be sufficient to inhibit telomere addition at DNA ends with longer 
telomeric repeats. Contrary to this prediction, the pif1-4D mutant did not restore Pif1 
activity at the TG34 DNA end (Figure 4c), indicating that phosphorylation of  these sites is 
not sufficient to regulate the DSB-telomere transition.

Several lines of  evidence indicate that Pif1 functions differently at DSBs and 
telomeres. First, the pif1-4A mutation affects the frequency of  telomere addition at DSBs, 
but does not affect native telomere length (Makovets and Blackburn, 2009). The inability 
of  the pif1-4D allele to inhibit telomerase at TG34 therefore provides indirect evidence that 
the cell interprets this DNA end as a short telomere. A second mutation that affects Pif1 
activity has also been identified: the est2-up34 mutation, which affects the finger domain 
of  the telomerase reverse transcriptase subunit (Eugster et al., 2006). Interestingly, the 
est2-up34 mutant results in over-elongated telomeres in wild-type but not pif1-m2 cells, 
indicating that the est2-up34 allele can at least partially bypass Pif1 inhibition (Eugster et 
al., 2006). To test if  this holds true at DSBs, we generated the est2-up34 mutation in strains 
with a TG18 DNA end. Although we observed increased telomere length in PIF1 est2-up34 
cells (Figure 4d), telomere addition was not increased (Figure 4e), indicating that the est2-
up34 mutation can bypass Pif1 function at telomeres but not at DSBs. Together these data 
support the idea that Pif1 possesses distinct functions at DSBs and telomeres, and that 
these differences are recapitulated in the TG18 and TG34 DNA ends on either side of  the 
DSB-telomere transition.
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Investigating the molecular trigger of  the DSB-telomere transition

Since our attempts thus far failed to identify a modification of  Pif1 that would explain 
the DSB-telomere transition, we next focused on whether a property of  the DNA end 
facilitates or blocks Pif1 activity. Attractive candidates included the MRX and Ku complexes, 
which are rapidly recruited to DNA ends and function in both DSB repair and telomere 
maintenance (Dewar and Lydall, 2012). The loss of  either complex, however, did not affect 
either side of  the DSB-telomere transition (Figure 5a).

Budding yeast telomeres are bound by two specialized proteins, Rap1 and Cdc13, 
and the binary nature of  the DSB-telomere transition suggests that the discrete binding 
of  either protein may trigger insensitivity to Pif1. As Cdc13 binds ssDNA at the distal 
end of  the telomere (Lin and Zakian, 1996; Nugent et al., 1996), an attractive prediction 
is that Rap1 bound to double-stranded telomeric DNA of  longer TG repeats might 
inhibit Pif1. This model nicely correlates with the observed length of  the DSB-telomere 
transition, as Cdc13 and Rap1 bind DNA sequences of  11 bp (Hughes et al., 2000) and 18 
bp, respectively (Gilson et al., 1993; Ray and Runge, 1999). Rap1 has also been previously 
shown to stimulate telomere addition (Lustig et al., 1990; Ray and Runge, 1998; Grossi et 
al., 2001).
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Figure 5. The DSB-telomere transition does not require Rap1. a, Telomere addition frequency at the TG18 

and TG34 DNA ends in mre11Δ and yku70Δ mutants. Data represent the mean ± s.d. from n=3 independent 
experiments. b, Telomere addition frequency normalized to pif1-m2 cells at DNA ends containing 26 bp or 36 
bp of  either (TGTGG) n or (TG)n repeats. Data represent the mean ± s.d. from n=3 independent experiments. 
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c, Telomere addition frequency at the TG18 and TG34 DNA ends in rif1Δ, rif2Δ, and rif1Δ rif2Δ double mutants. 
Data represent the mean ± s.d. from n=3 independent experiments. The WT data in panels a and c are the 
same as that shown in Figure 3c. 

Rap1 is an essential protein that binds the consensus DNA sequence of  
5′-ACACCCATACACC-3′ containing an invariable CCC core (Graham and Chambers, 
1994; Wahlin and Cohn, 2000; Grossi et al., 2001). Importantly, substitution of  the middle 
cytosine to guanine in this motif  abolishes Rap1 binding (Graham and Chambers, 1994; 
Grossi et al., 2001). To test whether Rap1 is required to bypass Pif1 activity at DNA ends, 
we first generated synthetic telomeric sequences with strict (TGTGG)n or (TG)n repeats in 
both 26 bp and 36 bp lengths. Unlike natural telomeres, both sequences lack a CCC motif  
on the opposing strand. Despite these alterations, we still observed increased telomere 
addition at TG36 ends in wild-type cells (Figure 5b), suggesting that Rap1 binding is not 
required for this phenomenon. 

As telomere length regulation by Rap1 is coordinated through two downstream 
negative regulators of  telomerase, Rif1 and Rif2 (Wotton and Shore, 1997; Levy and 
Blackburn, 2004), we asked whether these proteins are important for the DSB-telomere 
transition. Consistent with a Rap1-independent mechanism, telomere addition at the TG34 

end was unaltered in rif1Δ rif2Δ mutants (Figure 5c).

Cdc13 function influences the fate of  DNA ends

The Cdc13 N-terminal OB-fold domain (OB1) forms dimers (Mitchell et al., 2010; Sun et 
al., 2011) and can also bind telomeric ssDNA repeats in vitro of  37 and 43 bp, but not 18 
and 27 bp (Mitchell et al., 2010), neatly matching our observed threshold. We hypothesized 
that Cdc13 dimerization and its unique N-terminal binding mode might allow longer 
DNA ends to bypass Pif1 and sought to test this idea by disrupting dimerization with 
the cdc13-L91A mutation (Mitchell et al., 2010). Consistent with this prediction, telomere 
addition at the TG34 end was inhibited by Pif1 in cdc13-L91A cells (Figure 6b); however, 
further investigation revealed a growth defect in these mutants that was suppressed by 
pif1-m2 (Figure 6c). This result is reminiscent of  the defective cdc13-1 allele, which is also 
suppressed by loss of  PIF1 (Downey et al., 2006; Addinall et al., 2008). High copy plasmid 
expression of  cdc13-L91A was able to rescue the growth defect, but also increased telomere 
addition at the TG34 substrate (Figure 6b) arguing that the initially observed defect in 
cdc13-L91A mutants was not solely due to impaired N-terminal dimerization.

We next performed a mutagenesis screen to identify CDC13 alleles that have 
become sensitive to Pif1 activity (Figure 6d,e). Screening of  approximately 6000 mutants 
led to the identification of  fifteen hits that exhibited impaired telomere addition at the 
TG34 substrate. As this screen was performed in wild-type cells, we next determined if  the 
mutations could support telomere addition in the absence of  PIF1. Recovered plasmids 
were re-transformed into wild-type and pif1-m2 cells, and analysis of  telomere addition 
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revealed two clones with minor phenotypes (#7 and 14), five clones with reduced telomere 
addition in both wild-type and pif1-m2 cells (#37, 48, 79, 80, and 81), and eight clones in 
which telomere addition was impaired in wild-type cells but relatively unaffected in pif1-m2 
cells (#1, 2, 3, 42, 63, 71, 72, and 77) (Figure 6f). This observation suggested that the third 
group of  Cdc13 mutations specifically sensitize the TG34 end to the activity of  Pif1 and are 
herein referred to as cdc13-sp alleles (sensitive to Pif1). 
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Figure 6. A genetic screen to identify Cdc13 mutants that prevent telomere addition at the TG34 end. 
a, Schematic of  Cdc13 domain architecture consisting of  four OB-fold domains (OB1-4) and a telomerase 
recruitment domain (RD). b, Telomere addition frequency at the TG18 and TG34 DNA ends in cdc13Δ cells 
expressing wild-type CDC13 (WT) or cdc13-L91A from a low copy (pRS415) or high copy plasmid (pRS425). 
Data represent the mean ± s.d. from n=3 independent experiments. c, Spot assays to determine cell viability 
in cdc13Δ cells with a covering YEp-CDC13-URA3 plasmid and pRS415- or pRS425-derived plasmids 
expressing wild-type Cdc13 (WT) or Cdc13-L91A. 5-fold serial dilutions of  yeast cultures were grown on SD-
leu as a control, and on SD-leu+5-FOA to determine viability in the absence of  the covering plasmid. Plates 
were grown at 30ºC for 2-3 days. d, Schematic of  a screen in TG34 cdc13Δ cells using a plate-based genetic 
assay for telomere addition. Repaired mutant cdc13 plasmids were selected on SD-leu and the covering YEp-
CDC13-URA3 removed by plating on 5-FOA before DSB induction. This step also eliminates all inviable 
cdc13 mutations. Plates were incubated for 2-3 days at 30ºC with the exception of  galactose plates which were 
incubated for 4 hours. An agar plate was used to reduce cell number before final selection. e, Example of  
re-testing plate from the screen. Cdc13 mutants that prevent telomere addition are identified by the inability 
to grow on media containing α-aminoadipate (α-AA) (blue box), compared to positive control wild-type cells 
which add telomeres (red box) and TG18 cells that do not (white box). f, Telomere addition frequency at the 
TG34 DNA end in PIF1 and pif1-m2 cells in a cdc13Δ background expressing recovered pRS425-Cdc13 mutants 
from the screen. Data represent the mean ± s.d. from n=1 experiment for hits #7-81, and n=2 independent 
experiments for all cdc13-sp alleles. 

DNA sequencing revealed an average of  eleven amino acid substitutions per cdc13-sp 
allele and methodical mapping experiments led to the identification of  causative amino acid 
substitutions in six of  the eight cdc13-sp mutants (Table 1, highlighted in red). Three alleles 
had contributions from multiple substitutions: I87N and Y758N in cdc13-sp1, H12R and 
F728I in cdc13-sp72, and E566V, N567D, and Q583K in cdc13-sp3 (Figure 7a). Cdc13-I87, 
like L91, is also implicated in OB1 dimerization (Mitchell et al., 2010), again hinting that 
disrupting this function may restore Pif1 activity. The moderate telomere addition defect 
of  Cdc13-I87N was likely only identified in the screen due to further exacerbation by the 
Y758N mutation (Figure 7a). The most important mutation in cdc13-sp3 was identified to 
be Q583K with a minor contribution from E556V/N567D. Interestingly, all three residues 
are found in the canonical DNA binding domain, suggesting that weakening the association 
of  Cdc13 with telomeric DNA can also sensitize the TG34 end to Pif1.  

Three single amino acid residues (F236, S255, Q256) could completely account 
for the phenotype of  the remaining three alleles (cdc13-sp63, cdc13-sp42, and cdc13-sp77, 
respectively; Figure 7a). These residues all map to the Cdc13 telomerase recruitment 
domain, suggesting that weakening the association of  Cdc13 with telomerase is another 
means to facilitate Pif1 activity at TG34. In particular, the S255A mutation has previously 
been shown to impair telomerase recruitment, resulting in telomere shortening (Tseng et 
al., 2006; Gao et al., 2010). Similarly, the classic telomerase null cdc13-2 (E252K) mutant 
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(Nugent et al., 1996) was also sensitive to Pif1 (Figure 7b). Telomere length in several 
other cdc13-sp alleles was also reduced in both wild-type and pif1-m2 backgrounds, and the 
severity of  the defect generally correlated with the magnitude of  the telomere addition 
phenotype (Figure 7c). 

The diversity of  Cdc13 mutations that sensitize the TG34 end to Pif1 (Figure 7d) 
suggests that generally disrupting Cdc13 function facilitates Pif1 activity by shifting the 
balance away from telomere addition. In agreement with this idea, the cdc13-1 mutant grown 
at permissive temperature was also sensitive to Pif1, (Figure 7b); a mutation now known 
to disrupt OB2 dimerization (Mason et al., 2013). Furthermore, analysis of  hits from our 
screen that decreased telomere addition in both wild-type and pif1-m2 cells revealed double 
mutations of  critical residues including S255L/Q256R in clone 37, I87T/F236Y in clone 
40, and F236S/E252K in clone 48, suggesting that strongly disrupting Cdc13 function 
eventually impairs telomere addition even in the absence of  PIF1. In line with this idea, the 
F235S/E252K/Q583K triple mutant prevented telomere addition at a TG34 end even in 
pif1-m2 cells (Figure 7b).

Table 1. Mutations in cdc13-sp alleles. pRS425-cdc13* plasmids were recovered from cells grown on SD-
leu media that were unable to grow on α-AA containing media. Cdc13 mutations were identified by plasmid 
sequencing. Mutations highlighted in red were identified by mapping experiments to determine which amino 
acid substitutions contribute to the mutant phenotype. Mutations highlighted in blue target important Cdc13 
residues identified in this study or in previous work (Lendvay et al., 1996; Nugent et al., 1996) which are 
predicted to contribute to the defect, although these exact substitutions were not specifically tested.

Allele Mutations
cdc13-sp1 Y27F I87N S175P D322G L386M T733A S737C Y758N
cdc13-sp3 Q220K L242P E566V N567D Q583K K695R
cdc13-sp42 Q36R F58L L131S D150G K161I S170A N194D V217I

S228T S255P K329E L362I F389L
cdc13-sp63 F236S V396I F539Y E716G T756P I767V A807T P896S
cdc13-sp72 H12R F96L K129N L179S T291A K296E N426S K469R

E566G E570G I648N F728I P896S
cdc13-sp77 T3P V38A D102G K135N N240Y Q256H E264D T266S

S288C I346V D430G S467R N470S S490A M498V K618R
E636V H687R L721M V725L D792N T779A

cdc13-sp2 R83K P101L I174F N180S E197G G243E V367L G404A
S494P R503G L571R I594M E679G

cdc13-sp71 H168R I247N E252G T291P V424I K504R F587L T710S Y816H
clone 37 Q66R F96L E121K F142L S255L Q256R I342T N378D

E416A L425F L452M
clone 40 I87T F236Y Y626F F665Y T907S
clone 48 F58S T112S F187I F236S E252K A280V D601A S643P
clone 79 I72V K73R Q94L E192G D219G V238A Q256H K296E

G325R K365I K469R R495G I523T H777Q
clone 80 N14K Y70H I72F L436F F575L
clone 81 E121V N180D N199D A231S F236Y S314N I366F I412V

N455I M525V M579V M625I E716G D773V K909E
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The striking effect of  the cdc13 recruitment domain mutants led us to explore 
in greater detail how disrupting the ability of  Cdc13 to recruit telomerase influences the 
DSB-telomere transition. We determined the telomere addition frequency of  the cdc13-
Q256H mutant on a series of  DNA ends of  varying telomere length (Figure 7e). While 
telomere addition frequency was very low at TG34, it gradually increased as the telomere 
sequence lengthened. Thus, mutating the recruitment domain of  CDC13 abolished the 
sharp DSB-telomere transition and increased the length of  telomere sequence needed to 
allow telomere addition to become resistant to Pif1 action.
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Figure 7. Cdc13 mutations that sensitize the TG34 end to Pif1 activity. a, Telomere addition frequency at the 
TG34 DNA end in PIF1 and pif1-m2 cells in a cdc13Δ background expressing wild-type or mutated Cdc13 from 
pRS425. Data represent the mean ± s.d. from n=3 independent experiments. b, Telomere addition frequency 
at the TG34 DNA end in PIF1 and pif1-m2 cells in a cdc13Δ background expressing plasmid-borne wild-type or 
mutated Cdc13. The cdc13-1 mutant was grown at a permissive temperature of  23ºC. Data represent the mean ± 
s.d. from n=3 independent experiments. c, Southern blot for telomere length of  the strains examined in panel 
a. Cells were passaged for approximately 75 generations before genomic DNA extraction. A Y′ TG probe was 
used to label telomere sequences. d, Schematic of  Cdc13 domain architecture, with the most significant cdc13-sp 
amino acid mutations indicated. The majority of  these mutations lie within the telomerase recruitment domain. 
e, Telomere addition frequency at DNA ends containing 18-82 bp of  TG sequence. Data represent the mean 
± s.d. from a minimum of  n=3 independent experiments. 

DISCUSSION

The work presented here sheds light on how cells distinguish between DSBs and short 
telomeres and reveals a sharp transition in the fate of  DNA ends with regards to their 
sensitivity to the telomerase inhibitor Pif1. Our findings agree with previous reports 
demonstrating that linear plasmid substrates containing 41 bp of  telomeric repeats 
are efficiently converted into telomeres (Lustig, 1992). We find that the DSB-telomere 
transition also exists at natural chromosome ends and that Cdc13 is a key player in setting 
this transition.

The observed behaviour of  Pif1 complements several known mechanisms that 
tightly integrate telomeric sequence length and the regulation of  telomerase. The identified 
activity of  Pif1 at telomeric repeats under 34 bp joins a Mec1-dependent mechanism that 
inhibits Cdc13 binding at repeats under 11 bp (Zhang and Durocher, 2010), highlighting 
the importance of  inhibiting telomerase at DSBs. Conversely, we propose that DNA 
ends containing telomeric sequences of  34 bp to 125 bp are recognized as critically short 
telomeres and are preferentially elongated. Tel1 is implicated as a key regulator in this 
process (Arnerić and Lingner, 2007; Chang et al., 2007; Hector et al., 2007; Sabourin et al., 
2007; Cooley et al., 2014), although the exact phosphorylation targets are unknown (Gao 
et al., 2010). Finally, the canonical counting mechanism of  telomeres is known to limit the 
extension of  long telomeres through the negative regulators Rif1 and Rif2 (Marcand et 
al., 1997; Levy and Blackburn, 2004; Hirano et al., 2009; McGee et al., 2010). Remarkably, 
although short telomeres of  34 bp or longer are insensitive to Pif1, Pif1 preferentially binds 
and acts at wild-type length or longer telomeres, thereby helping to promote the elongation 
of  short telomeres (Phillips et al., 2015).

In order to maintain genome stability, the length of  telomeric repeat sequence 
necessary to overcome Pif1 should be greater than any natural sequence occurring within 
the genome. Any longer sequences should therefore be prone to conversion into new 
telomeres and might be under negative selection during evolution due to the loss of  
genetic material. Consistent with this idea, the two longest (TG1-3)n sequences in the correct 
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orientation outside of  telomeric regions in budding yeast include a 35 bp sequence on Chr 
VII, and a 31 bp sequence on Chr VI (Mangahas et al., 2001).

Our investigation into the molecular trigger of  the DSB-telomere transition points 
to a key role for the DNA binding protein Cdc13. This conclusion is supported by work 
revealing that microsatellite repeats containing Cdc13 binding sites stimulate telomere 
addition (Piazza et al., 2012), and recent data that a hotspot on Chr V also promotes Cdc13 
binding and telomere addition (Obodo et al., 2016). Furthermore, the tethering of  Cdc13, 
but not Rap1, to this site was shown to be sufficient for the formation of  new telomeres 
(Obodo et al., 2016). Moreover, resection at DNA ends with short stretches of  telomere 
repeats may remove all potential Rap1 binding sites, strongly suggesting that the DSB-
telomere transition depends either on ssDNA binding proteins like Cdc13 or the ssDNA 
itself.

The ability of  the Cdc13 OB1 domain to dimerize and bind DNA provides an 
attractive solution to the DSB-telomere transition; however, our results clearly indicate 
that sensitivity to Pif1 is not unique to any one domain and can result from a variety of  
mutations throughout Cdc13, most notably in the recruitment domain. Weakening the 
ability of  Cdc13 to recruit telomerase provides a satisfying explanation for sensitivity of  
the TG34 end to Pif1 (Figure 8), but is unable to explain why the TG34 end is resistant to 
Pif1 in the first place, especially as fusing telomerase to Cdc13 was unable to overwhelm 
Pif1 at the TG18 substrate. Interestingly, the mammalian CST complex can bind single-
stranded telomeric DNA of  32 bp and longer (Miyake et al., 2009) suggesting that Cdc13 
in combination with Stn1 and Ten1 may also possess unique binding properties.

One key unresolved issue is the mechanism by which Pif1 inhibits telomerase on 
either side of  the DSB-telomere transition, and our results with the pif1-4A and -4D alleles 
suggest that these activities may be distinct. It is clear that Pif1 can remove telomerase 
RNA from telomeres (Boulé et al., 2005; Li et al., 2014), but genetic data reveal that Pif1 
also has telomerase-independent activity as PIF1 loss increases the growth of  cdc13-1 tlc1Δ 
cells (Dewar and Lydall, 2010). One potential activity for Pif1 at DSBs is through the 
promotion of  DNA end resection, first observed in cdc13-1 mutants (Dewar and Lydall, 
2010). Consistent with this possibility, end resection impairs telomere addition, and new 
telomeres are added closer to DSB sites in pif1-m2 cells (Chung et al., 2010). This model 
therefore predicts that the TG18 end may be resected with the help of  Pif1, but that resection 
is blocked at the TG34 end, thus providing an explanation as to why tethering telomerase 
to the TG18 end does not increase telomere addition. In line with this prediction, a TG22 
end was previously observed to partially suppress DNA end resection compared to a TG11 

substrate (Hirano and Sugimoto, 2007).
In conclusion, using Pif1 as a cellular indicator for the DNA-end fate decision 

reveals a striking threshold that recapitulates several properties of  DSBs and telomeres. 
We propose that a TG34 DNA end, which is approximately a tenth of  the size of  a healthy 
budding yeast telomere, is interpreted by the cell as a minimal telomere.
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Figure 8. A model to explain how Cdc13 and Pif1 cooperate to establish the DSB-telomere transition. 
At the TG18 end, Pif1 is able to efficiently prevent telomerase-mediated extension (top left). At the TG34 end, 
Cdc13-mediated recruitment of  telomerase overpowers Pif1 activity, allowing the extension of  the end (top 
right). This is impaired if  the recruitment domain of  Cdc13 is mutated (bottom left). Further mutation of  PIF1 
restores the ability of  telomerase to elongate the TG34 end (bottom right).

METHODS

Yeast strain construction and growth

The genotypes of  the yeast strains used in this study are listed in Supplementary File 1B. 
Strains were constructed by standard allele replacement, PCR-mediated gene deletion 
or epitope-tagging methods, or via transformations of  the indicated plasmids. The 
desired mutations were selected by prototrophy or drug selection and verified by PCR or 
sequencing. Standard yeast media and growth conditions were used (Treco and Lundblad, 
2001; Sherman, 2002).

Telomeric repeats were cloned into the pVII-L plasmid which features an HO 
endonuclease cut site, a URA3 selection marker, and homology arms for integration at 
the ADH4 locus (Gottschling et al., 1990). Longer telomeric repeats were assembled using 
commercial gene synthesis (Mr. Gene) while Quikchange mutagenesis (Stratagene) was 
performed for further manipulation of  repeat sequences. Insertions and deletions of  up to 
30 bp of  TG repeats were robustly obtained in a single round of  mutagenesis. Quikchange 
mediated shortening of  a large TG250 sequence also yielded a wide range of  shorter repeats. 
All repeats were verified by DNA sequencing before integration.

The TG82-HO cassette on Chr VII was replaced by integrating SalI and EcoRI-
digested pVII-L plasmids and selecting for colonies on SD-ura. Single integration of  the 
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plasmid and HO cleavage at the locus was confirmed by Southern blot. Telomere addition 
strains were constructed in a rad52Δ background with a covering pRS414-Rad52 plasmid 
to facilitate genome manipulation through homologous recombination. Strains were cured 
of  the pRS414-Rad52 plasmid by random loss in non-selective media and colonies were 
screened by replica-plating to SD-trp.

To make SSY76, the GALL promoter was amplified from plasmid pYM-N27 (Janke 
et al., 2004) using primers EST1_S1 (5′-GAAAAAGTATATTCCATTAAATGACACATGCCA 
CCATAGATAATGCGTACGCTGCAGGTCGAC-3′) and EST1_S4 (5′-CTTGAAAAATAAT 
CTCATACATTCTTCGTTAACTTCTTCATTATCCATCGATGAATTCTCTGTCG-3′). 
Correct insertion was verified by PCR with EST1.1 (5′-CAGACGAAGGTGCTTTCA-3′) and 
EST1.4 (5′-GCTCTTCGAGAAACCTAG-3′) primers.

Pif1 mutations were generated by Quikchange mutagenesis (Stratagene) on a 
pAUR101-pif1-m1 nuclear specific construct and integrated at the AUR1 locus in pif1-m2 
cells. The est2-up34 mutation was generated by pop-in/pop-out gene replacement.

Telomere addition assays

Telomere addition assays were performed as previously described (Zhang and Durocher, 
2010). Briefly, yeast cultures were grown overnight in XY (10 g/L yeast extract, 20 g/L 
bactopeptone, 0.1 g/L adenine, 0.2 g/L tryptophan) + glucose to log phase and subcultured 
into XY + raffinose (2%) for overnight growth to a density of  2.5-7.5x106 cells/mL. 
Nocodazole (Sigma Aldrich) was added at 15 µg/mL for 2 h to synchronize cells in G2/M 
before addition of  galactose to induce HO endonuclease expression. Cells were plated on 
XY + glucose plates before the addition of  galactose and 4 h after galactose addition, and 
grown for 2-3 days. The total number of  colonies were counted, following which colonies 
were replica-plated to media containing α-aminoadipic acid (α-AA) to identify cells that 
had lost the distal LYS2 gene on Chr VII. Frequency of  telomere addition was calculated 
as the percent of  post-galactose surviving colonies that were α-AA resistant. An alternative 
calculation, (α-AA resistant colonies/ (pre-galactose colonies - α-AA sensitive colonies)), 
revealed the same threshold of  Pif1 activity between the TG18  and TG34 ends, but with 
increased variability between experiments.

Genomic DNA extraction

Genomic DNA was isolated using a phenol-chloroform extraction protocol. Briefly, 
overnight cultures of  cells were grown to saturation, pelleted, and resuspended with 200 
µL ‘Smash & Grab’ lysis buffer (10 mM Tris-Cl, pH 8.0, 1 mM EDTA, 100 mM NaCl, 
1% SDS, 2% Triton X-100). 200 µL of  glass beads (Sigma Aldrich, 400-600 µm diameter) 
were added along with 200 µL phenol-chloroform (1:1). Cells were lysed by vortexing for 
5 min before addition of  200 µL TE buffer (10 mM Tris-Cl pH 8, 1 mM EDTA). Samples 
were centrifuged at 4ºC and DNA from the upper layer precipitated with the addition of  
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1 mL ice-cold 100% ethanol and centrifuged at 4ºC. The DNA pellets were resuspended 
in 200 µL TE with 300 µg RNAse A (Sigma) and incubated at 37ºC for 30 min. DNA was 
again precipitated with the addition of  1 mL ice-cold 100% ethanol and 10 µL of  4 M 
ammonium acetate, centrifuged, dried, and resuspended in TE.

Southern blots for telomere addition and length

Fifteen micrograms of  genomic DNA were digested overnight with SpeI (for TG82 strains) 
or EcoRV (for all other TG repeat lengths). Digested DNA was run on a 1% agarose gel 
in 0.5X TBE buffer (45 mM Tris-borate, 1 mM EDTA) at 100 V for 6 hours, denatured in 
the gel for 30 min with 0.5 M NaOH and 1.5 mM NaCl, and neutralized for 30 min with 
1.5 M NaCl and 0.5 M Tris-Cl pH 7.5. DNA was transferred to Hybond N+ membrane 
(GE Healthcare Life Sciences) using overnight capillary flow and 10X SSC buffer (1.5 M 
NaCl, 150 mM sodium citrate, pH 7). Membranes were UV-crosslinked (Stratalinker 1800, 
Stratagene) and blocked at 65ºC with Church hybridization buffer (250 mM NaPO4 pH 
7.2, 1 mM EDTA, 7% SDS). Radiolabelled probes complementary to the ADE2 (for TG82 
strains) or URA3 gene (for all other TG repeat lengths) were generated from purified PCR 
products using the Prime-It Random labelling kit (Stratagene) and α32-dCTP. Membranes 
were probed overnight, washed three times with 65ºC Church hybridization buffer and 
exposed overnight with a phosphor screen (GE Healthcare Life Science) before imaging 
on a Storm or Typhoon FLA 9000 imager (GE Healthcare Life Sciences). Quantification 
of  the added telomere signal (above CUT band) was performed in ImageQuant (GE 
Healthcare Life Sciences) by subtracting the background signal before HO induction 
followed by normalization to the internal loading control (INT). Telomere length analysis 
was performed by digesting genomic DNA with XhoI and probing with a Y′-TG probe 
generated from the pYT14 plasmid (Shampay et al., 1984) or with a telomere-specific 
(5′-CACCACACCCACACACCACACCCACA-3′) probe.

Inducible STEX assay

The tlc1-tm allele was amplified from MCY415 using primers oSMS1 
(5′-ACCTGCCTTTGCAGATCCTT-3′) and TLC1-RV (5′-TTATCTTTGGTTCCTTGCCG-3′). 
The obtained product was transformed into SSY76 cells, which were then plated onto 
YPD+G418 plates. Genomic DNA of  several independent transformants was prepared 
using a Wizard® Genomic DNA Purification Kit (Promega). The TLC1 locus was again 
amplified using primers oSMS1 and TLC1-RV and sequenced using primer oSMS2 
(5′-TGTAGATGCTTGTGTGTG-3′) to confirm proper integration of  the mutant tlc1-tm 
allele. Overnight cultures of  tlc1-tm transformants were inoculated, diluted to OD600=0.1 
in 25 mL YPD next morning, and diluted again at the end of  the day to OD600=0.0005 in 
100 mL YPD, so that the cultures would be in log phase the morning after. Cells were then 
arrested with 0.045 µg/mL alpha factor for 1 h in YPD at 30ºC, spun down, resuspended 
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in YP media containing 2% galactose and 0.0225 µg/mL alpha factor (Sigma-Aldrich) 
and incubated for 2 h at 30ºC. Next, cells were spun down and washed several times, 
resuspended in YPGal with 50 µg/mL of  pronase E (Sigma-Aldrich), and cultured for 2 h 
at 30ºC. Cells were harvested at various points during the experiment for flow cytometry 
analysis and telomere PCR.

Flow cytometry

Cells were fixed in 70% ethanol overnight at 4ºC, washed with demineralized H2O (dH2O), 
and incubated in 50 mM Tris-Cl pH 8 containing 0.1 mg/mL RNase A (Thermo Scientific, 
cat. no. EN0531) for 2–4 h at 37ºC. They were then spun down and resuspended in 50 mM 
Tris-Cl pH 7.5 containing 0.1 mg/mL proteinase K (Sigma-Aldrich, cat. no. 3115801001) 
and incubated for 30–60 min at 50ºC. Cells were next resuspended in FACS buffer (200 mM 
Tris-Cl pH 7.5, 200 mM NaCl, 78 mM MgCl2), incubated with SYTOX® Green Nucleic 
Acid Stain (Thermo Scientific, cat. no. S7020) in 50 mM Tris pH 7.5, and sonicated at high 
intensity (3 cycles of  30 s on and 30 s off) before analysis.

Telomere PCR

Telomere V-R and VI-R PCR was performed essentially as described (Förstemann et al., 2000; 
Chang et al., 2007). 1 µL of  genomic DNA (~100 ng) was mixed with 8 µL of  1x NEBuffer 
4 (New England Biolabs, NEB) and boiled for 10 min at 94ºC. 1 µL of  tailing mix (0.05 µL 
Terminal Transferase (NEB, cat. no. M0315), 0.1 µL 10x NEBuffer 4, 0.1 µL 10 mM dCTP, 
0.75 µL dH2O) was added and incubated for 30 min at 37ºC, 10 min at 65ºC, and 5 min 
at 96ºC. Immediately after tailing, 30 µL of  PCR mix was added. The PCR mix consisted 
of  4 µL 10x PCR buffer (670 mM Tris-HCl pH 8.8, 160 mM (NH4)2SO4, 50% glycerol, 
0.1% Tween-20), 0.32 µL 25 mM dNTP mix, 0.3 µL 100 µM telomere-specific primer (V-R: 
5′-GTGAGCGGATAACAATTTCACACAGTCTAGATGTCCGAATTGATCCCAGAGTAG-3′ 
or VI-R: 5′-ACGTGTGCGTACGCCATATCAATATGC-3′), 0.3 µL 100 µM G18 primer 
(5′-CGGGATCCG18-3′), 0.5 µL Q5® High-Fidelity DNA Polymerase (NEB, cat. no. 
M0491), 24.68 µL dH2O. The samples were denatured at 98ºC for 3 min, followed by 35 
cycles of  98ºC for 30 s and 68ºC for 15 s, and a final extension step at 72ºC for 2 min.

Gel extraction, cloning, and sequencing

Telomere PCR products were separated on 2.5% agarose gels and extracted using a 
NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel, cat. no. 740609). The purified 
PCR products were then cloned using a Zero Blunt® TOPO® PCR Cloning Kit (Invitrogen, 
cat. no. 450245). Individual clones were sequenced by GATC Biotech and the resulting data 
were analysed using Sequencher software (Gene Codes).
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PCR mutagenesis screens

Mutant alleles were generated by error-prone PCR using Taq polymerase (New England 
Biolabs) and 0.25 mM MnCl, and purified using spin columns (Qiagen). The Pif1 mutagenesis 
screen was performed in TG82 pif1-m2 cells co-transformed with gapped pRS416-pif1-m1 
and purified inserts. Cells harbouring repaired plasmids were selected on SD-ura. The 
Cdc13 mutagenesis screen was performed in TG34 cdc13Δ cells containing a covering YEp-
CDC13-URA3 plasmid and co-transformed with gapped pRS425-CDC13 plasmid and 
PCR inserts. Cells harbouring repaired plasmids were selected on SD-ura before replica-
plating to 5-fluoroorotic acid (5-FOA) to remove the covering plasmid. Mutant cdc13 alleles 
that are defective in capping should be inviable at this step. Colonies from both screens 
were patched onto raffinose plates and grown for 2 days before replica plating to galactose 
plates for 4 hours, and finally to α-AA plates after reducing cell density by first replicating 
plating to a blank agar plate. Plasmids were rescued using a phenol-chloroform extraction 
and transformed into Escherichia coli. Plasmids were sequenced to identify mutations and 
retransformed into the parental yeast strain to confirm that the phenotype resulted from 
the plasmid mutation.

Statistics

The statistics carried out in Figure 2 were done using a Fisher’s exact test and for this 
analysis, telomeres containing only wild-type divergence were excluded.
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Figure 1 – Figure Supplement 1. Characterizing a threshold of  Pif1 activity at DNA ends. a, Telomere 
addition frequency normalized to pif1-m2 cells at DNA ends containing 18-82 bp of  (TG1-3)n sequence. Data 
represent the mean ± s.d. from n=3 independent experiments. b, Telomere addition frequency in rad52Δ cells 
synchronized with 15 µg/mL nocodazole for 2 h (+ noc), asynchronously growing cells (- noc), and in cells 
harbouring a pRS415-RAD52 plasmid. Data represent the mean ± s.d. from n=3 independent experiments. 
c, Telomere addition frequency normalized to pif1-m2 cells at DNA ends containing 26 bp or 36 bp versions 
of  three different natural telomeric (TG1-3)n sequences. Data represent the mean ± s.d. from n=3 independent 
experiments. d, Southern blot of  DNA ends containing the TG26b and TG36b ends in wild-type (WT) and pif1-m2 
cells following HO induction. A URA3 probe was used to label the ura3-52 internal control (INT) and the 
URA3 gene adjacent to the TGn-HO insert (PRE) which is cleaved by HO endonuclease (CUT).



A sharp Pif1-dependent threshold separates DNA double-strand breaks from critically short telomeres

51

Ch
ap

te
r 2

a

b VI-R telomeres
below threshold (38 bp)

PIF1

pif1-m2

Total

13

6

Extended

2 (15.4%)

3 (50.0%)

p value

0.151

VI-R telomeres

up to 37 bp

from 38 to 74 bp

Total

13

115

Extended

2 (15.4%)

51 (44.3%)

p value

0.039

VI-R telomeres - pif1-m2 cells 

41.3% mutant divergence (236 out of 572)
10.5% wild type divergence (60 out of 572)

Te
lo

m
er

e 
le

ng
th

 (n
t)

0

100

200

300

400

500

38 bp

VI-R telomeres

20.5% mutant divergence (120 out of 583)
7.9% wild type divergence (46 out of 583)

Te
lo

m
er

e 
le

ng
th

 (n
t)

0

50

100

150

200

250

38 bp

Undiverged sequence Diverged mutant sequence Diverged wild-type sequence

Undiverged sequence Diverged mutant sequence Diverged wild-type sequence

Figure 2 – Figure Supplement 1. Characterization of  the DSB-telomere transition at telomere VI-R. 
a, Telomere VI-R was amplified, cloned and sequenced after 2 h of  tlc1-tm telomerase induction. Each bar 
represents an individual telomere. The black portion of  each bar represents the undivergent sequence, the red 
portion shows the mutant divergent sequence and the grey portion indicates the wild-type divergent sequence. 
Telomeres are sorted based on the length of  the undiverged sequence (black portion). The red line indicates the 
threshold below which telomerase-mediated telomere extension becomes very inefficient. Statistical analysis 
was done using a Fisher’s exact test and for this analysis, telomeres containing only wild-type divergence were 
excluded. b, As in panel a, except in a pif1-m2 background. Statistical analysis comparing extension of  telomeres 
below 38 bp in length between in wild type and pif1-m2 was done using a Fisher’s exact test.
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Figure 3 – Figure Supplement 1. Loss of  MEC1 or RAD53 does not affect Pif1 at short telomeres. a-d, 
Southern blot of  the TG82 DNA end following HO induction in sml1Δ and sml1Δ pif1-m2 cells combined with 
the deletion of  MEC1 (a) or RAD53 (c). SML1 was deleted to suppress the lethality of  mec1Δ and rad53Δ. An 
ADE2 probe was used to label the ade2Δ1 internal control (INT) and the ADE2 gene adjacent to the TGn-
HO insert (PRE) which is cleaved by HO endonuclease (CUT). Quantification of  the newly added telomere 
signal in mec1Δ cells (b), from n=1 experiment, and rad53Δ cells (d), from n=2 independent experiments. 
Data represent the mean ± s.d. The data for sml1Δ and sml1Δ pif1-m2 (n=3) are identical in panels b and d. e, 
Telomere Southern blot of  pif1-m2 strains carrying a vector control (-) or a plasmid expressing either pif1-m1 
(WT), pif1-5AQ (5AQ), or pif1-4D (4D). Each sample is loaded with a digested plasmid containing telomeric 
sequences to give the 1.8 kb band (indicated by an arrow). 
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Supplementary File 1A: Sequences of  DNA ends.
TG repeat Sequence (5’ to 3’)
TG6 ACCACA
TG12 ACACACCCACAC
TG18 ACACCACACCCACACACA
TG22 ACACCACACCCACACACACACC
TG26 ACACCACACCCACACACACACCCACA
TG30 ACACCACACCCACACACACACCCACACCCA
TG34 ACACACACACCACACCCACACCCACACACCACAC
TG34v2 ACACCACACCCACACACACACCCACACCCACACA
TG38 ACACCACACCCACACACACACCCACACCCACACACCAC
TG42 ACACACACACCACACCCACACCCACACACCACACCACACACA
TG45 ACCCACACACCCACACCCACACACCACACCCACACACACCACACC
TG50 ACACACACACCACACCCACACCCACACACCACACCACACACACCACACCC

TG66

ACACACACACCACACCCACACCCACACACCACACCACACACACCACACCC
ACCACACCCACACACC

TG67

ACACACACACCACACCCACCACACCCACACACCCACACCCACACACCACA
CCCACACACACCACACC

TG74

ACACACACACCACACCCACACCCACACACCACACCACACACACCACACCC
ACCACACCCACACACCCACACCCA

TG82

ACACACACACCACACCCACACCCACACACCACACCACACACACCACACCC
ACCACACCCACACACCCACACCCACACACCAC

TG26-A ACCACACACCCACACACCACACCCAC
TG36-A ACCACACACCCACACACCACACCCACACACACCACA
TG26-B ACCACACACACCACACCCACACCACA
TG36-B ACCACACACACCACACCCACACCACACCCACACACC
TG26-C ACCACACCACACCCACACACCACACC
TG36-C ACCACACCACACCCACACACCACACCCACACACACC
TG26-(TGTGG) ACCACACCACACCACACCACACCACA
TG36-(TGTGG) ACCACACCACACCACACCACACCACACCACACCACA
TG26-(TG) ACACACACACACACACACACACACAC
TG36-(TG) ACACACACACACACACACACACACACACACACACAC

Supplementary File 1B: Yeast strains. All S288C strains are MATa-inc leu2-Δ1::GAL1:HO-LEU2 
rad52::HIS ura3-52 lys2-801 ade2-101 ochre trp1-Δ63 his3-Δ200 unless otherwise stated.

Strain
number

Strain
background Genotype Source

DDY2458 S288C pRAD52-TRP VII-L-ADE2-TG82-HOcs-LYS2 
Zhang & 
Durocher, 
2010

DDY2476 S288C pRAD52-TRP VII-L-ADE2-TG82-HOcs-LYS2 pif1-m2
Zhang & 
Durocher, 
2010

DDY3254 S288C VII-L::URA3-TG18-HOcs-LYS2 This study
DDY3203 S288C VII-L::URA3-TG18-HOcs-LYS2 pif1-m2 This study
DDY3376 S288C VII-L::URA3-TG34-HOcs-LYS2 This study
DDY2986 S288C VII-L::URA3-TG34-HOcs-LYS2 pif1-m2 This study
DDY2985 S288C VII-L::URA3-TG45-HOcs-LYS2 This study
DDY2987 S288C VII-L::URA3-TG45-HOcs-LYS2 pif1-m2 This study
DDY3129 S288C VII-L::URA3-TG56-HOcs-LYS2 This study
DDY3130 S288C VII-L::URA3-TG56-HOcs-LYS2 pif1-m2 This study
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Strain
number

Strain
background Genotype Source

DDY2988 S288C VII-L::URA3-TG67-HOcs-LYS2 This study
DDY2990 S288C VII-L::URA3-TG67-HOcs-LYS2 pif1-m2 This study
DDY2472 S288C VII-L-ADE2-TG82-HOcs-LYS2 This study
DDY2556 S288C VII-L-ADE2-TG82-HOcs-LYS2 -m2 This study
DDY3204 S288C VII-L::URA3-TG22-HOcs-LYS2 This study
DDY3205 S288C VII-L::URA3-TG22-HOcs-LYS2 pif1-m2 This study
DDY3206 S288C VII-L::URA3-TG26-HOcs-LYS2 This study
DDY3207 S288C VII-L::URA3-TG26-HOcs-LYS2 pif1-m2 This study
DDY3208 S288C VII-L::URA3-TG30-HOcs-LYS2 This study
DDY3209 S288C VII-L::URA3-TG30-HOcs-LYS2 pif1-m2 This study
DDY3210 S288C VII-L::URA3-TG34v2-HOcs-LYS2 This study
DDY3211 S288C VII-L::URA3-TG34v2-HOcs-LYS2 pif1-m2 This study
DDY3404 S288C VII-L::URA3-TG38-HOcs-LYS2 This study
DDY3406 S288C VII-L::URA3-TG38-HOcs-LYS2 pif1-m2 This study
DDY3275 S288C VII-L::URA3-TG26a-HOcs-LYS2 This study
DDY3276 S288C VII-L::URA3-TG26a-HOcs-LYS2 pif1-m2 This study
DDY3277 S288C VII-L::URA3-TG36a-HOcs-LYS2 This study
DDY3278 S288C VII-L::URA3-TG36a-HOcs-LYS2 pif1-m2 This study
DDY3279 S288C VII-L::URA3-TG26b-HOcs-LYS2 This study
DDY3280 S288C VII-L::URA3-TG26b-HOcs-LYS2 pif1-m2 This study
DDY3281 S288C VII-L::URA3-TG36b-HOcs-LYS2 This study
DDY3282 S288C VII-L::URA3-TG36b-HOcs-LYS2 pif1-m2 This study
DDY3283 S288C VII-L::URA3-TG26c-HOcs-LYS2 This study
DDY3284 S288C VII-L::URA3-TG26c-HOcs-LYS2 pif1-m2 This study
DDY3285 S288C VII-L::URA3-TG36c-HOcs-LYS2 This study
DDY3286 S288C VII-L::URA3-TG36c-HOcs-LYS2 pif1-m2 This study
MCY415 BY4742 MATa tlc1-tm::kanMX his3Δ1 leu2Δ0 ura3Δ0 This study

SSY76 W303 MATa ade2-1 can1-100 leu2-3,112 his3-11,15 trp1-1 ura3-1 RAD5 GALL-
p::natNT2-EST1 bar1ΔLEU2 DIA5-1 This study

SSY292 W303 MATa ade2-1 can1-100 leu2-3,112 his3-11,15 trp1-1 ura3-1 RAD5 GALL-
p::natNT2-EST1 bar1ΔLEU2 pif1-m2 DIA5-1 This study

DDY3042 S288C VII-L-ADE2-TG82-HOcs-LYS2 tel1::KANMX This study
DDY3043 S288C VII-L-ADE2-TG82-HOcs-LYS2 pif1-m2 tel1::KANMX This study
DDY3483 S288C VII-L::URA3-TG18-HOcs-LYS2 tel1::KANMX This study
DDY3484 S288C VII-L::URA3-TG18-HOcs-LYS2 pif1-m2 tel1::KANMX This study
DDY3485 S288C VII-L::URA3-TG34-HOcs-LYS2 tel1::KANMX This study
DDY3486 S288C VII-L::URA3-TG34-HOcs-LYS2 pif1-m2 tel1::KANMX This study
DDY3234 S288C VII-L::URA3-TG34-HOcs-LYS2 pif1-m2 AUR1 This study
DDY3236 S288C VII-L::URA3-TG34-HOcs-LYS2 pif1-m2 AUR1::pif1-m1 This study
DDY3244 S288C VII-L::URA3-TG34-HOcs-LYS2 pif1-m2 AUR1::pif1-m1(5AQ) This study
DDY3224 S288C VII-L::URA3-TG18-HOcs-LYS2 pif1-m2 AUR1 This study
DDY3226 S288C VII-L::URA3-TG18-HOcs-LYS2 pif1-m2 AUR1::pif1-m1 This study
DDY3230 S288C VII-L::URA3-TG18-HOcs-LYS2 pif1-m2 AUR1::pif1-m1(4A) This study
DDY3470 S288C VII-L::URA3-TG18-HOcs-LYS2 pif1-m2 AUR1::pif1-m1(4D) This study
DDY3240 S288C VII-L::URA3-TG34-HOcs-LYS2 pif1-m2 AUR1::pif1-m1(4D) This study
DDY3141 S288C VII-L-ADE2-TG82-HOcs-LYS2 sml1::NATMX This study
DDY3142 S288C VII-L-ADE2-TG82-HOcs-LYS2 pif1-m2 sml1::NATMX This study
DDY3144 S288C VII-L-ADE2-TG82-HOcs-LYS2 sml1:NATMX: mec1::KANMX This study
DDY3039 S288C VII-L-ADE2-TG82-HOcs-LYS2 pif1-m2 sml1:NATMX: mec1::KANMX This study
DDY3146 S288C VII-L-ADE2-TG82-HOcs-LYS2 sml1::NATMX rad53::KANMX This study
DDY3041 S288C VII-L-ADE2-TG82-HOcs-LYS2 pif1-m2 sml1::NATMX rad53::KANMX This study
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Strain
number

Strain
background Genotype Source

DDY3224 S288C VII-L::URA3-TG18-HOcs-LYS2 pif1-m2 AUR1 This study
DDY3226 S288C VII-L::URA3-TG18-HOcs-LYS2 pif1-m2 AUR1::pif1-m1 This study

DDY3604 S288C VII-L::TG18-HOcs-LYS2 ura3::HPHMX cdc13::KANMX pRS414-Cdc13-
Est1 This study

DDY3605 S288C VII-L::TG18-HOcs-LYS2 ura3::HPHMX cdc13::KANMX pif1-m2 pRS414-
Cdc13-Est1 This study

DDY3606 S288C VII-L::TG34-HOcs-LYS2 ura3::HPHMX cdc13::KANMX pRS414-Cdc13-
Est1 This study

DDY3607 S288C VII-L::TG34-HOcs-LYS2 ura3::HPHMX cdc13::KANMX pif1-m2 pRS414-
Cdc13-Est1 This study

DDY3608 S288C VII-L::TG18-HOcs-LYS2 ura3::HPHMX cdc13::KANMX pRS414-Cdc13-
Est2 This study

DDY3609 S288C VII-L::TG18-HOcs-LYS2 ura3::HPHMX cdc13::KANMX pif1-m2 pRS414-
Cdc13-Est2 This study

DDY3610 S288C VII-L::TG34-HOcs-LYS2 ura3::HPHMX cdc13::KANMX pRS414-Cdc13-
Est2 This study

DDY3611 S288C VII-L::TG34-HOcs-LYS2 ura3::HPHMX cdc13::KANMX pif1-m2 pRS414-
Cdc13-Est2 This study

DDY3499 S288C VII-L::URA3-TG18-HOcs-LYS2 est2-up34 This study
DDY3500 S288C VII-L::URA3-TG18-HOcs-LYS2 pif1-m2 est2up-34 This study
DDY3501 S288C VII-L::URA3-TG34-HOcs-LYS2 est2-up34 This study
DDY3502 S288C VII-L::URA3-TG34-HOcs-LYS2 pif1-m2 est2-up34 This study
DDY3287 S288C VII-L::URA3-TG26d-HOcs-LYS2 This study
DDY3288 S288C VII-L::URA3-TG26d-HOcs-LYS2 pif1-m2 This study
DDY3289 S288C VII-L::URA3-TG36d-HOcs-LYS2 This study
DDY3290 S288C VII-L::URA3-TG36d-HOcs-LYS2 pif1-m2 This study
DDY3291 S288C VII-L::URA3-TG26e-HOcs-LYS2 This study
DDY3292 S288C VII-L::URA3-TG26e-HOcs-LYS2 pif1-m2 This study
DDY3293 S288C VII-L::URA3-TG36e-HOcs-LYS2 This study
DDY3294 S288C VII-L::URA3-TG36e-HOcs-LYS2 pif1-m2 This study
DDY3324 S288C VII-L::URA3-Rap1x0+TG14-HOcs-LYS2 This study
DDY3325 S288C VII-L::URA3-Rap1x0+TG14-HOcs-LYS2 pif1-m2 This study
DDY3326 S288C VII-L::URA3-Rap1x1+TG14-HOcs-LYS2 This study
DDY3327 S288C VII-L::URA3-Rap1x1+TG14-HOcs-LYS2 pif1-m2 This study
DDY3328 S288C VII-L::URA3-Rap1x2+TG14-HOcs-LYS2 This study
DDY3329 S288C VII-L::URA3-Rap1x2+TG14-HOcs-LYS2 pif1-m2 This study
DDY3330 S288C VII-L::URA3-Rap1x3+TG14-HOcs-LYS2 This study
DDY3331 S288C VII-L::URA3-Rap1x3+TG14-HOcs-LYS2 pif1-m2 This study
DDY3332 S288C VII-L::URA3-Rap1x4+TG14-HOcs-LYS2 This study
DDY3333 S288C VII-L::URA3-Rap1x4+TG14-HOcs-LYS2 pif1-m2 This study
DDY3334 S288C VII-L::URA3-Rap1x0-HOcs-LYS2 This study
DDY3335 S288C VII-L::URA3-Rap1x0-HOcs-LYS2 pif1-m2 This study
DDY3336 S288C VII-L::URA3-Rap1x1-HOcs-LYS2 This study
DDY3337 S288C VII-L::URA3-Rap1x1-HOcs-LYS2 pif1-m2 This study
DDY3338 S288C VII-L::URA3-Rap1x2-HOcs-LYS2 This study
DDY3339 S288C VII-L::URA3-Rap1x2-HOcs-LYS2 pif1-m2 This study
DDY3340 S288C VII-L::URA3-Rap1x3-HOcs-LYS2 This study
DDY3341 S288C VII-L::URA3-Rap1x3-HOcs-LYS2 pif1-m2 This study
DDY3342 S288C VII-L::URA3-Rap1x4-HOcs-LYS2 This study
DDY3343 S288C VII-L::URA3-Rap1x4-HOcs-LYS2 pif1-m2 This study
DDY3475 S288C VII-L::URA3-TG18-HOcs-LYS2 rif1::KANMX This study
DDY3476 S288C VII-L::URA3-TG18-HOcs-LYS2 pif1-m2 rif1::KANMX This study
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DDY3477 S288C VII-L::URA3-TG34-HOcs-LYS2 rif1::KANMX This study
DDY3478 S288C VII-L::URA3-TG34-HOcs-LYS2 pif1-m2 rif1::KANMX This study
DDY3479 S288C VII-L::URA3-TG18-HOcs-LYS2 rif2::NATMX This study
DDY3480 S288C VII-L::URA3-TG18-HOcs-LYS2 pif1-m2 rif2::NATMX This study
DDY3481 S288C VII-L::URA3-TG34-HOcs-LYS2 rif2::NATMX This study
DDY3482 S288C VII-L::URA3-TG34-HOcs-LYS2 pif1-m2 rif2::NATMX This study
DDY3466 S288C VII-L::URA3-TG18-HOcs-LYS2 rif1::KANMX rif2::NATMX This study
DDY3467 S288C VII-L::URA3-TG18-HOcs-LYS2 pif1-m2 rif1::KANMX rif2::NATMX This study
DDY3468 S288C VII-L::URA3-TG34-HOcs-LYS2 rif1::KANMX rif2::NATMX This study
DDY3469 S288C VII-L::URA3-TG34-HOcs-LYS2 pif1-m2 rif1::KANMX rif2::NATMX This study

DDY3526 S288C VII-L::TG18-HOcs-LYS2 ura3::HPHMX cdc13::KANMX YEp-URA3-
CDC13 This study

DDY3527 S288C VII-L::URA3-TG18-HOcs-LYS2 pif1-m2 ura3::HPHMX cdc13::KANMX 
YEp-URA3-CDC13 This study

DDY3528 S288C VII-L::TG18-HOcs-LYS2 ura3::HPHMX cdc13::KANMX YEp-URA3-
CDC13 This study

DDY3530 S288C VII-L::URA3-TG18-HOcs-LYS2 pif1-m2 ura3::HPHMX cdc13::KANMX 
YEp-URA3-CDC13 This study

DDY3589 S288C leu2-Δ1::GAL1:HOVII-L::TG18-HOcs-LYS2 leu2::NAT ura3::HPHMX 
cdc13::KANMX YEp-URA3-CDC13 pRAD52-TRP This study

DDY3591 S288C leu2-Δ1::GAL1:HOVII-L::URA3-TG18-HOcs-LYS2 pif1-m2 leu2::NAT 
ura3::HPHMX cdc13::KANMX YEp-URA3-CDC13 pRAD52-TRP This study

DDY3534 S288C VII-L::TG18-HOcs-LYS2 ura3::HPHMX cdc13::KANMX pRS414-CDC13 This study

DDY3536 S288C VII-L::TG18-HOcs-LYS2 ura3::HPHMX cdc13::KANMX pif1-m2 pRS414-
CDC13 This study

DDY3535 S288C VII-L::TG18-HOcs-LYS2 ura3::HPHMX cdc13::KANMX pRS414-cdc13-
L91A This study

DDY3537 S288C VII-L::TG18-HOcs-LYS2 ura3::HPHMX cdc13::KANMX pif1-m2 pRS414-
cdc13-L91A This study

DDY3538 S288C VII-L::TG34-HOcs-LYS2 ura3::HPHMX cdc13::KANMX pRS414-CDC13 This study

DDY3540 S288C VII-L::TG34-HOcs-LYS2 ura3::HPHMX cdc13::KANMX pif1-m2 pRS414-
CDC13 This study

DDY3539 S288C VII-L::TG34-HOcs-LYS2 ura3::HPHMX cdc13::KANMX pRS414-cdc13-
L91A This study

DDY3541 S288C VII-L::TG34-HOcs-LYS2 ura3::HPHMX cdc13::KANMX pif1-m2 pRS414-
cdc13-L91A This study

DDY3520 S288C VII-L::TG34-HOcs-LYS2 ura3::HPH cdc13::KANMX YEP24-CDC13 
pRAD52 This study

DDY3522 S288C VII-L::TG34-HOcs-LYS2 ura3::HPH cdc13::KANMX YEP24-CDC13 
pRAD52 pif1-m2 This study

DDY3528 S288C VII-L::TG34-HOcs-LYS2 ura3::HPH cdc13::KANMX YEP24-CDC13 This study

DDY3530 S288C VII-L::TG34-HOcs-LYS2 ura3::HPH cdc13::KANMX YEP24-CDC13 
pif1-m2 This study

DDY3584 S288C VII-L::TG34-HOcs-LYS2 ura3::HPH leu2::NAT cdc13::KANMX YEP24-
CDC13 This study

DDY3586 S288C VII-L::TG34-HOcs-LYS2 ura3::HPH leu2::NAT cdc13::KANMX YEP24-
CDC13 pif1-m2 This study

DDY3589 S288C VII-L::TG34-HOcs-LYS2 ura3::HPH leu2::NAT cdc13::KANMX YEP24-
CDC13 pRAD52 This study

DDY3591 S288C VII-L::TG34-HOcs-LYS2 ura3::HPH leu2::NAT cdc13::KANMX YEP24-
CDC13 pRAD52 pif1-m2 This study

DDY3248 S288C VII-L::URA3-TG96-HOcs-LYS2 This study
DDY3250 S288C VII-L::URA3-TG119-HOcs-LYS2 This study
DDY3252 S288C VII-L::URA3-TG142-HOcs-LYS2 This study
DDY3133 S288C VII-L::URA3-TG162-HOcs-LYS2 This study
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DDY3134 S288C VII-L::URA3-TG162-HOcs-LYS2 pif1-m2 This study
DDY3582 S288C VII-L::TG18-HOcs-LYS2 ura3::HPH cdc13::KAN YEP24-CDC13 This study
DDY3583 S288C VII-L::TG18-HOcs-LYS2 ura3::HPH cdc13::KAN YEP24-CDC13 pif1-m2 This study
DDY3529 S288C VII-L::TG34-HOcs-LYS2 ura3::HPH cdc13::KAN YEP24-CDC13 This study
DDY3614 S288C DDY3529 leu2::NATMX This study
DDY3531 S288C VII-L::TG34-HOcs-LYS2 ura3::HPH cdc13::KAN YEP24-CDC13 pif1-m2 This study
DDY3615 S288C DDY3531 leu2::NATMX This study
DDY3768 S288C DDY3614 pRS425-CDC13 This study
DDY3769 S288C DDY3614 pRS425-cdc13-L91A This study
DDY3770 S288C DDY3614 pRS425-cdc13-F236S This study
DDY3771 S288C DDY3614 pRS425-cdc13-Q256H This study
DDY3772 S288C DDY3614 pRS425-cdc13-Q583K This study
DDY3773 S288C DDY3614 pRS425-cdc13-I87N This study
DDY3774 S288C DDY3614 pRS425-cdc13-Y758N This study
DDY3775 S288C DDY3614 pRS425-cdc13-H12R This study
DDY3776 S288C DDY3614 pRS425-cdc13-E556V/N567D This study
DDY3777 S288C DDY3614 pRS425-cdc13-F728I This study
DDY3778 S288C DDY3614 pRS425-cdc13-E252K This study
DDY3779 S288C DDY3614 pRS425-cdc13-P235S This study
DDY3780 S288C DDY3614 pRS425-cdc13-S255A This study
DDY3781 S288C DDY3614 pRS425-cdc13-K50Q This study
DDY3782 S288C DDY3614 pRS425-cdc13-F237V This study
DDY3783 S288C DDY3615 pRS425-CDC13 This study
DDY3784 S288C DDY3615 pRS425-cdc13-L91A This study
DDY3785 S288C DDY3615 pRS425-cdc13-F236S This study
DDY3786 S288C DDY3615 pRS425-cdc13-Q256H This study
DDY3787 S288C DDY3615 pRS425-cdc13-Q583K This study
DDY3788 S288C DDY3615 pRS425-cdc13-I87N This study
DDY3789 S288C DDY3615 pRS425-cdc13-Y758N This study
DDY3790 S288C DDY3615 pRS425-cdc13-H12R This study
DDY3791 S288C DDY3615 pRS425-cdc13-E556V/N567D This study
DDY3792 S288C DDY3615 pRS425-cdc13-F728I This study
DDY3793 S288C DDY3615 pRS425-cdc13-E252K This study
DDY3794 S288C DDY3615 pRS425-cdc13-P235S This study
DDY3795 S288C DDY3615 pRS425-cdc13-S255A This study
DDY3796 S288C DDY3615 pRS425-cdc13-K50Q This study
DDY3797 S288C DDY3615 pRS425-cdc13-F237V This study
DDY4722 S288C DDY3582 pRS415-CDC13 This study
DDY4723 S288C DDY3582 pRS415-cdc13-L91A This study
DDY4724 S288C DDY3582 pRS425-CDC13 This study
DDY4725 S288C DDY3582 pRS425-cdc13-L91A This study
DDY4726 S288C DDY3583 pRS415-CDC13 This study
DDY4727 S288C DDY3583 pRS415-cdc13-L91A This study
DDY4728 S288C DDY3583 pRS425-CDC13 This study
DDY4729 S288C DDY3583 pRS425-cdc13-L91A This study
DDY4730 S288C DDY3614 pRS415-CDC13 This study
DDY4731 S288C DDY3614 pRS415-cdc13-L91A This study
DDY4732 S288C DDY3615 pRS415-CDC13 This study
DDY4733 S288C DDY3615 pRS415-cdc13-L91A This study
DDY4588 S288C VII-L::TG18-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-CDC13 This study
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DDY4589 S288C VII-L::TG18-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-CDC13 This study
DDY4590 S288C VII-L::TG34-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-CDC13 This study
DDY4591 S288C VII-L::TG34-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-CDC13 This study
DDY4592 S288C VII-L::TG42-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-CDC13 This study
DDY4593 S288C VII-L::TG42-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-CDC13 This study
DDY4594 S288C VII-L::TG50-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-CDC13 This study
DDY4595 S288C VII-L::TG50-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-CDC13 This study
DDY4596 S288C VII-L::TG58-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-CDC13 This study
DDY4597 S288C VII-L::TG58-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-CDC13 This study
DDY4598 S288C VII-L::TG66-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-CDC13 This study
DDY4600 S288C VII-L::TG82-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-CDC13 This study
DDY4601 S288C VII-L::TG82-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-CDC13 This study
DDY4604 S288C VII-L::TG34-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-CDC13 This study
DDY4609 S288C VII-L::TG58-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-CDC13 This study
DDY4610 S288C VII-L::TG58-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-CDC13 This study
DDY4611 S288C VII-L::TG66-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-CDC13 This study
DDY4612 S288C VII-L::TG66-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-CDC13 This study
DDY4613 S288C VII-L::TG74-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-CDC13 This study
DDY4614 S288C VII-L::TG74-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-CDC13 This study
DDY4618 S288C VII-L::TG18-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-cdc13-Q256H This study
DDY4619 S288C VII-L::TG18-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-cdc13-Q256H This study
DDY4620 S288C VII-L::TG74-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-CDC13 This study
DDY4621 S288C VII-L::TG74-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-CDC13 This study
DDY4622 S288C VII-L::TG18-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-CDC13 This study
DDY4623 S288C VII-L::TG18-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-CDC13 This study
DDY4624 S288C VII-L::TG34-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-CDC13 This study
DDY4625 S288C VII-L::TG34-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-CDC13 This study
DDY4626 S288C VII-L::TG42-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-CDC13 This study
DDY4629 S288C VII-L::TG82-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-CDC13 This study
DDY4630 S288C VII-L::TG82-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-CDC13 This study
DDY4631 S288C VII-L::TG18-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-cdc13-Q256H This study
DDY4632 S288C VII-L::TG18-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-cdc13-Q256H This study
DDY4633 S288C VII-L::TG34-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-cdc13-Q256H This study
DDY4634 S288C VII-L::TG34-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-cdc13-Q256H This study
DDY4635 S288C VII-L::TG42-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-cdc13-Q256H This study
DDY4636 S288C VII-L::TG42-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-cdc13-Q256H This study
DDY4637 S288C VII-L::TG50-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-cdc13-Q256H This study
DDY4638 S288C VII-L::TG50-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-cdc13-Q256H This study
DDY4639 S288C VII-L::TG58-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-cdc13-Q256H This study
DDY4640 S288C VII-L::TG58-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-cdc13-Q256H This study
DDY4641 S288C VII-L::TG58-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-cdc13-Q256H This study
DDY4642 S288C VII-L::TG66-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-cdc13-Q256H This study
DDY4643 S288C VII-L::TG66-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-cdc13-Q256H This study
DDY4644 S288C VII-L::TG74-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-cdc13-Q256H This study
DDY4645 S288C VII-L::TG74-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-cdc13-Q256H This study
DDY4646 S288C VII-L::TG82-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-cdc13-Q256H This study

DDY4647 S288C VII-L::TG18-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-cdc13-
Q256H This study

DDY4648 S288C VII-L::TG34-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-cdc13-
Q256H This study
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DDY4649 S288C VII-L::TG34-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-cdc13-
Q256H This study

DDY4650 S288C VII-L::TG42-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-cdc13-
Q256H This study

DDY4651 S288C VII-L::TG42-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-cdc13-
Q256H This study

DDY4652 S288C VII-L::TG58-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-cdc13-
Q256H This study

DDY4653 S288C VII-L::TG58-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-cdc13-
Q256H This study

DDY4654 S288C VII-L::TG66-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-cdc13-
Q256H This study

DDY4655 S288C VII-L::TG66-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-cdc13-
Q256H This study

DDY4656 S288C VII-L::TG74-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-cdc13-
Q256H This study

DDY4657 S288C VII-L::TG74-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-cdc13-
Q256H This study

DDY4658 S288C VII-L::TG74-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-cdc13-
Q256H This study

DDY4659 S288C VII-L::TG82-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-cdc13-
Q256H This study

DDY4660 S288C VII-L::TG82-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-cdc13-
Q256H This study

DDY4678 S288C VII-L::TG42-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-cdc13-
Q256H This study

DDY4679 S288C VII-L::TG42-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-cdc13-
Q256H This study

DDY4680 S288C VII-L::TG42-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-cdc13-
Q256H This study

DDY4693 S288C VII-L::TG50-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-CDC13 This study
DDY4697 S288C VII-L::TG50-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-CDC13 This study
DDY4707 S288C VII-L::TG82-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-cdc13-Q256H This study
DDY4708 S288C VII-L::TG82-HOcs-LYS2 ura3::HPH cdc13::KAN pRS425-cdc13-Q256H This study

DDY4712 S288C VII-L::TG50-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-cdc13-
Q256H This study

DDY4713 S288C VII-L::TG50-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-cdc13-
Q256H This study

DDY4714 S288C VII-L::TG50-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-cdc13-
Q256H This study

DDY4715 S288C VII-L::TG50-HOcs-LYS2 ura3::HPH cdc13::KAN pif1-m2 pRS425-cdc13-
Q256H This study
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ABSTRACT

Dysfunctional telomere length regulation is detrimental to human health, and both 
activation and inhibition of  telomerase have been proposed in potential therapies to treat 
human diseases. The Saccharomyces cerevisiae Pif1 protein is an evolutionarily conserved 
helicase that inhibits telomerase activity at DNA ends. Recent studies have indicated that 
Pif1 is specifically important for inhibiting telomerase at DNA ends with very little or no 
telomeric sequence and at long telomeres. At the former, Pif1 prevents the inappropriate 
addition of  a telomere at DNA double-strand breaks. For the latter, Pif1 has been shown 
to bind long telomeres to presumably promote the extension of  the short ones. These 
functions of  Pif1 leave the impression that it does not act at DNA ends with telomeric 
sequence of  intermediate length. Here, we provide in vivo evidence that Pif1 inhibits 
telomerase activity at DNA ends regardless of  telomere sequence length.
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The ends of  eukaryotic chromosomes are capped by telomeres, nucleoprotein complexes 
that protect chromosome ends from degradation and telomere-telomere fusion (Ferreira 
et al., 2004). Telomeres can shorten due to incomplete replication or nuclease-dependent 
degradation. This shortening is counteracted by a specialized reverse transcriptase called 
telomerase (Greider and Blackburn, 1985). The consequences of  improper telomere length 
regulation are severe: several human diseases are linked to telomere shortening (reviewed 
in Blasco, 2005; Armanios and Blackburn, 2012), and upregulation of  telomerase is a 
common feature in cancer cells (Kim et al., 1994).  

Telomere length homeostasis maintenance is a tightly regulated process and has 
been best studied in the budding yeast Saccharomyces cerevisiae, whose telomeres consist of  
300±75 bp of  C1-3A/TG1-3 repeats (Wellinger and Zakian, 2012). Not all telomeres are 
elongated during each cell cycle and the probability of  extension of  a given telomere is 
inversely correlated to its length, with shorter telomeres preferentially elongated (Teixeira 
et al., 2004). In budding yeast, the double-stranded telomeric DNA binding protein Rap1 
forms a complex together with Rif1 and Rif2 to negatively regulate telomerase (Wotton and 
Shore, 1997). According to the protein-counting model (Marcand et al., 1997), telomere-
bound Rap1 increases proportionally with telomere length, preventing telomerase from 
extending the longer telomeres, thereby providing a mechanism to maintain telomere 
length homeostasis.

The evolutionarily conserved Pif1 helicase is also an important player in telomere 
length regulation. In vitro, Pif1 reduces the nucleotide addition processivity of  telomerase, 
removes telomerase from telomere-like oligonucleotides (Boulé et al., 2005), and unwinds 
the telomere-telomerase complex (Li et al., 2014). In vivo, mutation of  PIF1 causes telomere 
lengthening (Schulz and Zakian, 1994) and increases telomere association of  the telomerase 
subunits, Est1 and Est2 (Boulé et al., 2005; Phillips et al., 2015). On the other hand, Pif1 
overexpression has been shown to cause telomere shortening (Zhou et al., 2000) and to 
reduce Est1 and Est2 binding to chromosome ends (Boulé et al., 2005). Taken together, the 
evidence suggests that Pif1 regulates telomere length by unwinding the DNA-RNA hybrid 
formed by the telomeric DNA and telomerase RNA subunit.

Besides telomere length regulation, Pif1 function is also important at double-
strand DNA breaks (DSBs). Gross chromosomal rearrangements (GCR) are known to be 
increased 230-fold in pif1-m2 cells, where only the nuclear function and not the mitochondrial 
function of  Pif1 is affected (Schulz and Zakian, 1994), and 1000-fold in pif1Δ cells (Myung 
et al., 2001). The increase of  GCR events in pif1-m2 cells is due to improper and deleterious 
addition of  telomere sequence, and deletion of  telomerase subunits rescues the GCR 
rate to wild-type levels (Myung et al., 2001). Pif1 is thought to prevent telomere sequence 
addition at DSBs in cooperation with Mec1-dependent inhibition of  the single-stranded 
telomeric DNA binding protein Cdc13, which is needed for the recruitment of  telomerase 
(Nugent et al., 1996). In response to DNA damage, Cdc13 and Pif1 are phosphorylated 
in a Mec1-dependent manner to preserve genome stability. Phosphorylation of  Cdc13 
inhibits its accumulation at DSBs, thus preventing telomerase recruitment to these sites, 
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and phosphorylated Pif1 removes telomerase from DSBs (Makovets and Blackburn, 2009; 
Zhang and Durocher, 2010).  

Remarkably, although Pif1 functions both at DSBs and at telomeres, it is differently 
regulated at these two DNA ends. Two phosphorylation mutants of  Pif1 support this 
idea: the unphosphorylatable pif1-4A mutant (T763A/S765A/S766A/S769A) is unable to 
inhibit telomere addition at DSBs but it does not result in bulk telomere lengthening at 
chromosome ends, whereas the pif1-4D mutant, which mimics constitutive phosphorylation, 
restores Pif1 activity at DSBs but does not give rise to shorter telomeres. This observation 
implies that phosphorylation of  Pif1 is important for inhibiting telomerase at DSBs and 
not at telomeres (Makovets and Blackburn, 2009). 

In a recent study, Pif1 was reported to be found preferentially at long telomeres, 
and it was suggested that this serves to promote telomerase-dependent extension of  short 
telomeres (Phillips et al., 2015). We have also recently published a study where the inducible 
HO cut system was used to create DNA ends adjacent to telomeric sequence of  different 
length to monitor the ability of  Pif1 to inhibit telomerase. We found that a 34-bp telomere 
tract is enough to render such an end insensitive to Pif1, resulting in a very high frequency 
of  telomere addition. We defined this tract length as the DSB-telomere threshold, below 
which Pif1 actively supresses telomere addition (Strecker et al., 2017). This result suggests 
that Pif1 activity becomes irrelevant at telomeres longer than 34 bp. 

Together, the two above-mentioned studies give the impression that Pif1 activity 
is only relevant in two scenarios: 1) at DNA ends with no telomeric sequence or with 
telomeric sequence shorter than the DSB-telomere threshold length, where its telomerase 
inhibitory activity protects genome stability by preventing inappropriate addition of  
telomeric sequences at DSBs, and 2) at long telomeres, where Pif1 inhibits telomerase to 
facilitate the extension of  short telomeres. However, our data show that the telomerase 
inhibitory activity of  Pif1 takes place at all DNA ends, regardless of  telomere length, and 
it is therefore telomere length independent.

We monitored telomerase-dependent telomere extension events in wild-type and 
pif1-m2 cells using the iSTEX assay, which allows us to detect telomere extension events at 
individual telomeres at nucleotide resolution during a single cell cycle (Strecker et al., 2017). 
In wild-type cells, as previously reported, the frequency of  telomere extension increases as 
telomere length decreases, and there is an increase in the extent of  elongation at telomeres 
below 125 nt (Teixeira et al., 2004). In pif1-m2 cells, the extent of  elongation at telomeres 
below 125 nt is even greater (Figure 1a, b). Yeast telomerase is generally non-processive in 
terms of  repeat addition, except at telomeres less than 125 nt in length, where an increase 
in repeat addition processivity leads to an increase in extension length (Chang et al., 2007). 
It is not known how this increased processivity is achieved, although it is known to be 
dependent on Tel1 (Chang et al., 2007), and we now propose that it is also inhibited by 
Pif1. The extent of  elongation is not significantly different at telomeres greater than 125 
nt in pif1-m2 cells, indicating that the lack of  repeat addition processivity at such telomeres 
is not due to the presence of  Pif1. Furthermore, we found an increase in the frequency of  
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extension at telomeres of  all length, but short telomeres were still preferentially extended 
(Figure 2a, b). This implies that telomerase activity is inhibited by Pif1 in a telomere length-
independent fashion. 
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Figure 1. Mutation of  PIF1 increases telomere extension length at telomeres less than 125 nt in length. 
Length of  telomere extension for telomeres V-R (panel a) and VI-R (panel b), obtained from iSTEX analysis 
of  wild-type and pif1-m2 cells (Strecker et al., 2017), is plotted according to telomere length prior to telomerase 
induction (<125 nt and ≥125 nt). Statistical significance was determined using a two-tailed Mann-Whitney U 
Test. *=p value<0.00001 and n.s.=not significant.
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Figure 2. Mutation of  PIF1 increases the frequency of  telomere extension. Telomere V-R (panel a) and 
telomere VI-R (panel b) sequences obtained from iSTEX analysis of  wild-type and pif1-m2 cells (Strecker et 
al., 2017) were binned into groups of  10 nt in size according to telomere length before telomerase induction. 
Groups containing less than five telomeres were excluded from this analysis. Frequency of  extension and 
average telomere length before telomerase induction were calculated and plotted for each group. Logarithmic 
regression curves for each data set were determined using Microsoft Excel. The equations of  the curves for 
telomere V-R are y=-46.06ln(x)+237.61 (wild-type) and y=-40.13ln(x)+227.05 (pif1-m2). The equations of  the 
curves for telomere VI-R are y=-39.89ln(x)+206.47 (wild-type) and y=-46ln(x)+259.99 (pif1-m2). R2 indicates 
coefficient of  determination. Telomeres shorter than 40 nt before telomerase induction, below the DSB-
telomere threshold (dashed line), were excluded from the regression analysis.
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This finding is in agreement with a previous study showing that the frequency and 
extent of  elongation of  telomeres between 50 nt and 200 nt in length was increased in pif1Δ 
cells (Phillips et al., 2015). The same study also reported increased Est1 and Est2 binding 
to an HO-induced TG80 end, which mimics a short telomere, in pif1-m2 cells compared to 
the wild-type control. Intriguingly, Pif1 was also found to preferentially bind long telomeres 
(Phillips et al., 2015). If  Pif1-mediated inhibition of  telomerase is independent of  telomere 
length, then why is Pif1 preferentially bound to long telomeres? Pif1 has several other 
functions in addition to telomerase inhibition. Pif1 is also known to function in Okazaki 
fragment processing (Budd et al., 2006) and to promote replication of  hard-to-replicate 
sites, such as telomeres (Paeschke et al., 2011). Thus, the interpretation of  Pif1 binding to 
telomeres is complicated by the telomerase-independent functions of  Pif1 at telomeres. 
Longer telomeres would mean more DNA to be replicated, and may therefore require 
more Pif1.

A telomere length-independent regulation of  telomerase activity by Pif1 is also 
in conflict with the idea that Pif1 is active only below the DSB-telomere threshold to 
avoid telomere sequence addition at DSBs (Strecker et al., 2017). However, the genetic 
assay to monitor telomere addition (which measures the ability of  telomerase to add a 
telomere to a DNA end generated by the HO endonuclease, thereby allowing the cell to 
grow) might be less sensitive to detect Pif1 activity as compared to the iSTEX assay. While 
the iSTEX assay detects telomerase-mediated extension events during a two-hour window, 
the inducible HO method allows a much longer time for a telomere addition event to 
occur: telomere addition can take place at any time during the four-hour growth period in 
galactose-containing medium to induce the HO cut, and within a few hours after plating, 
which would still give enough time for a cell to add a telomere to the DSB and form a 
colony at the end of  the three-day experiment. Therefore, telomere addition frequency 
in the inducible HO cut method is already very high at a DNA end adjacent to telomeric 
sequence above the DSB-telomere threshold (~90% at a DNA end with 34 bp of  telomeric 
sequence; Strecker et al., 2017), making a further increase in frequency undetectable upon 
mutation of  PIF1.

In summary, we have found that Pif1 inhibits telomerase in a similar way across 
all telomere lengths, indicating that its function on telomerase inhibition does not 
depend on telomere length. However, several questions remain unanswered. How does 
phosphorylation of  Pif1 only affect its activity at DNA ends below the DSB-telomere 
threshold? If  Pif1 is acting on both sides of  this threshold, how is the threshold set? As we 
previously proposed (Strecker et al., 2017), a DNA end below the DSB-telomere threshold is 
unable to efficiently recruit or activate telomerase for a still unclear reason, and Pif1 activity 
ensures that telomerase is tightly inhibited. Above the threshold, telomerase recruitment/
activation is strong, making Pif1 largely irrelevant. The difference above and below the 
threshold is independent of  the interaction between Cdc13 and telomerase (Strecker et 
al., 2017), so perhaps it is recruitment of  Cdc13 itself  that is important. Furthermore, 
characterizing the role of  Pif1 in telomerase inhibition is complicated by the telomerase-
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independent functions of  Pif1, which could indirectly affect telomerase activity. Most of  
its telomerase-independent functions—Okazaki fragment processing, DNA end resection, 
break-induced replication, G-quadruplex unwinding, and destabilization of  R-loops—are 
either known to or have been proposed to occur at telomeres as well (Dewar and Lydall, 
2010; Geronimo and Zakian, 2016). Further work will be required to characterize what role 
Pif1 plays in each of  these processes at telomeres. 

Pif1 helicases are highly conserved and its family members are identified from 
bacteria to humans (Bochman et al., 2010). Human Pif1, which has 24% sequence identify 
to Pif1 in S. cerevisiae (Bochman et al., 2010), was shown to bind to telomeric sequences in 
vitro (Zhang et al., 2006) and to interact with the catalytic subunit of  telomerase (Mateyak 
and Zakian, 2006). These observations, together with the fact that telomerase is upregulated 
in ~90% of  human cancers (Hanahan and Weinberg, 2011), make Pif1 and its associated 
proteins possible targets for future therapies involving the alteration of  telomerase activity.
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ABSTRACT

The G-quadruplex-forming consensus motif  G≥3NxG≥3NxG≥3NxG≥3 is found at telomeres 
of  many species, including humans and yeast, although their biological significance 
remains largely unknown. We study the in vivo relevance of  telomeric G-quadruplexes in 
Saccharomyces cerevisiae using a mutant telomerase RNA subunit (tlc1-tm) that introduces 
mutant [(TG)0–4TGG]nATTTGG telomeric repeats impaired in G-quadruplex formation, 
instead of  wild-type (TG)0-6TGGGTGTG(G)0-1 repeats, to the distal ends of  telomeres. 
tlc1-tm cells grow similar to wild-type cells. Circular dichroism, a standard in vitro method 
to assess G-quadruplex formation, shows that wild-type telomere sequences fold into 
G-quadruplexes, whereas tlc1-tm telomere sequences do not. G-quadruplexes have been 
proposed to promote telomere protection and to influence telomerase activity. Accordingly, 
stabilization of  G-quadruplexes by deletion of  the G-quadruplex unwinding helicase 
PIF1 rescues the telomere protection deficiency of  cdc13-1, but not cdc13-1 tlc1-tm cells. In 
addition, the telomere extension frequency is greatly increased in tlc1-tm cells, leading to 
long and heterogeneous-sized telomeres, and the tlc1-tm telomeric repeats are not counted 
by the mechanism that maintains telomere length homeostasis. Moreover, telomerase-
negative tlc1-tm cells senesce rapidly due to accelerated telomere shortening. We found that, 
at telomeres harbouring only tlc1-tm sequence, the recruitment of  the telomeric ssDNA 
binding protein Cdc13 is slightly increased. Remarkably, the recruitment of  the major 
telomere binding protein Rap1, which binds to and promotes the formation of  telomeric 
G-quadruplexes, is abolished. Taken together, our findings suggest that (i) tlc1-tm telomeres 
lack the ability to form G-quadruplexes and (ii) are unstable and require constant extension 
by telomerase to prevent their degradation. Additional experiments are being performed to 
determine whether the latter is a direct result of  the former.
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INTRODUCTION

Telomeres are nucleoprotein complexes located at the ends of  eukaryotic chromosomes. 
Telomeres protect chromosome ends from degradation, from telomere-telomere fusion 
events, and from being recognized as double-stranded breaks (Ferreira et al., 2004). 
Telomeres shorten with each cell division due to the end replication problem and nuclease-
dependent degradation. The reverse transcriptase enzyme telomerase counteracts telomere 
shortening by adding G-rich telomere repeats to the chromosome ends (Greider and 
Blackburn, 1985). 

Due to the G-rich nature of  telomeres, which is conserved across many species, 
from ciliates to mammals, telomeres have been proposed to form G-quadruplexes. 
G-quadruplexes are highly stable secondary structures that can form within one or more 
molecules of  G-rich DNA or RNA. A G-quadruplex is composed of  stacked G-quartets, 
planar structures formed by four guanines bound by hydrogen bonds, that are stabilized with 
a cation. Depending on the composition and origin of  the guanines, the G-quadruplexes 
can adopt different conformations: parallel or antiparallel, intramolecular or intermolecular 
(reviewed in Bochman et al., 2012). Intramolecular G-quadruplexes are predicted to form 
within sequences containing four runs of  at least three guanines (G≥3NxG≥3NxG≥3NxG≥3), 
although less stable structures can also be formed with only two stacked G-quartets 
(G2NxG2NxG2NxG2). Several other factors affect the stability of  G-quadruplexes, like the 
length of  the loop (the shorter, the more stable), the composition of  the G-rich region 
and the bound cation (the smaller the cation, the smaller the distance between G-quartets, 
making the structure more stable) (reviewed in Bochman et al., 2012).   

Telomeres consist of  a C-rich and a G-rich strand, the latter extending to form 
a 3′ single-stranded overhang. Both the telomeric single-stranded overhang and the 
transient single-stranded regions within the G strand formed during telomere replication 
are susceptible to G-quadruplex formation. Although most studies on G-quadruplexes 
have been carried out in vitro, there is also in vivo work supporting the existence of  
G-quadruplexes at telomeres. The best evidence comes from studies in Stylonychia lemnae, 
a ciliate whose macronuclei contain telomeres that were successfully recognized by an 
antiparallel G-quadruplex-specific antibody (Schaffitzel et al., 2001). 

Work in S. lemnae showed that G-quadruplexes function in both protection and 
nuclear envelope anchoring of  the chromosome ends (Paeschke et al., 2005). In addition, 
other functions of  telomeric G-quadruplexes have been proposed. There is in vitro evidence 
showing that parallel G-quadruplexes interact with Tetrahymena telomerase (Oganesian et 
al., 2007) and that, although there is some controversy (Li et al., 2013), intermolecular, but 
not intramolecular, G-quadruplexes allow extension by telomerase (Oganesian et al., 2006; 
Zhang et al., 2010; Moye et al., 2015), suggesting that G-quadruplexes influence telomerase 
activity. G-quadruplexes have also been proposed to have a protective role at Saccharomyces 
cerevisiae telomeres when the natural Cdc13-mediated capping is defective (Smith et al., 
2011).
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Wild-type yeast telomerase uses its TLC1 RNA subunit as a template to extend 
telomeres by adding (TG)0-6TGGGTGTG(G)0-1 repeats through iterative reverse 
transcription (Forstemann and Lingner, 2001). The Lingner lab generated a number of  
TLC1 mutants that are mutated in the templating region (Förstemann et al., 2003), one of  
which, referred to as tlc1-tm, results in the introduction of  mutant [(TG)0–4TGG]nATTTGG 
repeats at telomeres (Chang et al., 2007). Importantly, tlc1-tm repeats lack the GGG motif, 
which is present in every repeat of  wild-type telomeres. Therefore, the consensus sequence 
for the more stable form of  G-quadruplex formation is disrupted in mutant tlc1-tm 
sequences. 

Given the importance of  telomeres with respect to cancer and ageing and the 
therapeutic potential of  G-quadruplex-stabilizing compounds (Zimmer et al., 2016), 
understanding the function of  G-quadruplexes at telomeres is of  great importance. Due 
to the extensive in vitro characterization of  G-quadruplexes but the little evidence for 
their existence in vivo, the aim of  this study was twofold: first, to determine whether the 
G-quadruplex forming potential is impaired in tlc1-tm telomeres and, second, to use tlc1-
tm cells to study the in vivo role of  G-quadruplexes at S. cerevisiae telomeres. We found 
that wild-type telomeres can fold into G-quadruplex structures in vitro, whereas tlc1-tm 
telomeres are, as expected, impaired in G-quadruplex formation. We provide further in vivo 
evidence for a non-essential G-quadruplex-dependent rudimentary telomere protecting 
role when classical telomere capping is affected, as previously shown (Smith et al., 2011). 
Furthermore, we found that tlc1-tm telomeres are not bound by the major telomere binding 
protein Rap1, rendering the chromosome ends unprotected and subjected to continuous 
telomerase-dependent telomere extension. 

RESULTS

G-quadruplexes mediate a non-essential telomere protection function

To study the G-quadruplex forming potential of  tlc1-tm telomeres, we selected three 
wild-type and three tlc1-tm telomere sequences from natural telomeres and subjected 
them to measurement of  circular dichroism spectra after incubation with potassium. In 
agreement with previous in vitro studies reporting that yeast telomeric DNA can fold into 
G-quadruplex structures (Henderson et al., 1987; Giraldo et al., 1994), we found that all 
three oligonucleotides composed of  wild-type telomeric sequence generated a negative 
peak at 240 nm and a positive peak at 263 nm (Fig. 1a), which is the pattern that indicates 
G-quadruplex formation. We noticed that the height of  the peak differs among the different 
oligonucleotides. This could indicate that each oligonucleotide forms G-quadruplexes with 
different degrees of  stability. The differences in stability could be due to the different 
sequence compositions, regarding the total length of  the oligonucleotide and the number 
of  nucleotides between the G-tracks (Bochman et al., 2012). In contrast, none of  the 
oligonucleotides with tlc1-tm sequence formed the pattern that indicates the formation of  
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a G-quadruplex (Fig. 1a). We therefore conclude that tlc1-tm sequences are impaired in the 
formation of  G-quadruplexes. 
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Figure 1. Impaired G-quadruplex formation at tlc1-tm telomeres. a) Oligonucleotides with either wild-
type or tlc1-tm telomeric sequence were incubated with K+ prior to measurement of  circular dichroism spectra. 
Average of  three measurements is plotted. Oligonucleotide sequence composition is detailed in Supplementary 
Table 1. b) Serial dilutions of  strains with the indicated genotype were spotted onto YPD plates and grown 
for 3 days at 25ºC and 30ºC. c) A diploid cdc13-1/CDC13 tlc1-tm/TLC1 strain was dissected and the haploid 
progeny was grown at 22ºC and 25ºC. d) Exponentially growing cells of  the indicated genotype were diluted to 
OD600=0.1 and monitored for 8 hours to obtain a growth curve.

Stabilization of  G-quadruplexes upon overexpression of  the G-quadruplex 
binding protein Stm1, or deletion of  the helicase SGS1, confers telomere protection in 
a cdc13-1 background, when the single-stranded telomeric DNA binding and capping 
protein Cdc13 is defective (Smith et al., 2011). We followed this idea to characterize the in 
vivo ability of  tlc1-tm telomeres to form G-quadruplexes. To stabilize G-quadruplexes, we 
deleted PIF1, the best in vitro G-quadruplex unwinding helicase tested to date (Paeschke 
et al., 2013). Suppression of  cdc13-1 temperature sensitivity by deletion of  PIF1 has 
already been described (Downey et al., 2006). We found that pif1Δ cannot suppress the 
temperature sensitivity of  cdc13-1 in a tlc1-tm background (Fig. 1b). This result suggests 
that tlc1-tm telomeres remain uncapped even in the absence of  Pif1 because there are no 
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G-quadruplexes to stabilize. 
We noticed that cdc13-1 tlc1-tm cells grow more slowly than cdc13-1 cells even at 

25ºC (Fig. 1b), suggesting that G-quadruplex-mediated capping may be important even at 
a temperature where the Cdc13-1 mutant protein is only modestly impaired (Paschini et al., 
2012). This effect is even more striking upon dissection of  a cdc13-1/CDC13 tlc1-tm/TLC1 
diploid: we found no difference in the colony size formed by the haploid progeny at 22ºC, 
regardless of  their CDC13 and TLC1 status (Fig. 1c). However, cdc13-1 tlc1-tm spores were 
unable to germinate at 25ºC (Fig. 1c), although the cdc13-1 tlc1-tm spores that germinated 
at 22ºC were able to grow at 25ºC (Fig. 1b).

Despite the impaired ability of  tlc1-tm telomeres to protect chromosome ends, 
the viability of  tlc1-tm cells is indistinguishable from wild-type cells in the presence of  
wild-type Cdc13 (Fig. 1d), suggesting that the telomere protection function conferred by 
G-quadruplexes is not essential for cell viability and only turns important when telomeres 
become uncapped.  

tlc1-tm cells senesce very rapidly in the absence of  telomerase

In the absence of  telomerase, telomeres shorten with each cell division until one or a 
few critically short telomeres trigger senescence (Lundblad and Szostak, 1989). To address 
whether the G-quadruplex-mediated telomere protection is important when telomeres are 
unprotected, we rendered the telomeres uncapped in a different way than in cdc13-1 cells, 
and examined how tlc1-tm telomeres respond to telomere uncapping by telomerase loss. 
To do so, we sporulated diploid strains that were heterozygous for EST2 or TLC1, which 
encode the catalytic and RNA subunits of  telomerase, respectively, with either wild-type 
or mutant telomeres (tlc1Δ/TLC1 vs tlc1Δ/tlc1-tm and est2Δ/EST2 vs est2Δ/EST2 tlc1-
tm/tlc1-tm) and performed a senescence assay with the haploid progeny. In the presence 
of  wild-type telomeres but absence of  telomerase, telomeres shortened until the cells 
senesced after ~50 to 60 population doublings, as expected (Fig. 2a). A small subset of  the 
senescent population was then able to lengthen the telomeres by recombination-mediated 
mechanisms, forming so-called survivors. We found that cells containing mutant telomeres 
senesced extremely fast, only ~40 population doublings after telomerase loss (Fig. 2a). 
Because tlc1Δ cells containing wild-type or mutant telomeres are isogenic except for the 
composition of  telomere repeats, we can ensure that these effects are a consequence of  
the telomere sequence modification. We next examined the telomere length of  cells that 
had undergone ~33 population doublings after telomerase loss and found that telomerase-
positive tlc1-tm cells had telomeres that were on average ~185 bp longer than wild-type cells 
(Fig. 2b). We also found that, upon loss of  telomerase, mutant telomeres shortened more 
rapidly than wild-type telomeres, correlating with the accelerated senescence (Fig. 2b). 
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Figure 2. Uncapped telomeres in tlc1-tm cells. a) Senescence rate of  serially propagated strains of  the 
indicated genotypes. The strains were serially passaged and diluted to 2x105 cells/mL every 24 hours. Mean ± 
SEM of  four independent isolates per genotype is plotted. SEM = standard error of  the mean. b) Telomere 
Southern blot of  Y’ terminal restriction fragments from samples obtained from the senescence assay at the 
indicated time point (arrow). Black arrowhead indicates the band corresponding to BamHI-digested pYT103 
(Askree et al., 2004), used as internal control. 

Telomerase-dependent telomere extension is dramatically increased at tlc1-tm telomeres

The accelerated senescence and fast telomere shortening observed (Fig. 2) suggest that 
tlc1-tm telomeres are very dependent on telomerase-mediated telomere lengthening. To gain 
insight on telomere lengthening dynamics, we performed a slightly modified version of  
the inducible STEX assay. When performing iSTEX, the starting strain, where telomerase 
is expressed only in the presence of  galactose, contains wild-type telomeres. Telomerase 
expression is switched off, and simultaneously, wild-type TLC1 is replaced by the mutant 
tlc1-tm. Then, tlc1-tm telomerase expression is induced to allow telomere extension by the 
mutant telomerase (see chapter 2 for more details). In this case, we performed what we call 
reverse iSTEX, where the starting strain contains mutant instead of  wild-type telomeres. 
Mutant tlc1-tm is replaced by wild-type TLC1, allowing wild-type telomerase to extend 
mutant telomeres. Importantly, when acting on telomeres with wild-type sequence, tlc1-tm 
telomerase has been shown to preferentially elongate the shortest telomeres, as wild-type 
telomerase does, with a frequency, extent of  elongation and repeat-addition processivity 
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comparable to wild-type telomerase (Teixeira et al., 2004; Chang et al., 2007; Strecker et 
al., 2017; Stinus et al., 2017). We observed that telomere extension frequency strongly 
increased, from 20.5% extension of  wild-type telomeres (Strecker et al., 2017) to 92% 
extension of  mutant telomeres, showing that the vast majority of  tlc1-tm telomeres were 
extended (Fig. 3).  
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Figure 3. Telomerase extension-dependent tlc1-tm telomeres. Upper panel: telomere VI-R was amplified, 
cloned and sequenced after 2 h of  tlc1-tm telomerase induction. Each bar represents an individual telomere. 
Telomeres are sorted based on the length of  the undiverged sequence (black portion). Data in this panel are 
the same as the data shown in Supp. Fig. 2a in chapter 2 (Strecker et al., 2017). Lower panel: as in the upper 
panel, except in a tlc1-tm background with 2 h of  TLC1 telomerase induction. Telomeres are sorted based on 
the length of  the undiverged sequence (black + red portion). 

Telomere binding proteins are affected in tlc1-tm telomeres

Since tlc1-tm telomeres are composed of  telomeric sequence different from the wild type, 
it is possible that the modification of  the telomeric sequence could affect telomere binding 
proteins. We first visualized Cdc13 focus formation by fluorescence microscopy. Because 
the telomeric overhang is only about 12 to 15 nucleotides long (Larrivée et al., 2004), a 
single Cdc13 focus is visible only during late S phase, when the telomeres are replicated and 
the overhangs can be more than 30 nucleotides long (Wellinger et al., 1993). We therefore 
imaged asynchronously growing cells that contained YFP-tagged Cdc13 and RFP-tagged 
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Rad52 and made sure that the proportion of  budded and unbudded cells did not differ 
between wild-type and tlc1-tm cultures (Fig. 4a). We found a slight increase in the percentage 
of  cells that contained a Cdc13 focus (4.1% in wild-type vs 6.9% in tlc1-tm cells, p=0.026), 
suggesting that Cdc13 is able to bind tlc1-tm telomeres (Fig. 4b). However, no change was 
detected regarding the percentage of  cells with a Rad52 focus, which is an indicator of  
DNA damage (7.8% in wild-type vs 8.3% in tlc1-tm cells, p=0.425; Fig. 4b).
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Protein A-tagged Cdc13 followed by qPCR at 1L, 15L and 6 Y’ telomeres. Mean ± SEM of  three independent 
biological replicates is shown. d) Chromatin immunoprecipitation of  Protein A-tagged Cdc13 followed by 
qPCR at engineered VII-L telomere. Mean ± SEM of  three independent biological replicates is shown. SEM 
= standard error of  the mean. 

To obtain quantitative data on how much Cdc13 binds to tlc1-tm telomeres, we 
performed chromatin immunoprecipitation experiments in strains with Protein A-tagged 
Cdc13 containing wild-type or tlc1-tm telomeres. We found that all tested telomeres (1L, 6 
Y’ and 15L) had increased Cdc13 binding; however, the increase at the 15L telomeres was 
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much more pronounced than at 1L and 6 Y’ chromosome ends (Fig. 4c). The centromere-
proximal portion of  all tlc1-tm telomeres contains wild-type sequence and the length of  
the mutant sequence added after this wild-type portion differs from telomere to telomere, 
which could account for the variability of  the results. To overcome this issue, we engineered 
a strain where the left arm of  chromosome VII is completely replaced by either wild-type 
or tlc1-tm telomere sequence (Fig. 1c) and repeated the experiment. We found that Cdc13 
is indeed increased at tlc1-tm telomeres (Fig. 4d), confirming that Cdc13 is able to bind 
tlc1-tm telomeres.

Interestingly, both microscopy and ChIP data suggest that Cdc13 is not only able 
to bind mutant telomeres, but appears to be slightly increased. This might indicate that 
tlc1-tm telomeres suffer nuclease-dependent C-strand resection, leaving the G-rich single-
stranded telomeric DNA exposed (Garvik et al., 1995), which is the substrate for Cdc13 
to bind.

We next quantified the amount of  the major double-stranded telomeric DNA 
binding protein and negative regulator of  telomerase Rap1 by ChIP-qPCR and found 
no difference in abundance of  Rap1 at 1L, 15L and 6 Y’ telomeres (Fig. 5a). However, 
considering that tlc1-tm telomeres become very long and that the C strand lacks the CCC 
motif, which is very important for Rap1 binding (Graham and Chambers, 1994), we 
could not exclude the possibility that these data are only reflecting Rap1 bound to the 
subtelomere-proximal region, and not to the distal part, where the mutant sequence is. To 
circumvent this problem, we repeated the experiment with the engineered VII-L telomere 
that is only composed of  mutant sequence and found that Rap1 binding is abolished in 
tlc1-tm cells (Fig. 5b).

Telomere homeostasis is altered in tlc1-tm cells

The fact that telomeres containing mutant repeats are longer on average and very 
heterogeneous in size (Fig. 2b), shows that tlc1-tm telomeres have altered telomere length 
homeostasis maintenance, which might be explained by the absence of  Rap1 (Fig. 5b). 
The drastic telomere shortening upon telomerase deletion suggests that the telomere 
lengthening is telomerase dependent (Fig. 2b), and the fact that the telomere lengthening 
persisted upon deletion of  RAD52 (Fig. 5c) shows that this phenomenon is recombination 
independent.
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Figure 5. Deregulation of  telomere length homeostasis in tlc1-tm cells. a) Rap1 ChIP-qPCR at 1L, 
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Black arrowhead indicates the band corresponding to BamHI-digested pYT103 (Askree et al., 2004), used as 
internal control. 
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To follow up on these observations, we deleted a number of  genes that have 
been reported to regulate telomere length (Fig. 5c). Deletion of  RIF1, RIF2, RAD27, 
ELG1, PIF1 and cdc13-1 mutation have been reported to result in telomere lengthening, 
while the absence of  Rad50 and Tel1 are known to shorten telomeres (Schulz and Zakian, 
1994; Grandin et al., 1997; Parenteau and Wellinger, 1999; Askree et al., 2004; Gatbonton 
et al., 2006; Ungar et al., 2009). The combination of  tlc1-tm telomeres with deletion of  
RIF1, ELG1, PIF1, RAD50 and TEL1 appears to have an additive effect on telomere 
length. Interestingly, while deletion of  RIF2 in wild-type cells lengthened the telomeres 
as expected, rif2Δ tlc1-tm cells showed a very strong telomere lengthening. Although Rif1 
and Rif2, together with Rap1, negatively regulate telomerase (Wotton and Shore, 1997), it 
is clear that Rif2, and not Rif1, is more important for telomere homeostasis in tlc1-tm cells. 
The telomere lengthening phenotype was much stronger in rif1Δ TLC1 than in rif2Δ TLC1 
cells, but rif2Δ tlc1-tm telomeres were even longer than rif1Δ tlc1-tm telomeres, showing that 
the effect of  RIF2 deletion is not additive (Fig. 5c). The fact that either deletion of  RIF1 
or RIF2 results in longer telomeres in a tlc1-tm background is striking when considering that 
tlc1-tm telomeres are not bound by Rap1 (Fig. 5b). This suggests two possible scenarios: 
i) residual levels of  Rap1 at tlc1-tm telomeres are enough for Rif1 or Rif2 to be recruited 
or ii) Rif1 and Rif2 are recruited in a Rap1-independent manner; Rap1-independent Rif1 
recruitment has already been described (Mattarocci et al., 2017).  

Loss of  RAD27 also has a strong telomere lengthening phenotype and, in the 
case of  the temperature sensitive mutant cdc13-1, we observed a slight telomere shortening 
when mutant telomere repeats were introduced (Fig. 5c), indicating that Cdc13 is required 
for tlc1-tm telomeres to lengthen. Interestingly, the single mutants cdc13-1 and tlc1-tm alone 
generated longer telomeres, while the combination of  both mutations shortened the 
telomeres. 

tlc1-tm repeats are not counted as telomeric sequence in terms of  telomere length homeostasis

We wondered whether telomere length homeostasis deregulation of  engineered VII-L 
telomeres would be similar to what we previously observed (Figs. 2b and 5c). Cells 
expressing tlc1-tm telomerase contained long and heterogeneous VII-L telomeres, similar 
to the telomeres with mixed repeats, independently of  whether they contained a short 
stretch of  wild-type repeats internally placed or not (Fig. 6). Interestingly, VII-L telomeres 
containing a short stretch of  mutant repeats that was then extended by wild-type telomerase 
were also longer than completely wild-type telomeres. However, these telomeres were less 
heterogeneous in size and the increase in telomere length was very similar to the length of  
the internally placed mutant repeats (Fig. 6), suggesting that tlc1-tm repeats are not sensed 
as telomeric sequence. 
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Figure 6. Non-detection of  tlc1-tm repeats by the protein counting model. Telomere Southern blot with 
an URA3 probe against the engineered VII-L telomere. PD=population doubling.

DISCUSSION

The aim of  this study was twofold: first, to determine whether tlc1-tm telomeres have 
impaired G-quadruplex forming potential and, second, to use tlc1-tm cells to study the in 
vivo role of  G-quadruplexes at S. cerevisiae telomeres. Here, we show that tlc1-tm telomeres 
are indeed impaired in G-quadruplex formation and that lack of  G-quadruplexes renders 
the telomeres unprotected in cdc13-1 or telomerase-null cells. We therefore propose that 
G-quadruplexes provide a rudimentary and non-essential telomere protection function, as 
previously suggested (Smith et al., 2011).

A short region of  TLC1, the RNA subunit of  telomerase, is used as a template to 
introduce telomeric repeats to maintain the chromosome ends. The sequence of  the RNA 
template is modified in the tlc1-tm cells. This modification results in the incorporation of  
telomeric repeats with the sequence [(TG)0–4TGG]nATTTGG (Chang et al., 2007), instead 
of  the wild-type sequence (TG)0-6TGGGTGTG(G)0-1 (Forstemann and Lingner, 2001). 
Remarkably, the telomere repeats of  tlc1-tm cells lack the GGG motif  and, therefore, the 
consensus sequence required for the formation of  the more stable type of  G-quadruplexes 
is absent. We predicted that the lack of  such a consensus sequence would impair the 
ability of  tlc1-tm telomeres to fold into G-quadruplexes. Indeed, the inability of  tlc1-tm 
oligonucleotides to fold into G-quadruplexes, on the one hand, and the non-rescue of  
uncapped tlc1-tm telomeres by stabilization of  G-quadruplexes, on the other hand, agree 
with our prediction and further support the in vivo role for G-quadruplexes on telomere 
protection previously proposed (Smith et al., 2011). However, the many functions that have 
been proposed or are known to be performed by Pif1 could complicate the interpretation. 
For instance, Pif1 has been proposed to promote telomere resection and its absence could 
help telomere protection (Dewar and Lydall, 2010). In any case, tlc1-tm cells grow like 
wild-type cells, indicating that the G-quadruplex mediated telomere protection role is not 
essential.
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Even though S. cerevisiae cells are perfectly viable when impaired in telomeric 
G-quadruplex formation, we found that the telomere protection mediated by G-quadruplexes 
becomes important when other telomere capping mechanisms are absent or impaired, as 
previously suggested (Smith et al., 2011). In a cdc13-1 background, tlc1-tm cells are more 
sensitive to temperature than TLC1 cells. Similarly, when cells are depleted of  telomerase, 
those with impaired telomeric G-quadruplexes senesce very fast and suffer rapid telomeric 
sequence loss, which largely resembles the previously described accelerated senesce of  
cdc13-1 tlc1Δ cells (Nugent et al., 1996; Tsai et al., 2002). In addition, we found increased 
Cdc13 abundance at tlc1-tm telomeres, which might indicate stalled telomere replication 
forks and/or an increase in 5′ to 3′ nucleolytic resection at telomeres, because in both cases 
more ssDNA would be exposed and potentially bound by Cdc13. However, whether the 
amount of  ssDNA is increased in tlc1-tm telomeres remains to be determined. 

We have also observed that telomere homeostasis maintenance is affected in tlc1-
tm cells. The telomeric dysfunction of  cdc13-1 cells seems to impede the lengthening of  
tlc1-tm telomeres, since the combination of  both mutants leads to shorter telomeres than 
in the cdc13-1 or tlc1-tm single mutants. This might imply that, although tlc1-tm telomeres 
are generally longer than wild-type telomeres, the absence of  the two telomere capping 
mechanisms, namely Cdc13 and G-quadruplexes, impedes telomere lengthening. 

Telomere lengthening does not seem to be achieved by recombination-based 
mechanisms. Instead, the absence of  Rap1 bound to mutant telomeres can explain some 
aspects of  the telomere length deregulation observed. First, Rap1 is a negative regulator 
of  telomerase and, thus, telomere extension is facilitated in tlc1-tm telomeres. This results 
in telomeres that are constantly extended in a telomerase-dependent manner, giving rise to 
long telomeres. Second, the lack of  Rap1 might be the reason why tlc1-tm repeats are not 
counted as telomeric sequence in terms of  stablishing telomere length. Telomere length 
homeostasis maintenance is achieved by the so-called protein counting model (Marcand et 
al., 1997). According to this model, the extension of  a given telomere is inversely correlated 
to its Rap1/Rif1/Rif2 content and, therefore, to its length. Thereby, short telomeres are 
preferentially extended by telomerase because there is less telomere-bound Rap1/Rif1/Rif2 
to inhibit telomerase. Long telomeres, on the other hand, contain more Rap1/Rif1/Rif2 and 
telomerase inhibition is stronger, rendering those telomeres less accessible to telomerase. 
Hence, the telomeric repeats can be counted or sensed to stablish the appropriate telomere 
length. 

Interestingly, tlc1-tm telomeres, although long and heterogeneous, are limited in 
terms of  telomere length. They do not get extended indefinitely like, for instance, telomeres 
harbouring a Cdc13-Est1 fusion (Evans and Lundblad, 1999), suggesting the existence of  a 
telomere length limiting factor even though mutant repeats are not properly counted. Rif2 
is most likely absent in tlc1-tm telomeres, because it is recruited by Rap1 (Wotton and Shore, 
1997). Rif1 can, however, bind telomeric DNA independently of  Rap1 (Mattarocci et al., 
2017). It is also possible that residual levels of  Rap1, that might be enough to recruit Rif1 
and/or Rif2, are found at mutant telomeres. Whether Rap1 is able to bind tlc1-tm sequence 
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and the levels of  Rif1 and Rif2 bound to mutant telomeres need to be addressed to clarify 
how telomere lengthening is limited at tlc1-tm telomeres.

Remarkably, the fact that cells harbouring Rap1-free tlc1-tm telomeres are fit implies 
that the essential Rap1 function is not its telomeric function. Rap1 is a transcription factor 
that, besides its function at telomeres, binds many other loci to regulate gene expression 
(Graham and Chambers, 1994). We now know that telomere-bound Rap1 is not essential 
for cell viability. 

Interestingly, Rap1 has been shown to bind and promote the formation of  
telomeric G-quadruplexes (Giraldo and Rhodes, 1994), suggesting that the ability of  
a Rap1-free telomere to fold into a G-quadruplex might be impaired. However, we do 
not have evidence to link the absence of  Rap1 at tlc1-tm telomeres with their impaired 
G-quadruplex forming potential, and it remains to be addressed whether G-quadruplexes 
influence telomere length. 

Despite the increasing evidence for the existence of  telomeric G-quadruplexes 
and the different functions that they have been proposed to carry out, their biological role, 
if  any, remains unclear. In this study, we show that S. cerevisiae telomeric G-quadruplexes, 
although they protect the chromosome ends when the classical capping mechanisms are 
absent or impaired, are not essential for cell viability. However, it remains to be determined 
whether G-quadruplexes have a role in the maintenance of  telomere length homeostasis. 
Given that the main features of  telomeres, namely the general structure and function, are 
conserved among eukaryotes, and that the sequence composition required for G-quadruplex 
formation is present in many organisms, from yeast to humans, it is possible that telomere 
protection by G-quadruplexes is also not essential in other organisms.

MATERIALS & METHODS

Culturing of  yeast strains

Standard growth media and conditions were used to culture yeast cells (Sherman, 2002). 
Strain construction was performed by PCR-based gene deletion or tagging and a standard 
lithium acetate transformation method. Primer sequences can be found in Supplementary 
Table 2. The detailed genotypes of  the strains used in this study can be found in 
Supplementary Table 3. 

Construction of  TLC1 template mutant (tlc1-tm) cells 

To make a yeast strain that only expresses mutant telomerase, tlc1-tm was amplified from 
strains MCY415 or MCY416 using primers oSMS1 and TLC1-RV. Cycling conditions were: 
1) 30 seconds at 98ºC, 2) 8 seconds at 98ºC, 20 seconds at 54ºC and 2 minutes at 72ºC, 
repeat 30 times, and 3) 10 minutes at 72ºC. The resulting PCR product was transformed 
into yeast cells (see Supplementary Table 3) to replace the native TLC1. Transformants 
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were selected with geneticin (Bio-Connect, cat. no. SC-29065A, in the case of  MCY415 
cells) or nourseothricin (Jena Bioscience, cat. no. AB-101, for MCY416 cells) and genomic 
DNA was extracted using a Wizard® Genomic DNA Purification Kit (Promega). The 
TLC1 locus was again amplified using primers oSMS1 and TLC1-RV and sequenced by 
GATC Biotech using primer oSMS2 to confirm proper integration of  the mutant tlc1-tm 
allele. 

Once it was confirmed that the endogenous telomerase RNA template was 
replaced by tlc1-tm, strains were propagated for at least 150 population doublings to allow 
the addition of  mutant telomerase sequence to the telomeres, after which genomic DNA 
was again extracted. Telomeres were then amplified as previously reported (Förstemann et 
al., 2000; Chang et al., 2007) to verify that the mutant telomerase sequence had been added 
at the end of  the chromosomes. Briefly, 1 µL of  genomic DNA (~100 ng) was mixed with 
8 µL of  1x cutsmart buffer (New England Biolabs, NEB), boiled for 10 min at 94ºC and 
cooled down to 4ºC. Next, 1 µL of  tailing mix was added (0.05 µL terminal transferase 
(NEB, cat. no. M0315), 0.1 µL 10x cutsmart buffer (NEB, cat. no. B7204S), 0.1 µL 10mM 
dCTPs, 0.75 µL dH2O) and incubated for 30 minutes at 37ºC, 10 minutes at 65ºC, and 5 
minutes at 96ºC. Immediately after tailing, 30 µL of  PCR mix were added (4 µL 10x PCR 
buffer (670 mM Tris-HCl pH 8.8, 160 mM (NH4)2SO4, 50% glycerol, 0.1% Tween-20), 0.32 
µL 25mM dNTPs, 0.3 µL 100 µM telomere-specific primer, 0.3 µL 100µM G18 primer, 0.5 
µL Q5® High-Fidelity DNA Polymerase (NEB, cat. no. M0491), 24.68 µL dH2O). Cycling 
conditions were: 1) 3 minutes at 98ºC, 2) 30 seconds at 98ºC and 15 seconds at 68ºC, repeat 
35 times, and 3) 2 minutes at 72ºC. 

Telomere PCR products were then separated on 2.5% agarose gels and extracted 
using a NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel, cat. no. 740609). The 
purified PCR products were cloned using a Zero Blunt® TOPO® PCR Cloning Kit 
(Invitrogen, cat. no. 450245). Individual clones were sequenced by GATC Biotech and the 
resulting data were analysed using Sequencher software (Gene Codes).

Viability spot assay

To assess the viability of  cells containing mutant telomeres, single colonies of  strains 
SSY228, SSY229, SSY230 and SSY231 were grown overnight at the indicated temperatures. 
Exponentially growing cultures were diluted to OD600=0.5, 10-fold serial dilutions were 
prepared, spotted onto YPD plates and grown for 2-3 days.

Circular dichroism measurement

Circular dichroism (CD) is a standard method to analyse whether a molecule of  DNA 
can fold into a G-quadruplex structure. To test the ability of  yeast telomeres to form 
G-quadruplexes in vitro, oligonucleotides with different sequence compositions (specified 
in Supplementary Table 3) were subjected to CD measurement. The oligonucleotides 
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were incubated in a 10 mM Tris pH 7.5 and 100 mM KCl solution in a final concentration 
of  5 µM. The mix was boiled for 5 minutes at 95ºC and then cooled down overnight. The 
CD spectra were then measured using a Jasco J-815 spectropolarimeter. Three reads per 
sample were taken at a wavelength range of  215–350 nm in a quartz cuvette with a 1 cm 
path length. Data were analysed using Spekwin32 software.  

Senescence assay

To study whether the senescence rate was affected in cells containing mutant telomere 
sequences, heterozygote diploids were dissected (strains CCY6, SSY108, CCY7 and SSY45) 
and the haploid progeny was genotyped by replica plating onto selective plates. The haploid 
strains were inoculated in YPD overnight. Next day morning (~15 hours later) cell density 
was measured using a CASY® cell counter, cells were diluted to 2x105 cells/ml and grown 
for 24 hours. The process was repeated every 24 hours during 7-8 days.  

Southern blotting of  telomeric terminal restriction fragments 

Southern blot was performed to analyse telomere length changes over the course of  the 
senescence assay. The probes used for the Southern blot were DIG-labelled using a DIG 
Oligonucleotide 3′-End Labelling Kit, 2nd Generation (Roche, cat. no. 3353575910). The 
DIG-labelling reaction was as follows: 100 pmol oligonucleotides were mixed with 4 µL 
reaction buffer, 4 µL CoCl2 solution, 1 µL DIG-ddUTPs and 1 µL terminal transferase in a 
final volume of  20 µL. The reaction was incubated 1 hour at 37ºC, stopped by addition of  2 
µL 0.2 M EDTA and diluted in 22 mL DIG easy hyb buffer (Roche, cat. no. 11603558001). 
The DIG-labelled probes were stored at -20ºC. The sequence of  the wild-type TG probe 
was 5′-TGTGGGTGTGGTGTGTGGGTGTGGTG-3′ and the sequence of  the mutant 
TG probe was 5′-GTGTGGTGTGTGTGGTGTGGTGTGGT-3′. 

To perform the Southern blot, genomic DNA was isolated from saturated cultures 
using the Wizard® Genomic DNA Purification Kit (Promega), XhoI-digested overnight 
at 37ºC and quantified in a small 0.8% agarose gel. DNA (4 µg) was loaded together with 1 
µg of  BamHI-digested pYT103 (Askree et al., 2004) in a 15 cm x 15 cm 0.8% agarose gel 
with EtBr and run at 130 V for 2 hours and 45 minutes. The gel was then incubated for 15 
minutes in 0.25 N HCl and for 30 minutes in 0.4 N NaOH. DNA was then transferred to a 
positively charged nylon membrane (Sigma, cat. no. 11417240001) using a vacuum at 5 Hg 
for 1 hour in 10x SSC. The membrane was then rocked for 1 hour in denaturing solution 
(1.5 M NaCl, 0.5 M NaOH, pH 7.5) and 2x 10 minutes in neutralization solution (0.5 M 
Tris-HCl, 1 M NaCl, pH 7.5). Pre-hybridization of  the membrane was done for 1 hour at 
39ºC in DIG easy hyb buffer and was followed by overnight hybridization with a mix of  
DIG-labelled wild-type and mutant TG probes at 39ºC (previously denatured 10 minutes 
at 68ºC and briefly cooled down in ice). The membrane was then washed 2x at 39ºC for 
5 minutes with low stringency buffer (2x SSC, 0.1% SDS), 2x at 39ºC for 20 minutes with 
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high stringency buffer (0.5x SSC, 0.1% SDS) and briefly at RT with DIG washing buffer 
(0.1 M maleic acid, 0.15 M NaCl, 0.3% Tween-20, pH 7.5). Blocking was performed for 
30 minutes with blocking reagent (Roche, cat. no. 11096176001) diluted to 1x in maleic 
acid buffer (0.1 M maleic acid, 0.15M NaCl, pH 7.5). The membrane was next incubated 
for 30 minutes with 0.075 U/mL Anti-Digoxigenin-AP Fab fragments (Roche, cat. no. 
11093274910) in 20 mL blocking solution, washed 4x for 15 minutes with DIG washing 
buffer and incubated 5 minutes with detection buffer (0.13 M Tris, 0.1 M NaCl, pH 9.5). 
Detection was done with CSPD (Roche, cat. no. 11655884001) diluted to 0.25 mM in 
detection buffer. The membrane was kept for 5 minutes in the dark at RT and 15 minutes 
in the dark at 37ºC. Imaging was captured with ChemiDoc (Biorad). 

Inducible STEX assay

iSTEX was performed as previously described (Strecker et al., 2017). For the analysis, the 
telomeric sequences were aligned to a reference sequence. The telomeric sequences that 
matched the reference sequence were named “undivergent”, whereas those sequences that 
diverged from the reference sequence were called “divergent”. 

Fluorescence microscopy

To visualize fluorescently tagged proteins, cells were cultured in synthetic complete medium 
supplemented with adenine (100 µg/mL). Exponentially growing cells were imaged and 
deconvoluted with a Delta Vision microscope with the following settings: 30 stacks, one 
each 0.2 µm; YFP channel: 1 second exposure and 100% transmittance; RFP channel: 
0.4 second exposure and 32% transmittance; CFP channel: 0.2 second exposure and 32% 
transmittance. The images were analysed using ImageJ software.  

Chromatin immunoprecipitation and qPCR

To quantify the amount of  telomere-bound proteins, chromatin immunoprecipitation 
(ChIP) followed by qPCR was performed essentially as described (Graf  et al., 2017). Rap1 
antibody was kindly provided by Brian Luke (Rap1 Y-300, Santa Cruz Biotech). For Rap1 
ChIP, Protein G Sepharose 4 Fast Flow beads were used and, for Protein A ChIP, IgG 
sepharose beads 6 Fast Flow beads (GE Healthcare). qPCR was performed as described 
(Graf  et al., 2017) or with a LightCycler® 480 (Roche). The sequence of  the primers used 
is detailed in the Supplementary Table 2.  

Engineering the VII-L telomere

To generate a telomere that would contain only mutant telomerase sequence, a double-
stranded oligonucleotide with the desired sequence (specified in Supplementary Table 
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4) was generated by annealing two complementary single-stranded oligonucleotides. The 
stock concentration of  each oligonucleotide was 100 µM; 20 µL of  each were mixed with 
10 µL 5x T4 ligase buffer (NEB) and denatured for 5 minutes at 100ºC. The temperature 
was then gradually reduced to 25ºC by decreasing 1ºC every 30 seconds, to allow annealing 
of  the single-stranded oligonucleotides. The resulting double-stranded oligonucleotide was 
cleaned with a NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel) and eluted in 
30 µL elution buffer. Both the resulting double-stranded oligonucleotide and the plasmid 
pVII-L-URA3-TEL (Gottschling et al., 1990) were digested overnight at 37ºC with BamHI-
HF and EcoRI-HF. The plasmid was then treated with antarctic phosphatase (NEB) to 
avoid self-ligation. To this end, 1 pmol DNA, 2 µL 10x antarctic phosphatase reaction 
buffer, 5 U antarctic phosphatase and H2O to 20 µL were mixed, incubated for 30 minutes 
at 37ºC, followed by 2 minutes at 80ºC to stop the reaction. The digested plasmid and 
double-stranded oligonucleotide were again cleaned with a NucleoSpin® Gel and PCR 
Clean-up kit (Macherey-Nagel). Ligation reaction was set up as follows: 2 µL 10x T4 DNA 
ligase buffer, 50 ng vector DNA, 37.5 ng insert DNA, 1 µL T4 DNA ligase (NEB) and 
H2O to 20 µL. The mixture was incubated for 10 minutes at RT, inactivated for 10 minutes 
at 65ºC and transformed into competent cells. The plasmid was then prepped and digested 
overnight at 37ºC with EcoRI-HF and SalI-HF. The digested plasmid was transformed 
into the yeast cells. Genomic DNA was isolated from transformed yeast cells and telomere 
VII-L was amplified and sequenced as described before to confirm the correct insertion of  
the mutant telomere. 
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SUPPLEMENTARY DATA

Supplementary Table 1: Oligonucleotide sequences subjected to circular dichroism 
measurements.

Name 5’ to 3’ sequence Length (nt)
WT telo 1 TGGGTGTGGTGTGTGGGTGTGGTGTGTGGGTGTGGTGTGGG 41
WT telo 2 TGTGTGGGTGTGGGTGTGGGTGTGTGGGTGTG 32
WT telo 3 TGGGTGTGGTGTGTGTGTGTGTGGGTGTGGTGTGGGTGTGGG 42
MUT telo 1 TGTGGTGTGGTGTGTGGTGTGGTGTGTGGTGGT 33
MUT telo 2 TGTGGTGTGGATTTGGTGTGTGTGGTGTGTGGTGTG 36
MUT telo 3 TGGTGTGGTGTGTGGTGTGTGGTGTGTGGATTTGGTGTGGTG 42

Supplementary Table 2: PCR and qPCR primers.

Name 5’ to 3’ sequence Source
oSMS1 ACCTGCCTTTGCAGATCCTT This study
oSMS2 TGTAGATGCTTGTGTGTG This study
TLC1-RV TTATCTTTGGTTCCTTGCCG This study
VI-R ACGTGTGCGTACGCCATATCAATATGC Chang et al., 2007
TEL7L GACATTATTATTGTTGGAAGAGGACTATTTGC Phillips et al., 2015
G18 CGGGATCCG18 Förstemann et al., 2000
oBL292 (actin) CCCAGGTATTGCCGAAAGAATGC Graf  et al., 2017
oBL293 (actin) TTTGTTGGAAGGTAGTCAAAGAAGCC Graf  et al., 2017
oBL295 (1L) CGGTGGGTGAGTGGTAGTAAGTAGA Graf  et al., 2017
oBL296 (1L) ACCCTGTCCCATTCAACCATAC Graf  et al., 2017
oLK49 (6Y’) GGCTTGGAGGAGACGTACATG Graf  et al., 2017
oLK50 (6Y’) CTCGCTGTCACTCCTTACCCG Graf  et al., 2017
oLK57 (15L) GGGTAACGAGTGGGGAGGTAA Graf  et al., 2017
oLK58 (15L) CAACACTACCCTAATCTAACCCTGT Graf  et al., 2017
Rif1-FW AAGTCAACAGAAGGCAGG This study
Rif1-RV CCATCATAAAGATTGAAG This study
Rif1-chk-FW TCTTAGATTTACATCGTG This study
Rif2-FW ACTCCATATCCGTAACCG This study
Rif2-RV TTATGATTTCATTCACCG This study
Rif2-chk-FW TTCAATGTAAATAAATCC This study
Pif1-FW CTTCAAATGCCTTCTTCCGC This study
Pif1-RV GGCATTGTGAGTTAGTCTCC This study
Pif1-insertion-FW CGACAGCAACAAATTCCAGG This study
Rad52-FW GTGAAATCACCACAGTTTGGAT This study
Rad52-RV ACCTAAGGATTCCGCTGAAA This study
Rad52-insertion-FW GGATGCTGCCCATGCTATAG This study
Rad50-FW GCGCAGTAGCTCATTTCGA This study
Rad50-RV GGTGCTTACGTGCTTGCTAAG This study
Rad50-insertion-FW GAAGGAGCGGGGAGTCAT This study
Rad27-FW CAGCAGGATCACAGATAACG This study
Rad27-RV TGTCGAAGGCATTACGATGG This study
Rad27-insertion-FW CATCATACCAAGCACCCAAG This study
Elg1-FW GTTCACCCACATCAGAATGG This study
Elg1-RV TCTATTGGCTGCACCATCTG This study
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Name 5’ to 3’ sequence Source
Elg1-insertion-FW GGTCGTATTGCCGGTAAAGA This study
Tel1-FW CGTGATAGGAGGGTCTAT This study
Tel1-RV CTCAGAATTTACGGGCAC This study
Tel1-insertion-FW CTCCGGTGTTGTTGTGTA This study
KanB CTGCAGCGAGGAGCCGTAAT Yeast Deletion Project

Supplementary Table 3: Genotype of  yeast strains.

Name Background Genotype Source
MCY415 BY4741 MATα tlc1-tm::kanMX Chang et al., 2007 
MCY416 BY4741 MATα tlc1-tm::natMX Chang et al., 2007
YBJ1 PSY316 MATα ura3-52 leu2-3,112 his3-200 ade2-101 lys2-801 Park et al., 1999
YBJ120 PSY316 MATα cdc13-1 ura3-52 leu2-3,112 his3-200 ade2-101 lys2-801 Smith et al., 2011
SSY228 PSY316 MATα pif1ΔnatMX cdc13-1 This study
SSY229 PSY316 MATα pif1ΔnatMX cdc13-1 This study
SSY230 PSY316 MATα pif1ΔnatMX tlc1-tm::kanMX cdc13-1 This study
SSY231 PSY316 MATα pif1ΔnatMX tlc1-tm::kanMX cdc13-1 This study
SSY174 W303 MATa/α rad52ΔkanMX/RAD52 tlc1ΔHIS3/TLC1 This study
SSY175 W303 MATa/α rad52ΔkanMX/RAD52 tlc1ΔHIS3/tlc1-tm::natMX This study
CCY6 W303 MATa/α est2Δ/EST2 This study
SSY108 W303 MATa/α est2Δ/EST2 tlc1-tm::natMX/tlc1-tm::natMX This study
CCY7 W303 MATa/α tlc1Δ/TLC1 This study
SSY45 W303 MATa/α tlc1Δ/tlc1-tm::natMX This study

ML444-10B W303 MATa RAD52-RFP CDC13-YFP RAP1-CFP::LEU2 ADE2 
trp1-1 LYS2 Michael Lisby

SSY47 W303 MATa tlc1-tm::kanMX RAD52-RFP CDC13-YFP RAP1-CF-
P::LEU2 ADE2 trp1-1 LYS2 This study

SSY150 W303 MATα ade2-1 can1-100 leu2-3,112 his3-11,15 trp1-1 ura3-1 RAD5 This study
SSY151 W303 MATa ade2-1 can1-100 leu2-3,112 his3-11,15 trp1-1 ura3-1 RAD5 This study
SSY152 W303 MATα ade2-1 can1-100 leu2-3,112 his3-11,15 trp1-1 ura3-1 RAD5 This study

SSY153 W303 MATa tlc1-tm::kanMX ade2-1 can1-100 leu2-3,112 his3-11,15 trp1-1 
ura3-1 RAD5 This study

SSY154 W303 MATa tlc1-tm::kanMX ade2-1 can1-100 leu2-3,112 his3-11,15 trp1-1 
ura3-1 RAD5 This study

SSY155 W303 MATa tlc1-tm::kanMX ade2-1 can1-100 leu2-3,112 his3-11,15 trp1-1 
ura3-1 RAD5 This study

SSY112 W303 MATα Cdc13-Protein A This study
SSY115 W303 MATα Cdc13-Protein A tlc1-tm::natMX This study
SSY49 W303 MATα ade2-1 can1-100 leu2-3,112 his3-11,15 trp1-1 ura3-1 RAD5 This study
SSY51 W303 MATα tlc1-tm::natMX This study
SSY99 W303 MATα rad52ΔkanMX This study
SSY102 W303 MATα rad52ΔkanMX tlc1-tm::natMX This study
SSY98 W303 MATα rif1ΔHIS3MX This study
SSY100 W303 MATα rif1ΔHIS3MX tlc1-tm::natMX This study
SSY109 W303 MATα rif2ΔHIS3MX This study
SSY101 W303 MATα rif2ΔHIS3MX tlc1-tm::natMX This study
SSY160 W303 MATα rif1ΔHIS3MX rif2ΔHIS3MX This study
SSY167 W303 MATα rif1ΔHIS3MX rif2ΔHIS3MX tlc1-tm::natMX This study
SSY140 W303 MATα rad50ΔkanMX This study
SSY143 W303 MATα rad50ΔkanMX tlc1-tm::natMX This study
SSY133 W303 MATα rad27ΔkanMX This study
SSY136 W303 MATα rad27ΔkanMX tlc1-tm::natMX This study
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SSY132 W303 MATα elg1ΔkanMX This study
SSY135 W303 MATα elg1ΔkanMX tlc1-tm::natMX This study
SSY110 W303 MATα tel1ΔURA3 This study
SSY111 W303 MATα tel1ΔURA3 tlc1-tm::natMX This study
SSY134 W303 MATα pif1ΔkanM This study
SSY137 W303 MATα pif1ΔkanMX tlc1-tm::natMX This study
SSY243 W303 MATa cdc13-1 This study
SSY244 W303 MATα cdc13-1 This study
SSY253 W303 MATα cdc13-1 tlc1-tm::natMX This study
SSY254 W303 MATa cdc13-1 tlc1-tm::natMX This study

SSY342 W303 MATa tlc1-tm::hphMX GALLp::natNT2-EST1 bar1ΔLEU2 
DIA5-1 RAD5 This study

SSY370 W303 MATa VII-L::URA3 RAD5 This study
SSY371 W303 MATa VII-L::URA3 RAD5 This study
SSY372 W303 MATa VII-L::URA3 RAD5 This study
SSY373 W303 MATa VII-L::URA3 tlc1-tm::natMX RAD5 This study
SSY374 W303 MATa VII-L::URA3 tlc1-tm::natMX RAD5 This study
SSY375 W303 MATa VII-L::URA3 tlc1-tm::natMX RAD5 This study
FRY10 W303 MATa VII-L-MUT::URA3 RAD5 This study
FRY11 W303 MATa VII-L-MUT::URA3 RAD5 This study
FRY12 W303 MATa VII-L-MUT::URA3 RAD5 This study
FRY18 W303 MATa VII-L-MUT::URA3 tlc1-tm::natMX RAD5 This study
FRY19 W303 MATa VII-L-MUT::URA3 tlc1-tm::natMX RAD5 This study
FRY20 W303 MATa VII-L-MUT::URA3 tlc1-tm::natMX RAD5 This study

Supplementary Table 4: Mutant sequences used to replace the VII-L telomere. Sequence 
in bold corresponds to BamHI restriction site and underlined sequence corresponds to EcoRI 
restriction site.

Name 5’ to 3’ sequence

MUT telo GCCACGGATCCGGTGGTGTGGTGTGTGGTGTGGTGTGGTGTGGTGTGGTGTGGTGT
GTGGTGGTGTGGTGTGTGGTGTGGTGTGGTGTGGTGGAATTCAGATGC

Rev-com
MUT telo

GCATCTGAATTCCACCACACCACACCACACCACACACCACACCACCACACACACCACACCA
CACCACACCACACCACACCACACACCACACCACCGGATCCGTGGC
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Despite the remarkable advances science has made over the last century, many fundamental 
questions remain unanswered. In this thesis, the aim is to contribute to a better understanding 
of  telomere biology. Specifically, we examine how a cell is able to distinguish between a 
double-stranded DNA break (DSB) and a telomere, which resemble each other in structure 
and share some proteins, but need to be processed in very different ways. The relevance of  
the adequate distinction between DSBs and telomeres becomes apparent when looking at 
the consequences of  a failure in this process. A DSB is very deleterious for yeast cells, to the 
extent that one unrepaired DSB is fatal (Resnick and Martin, 1976; Weiffenbach and Haber, 
1981). Therefore, tightly regulated repair mechanisms ensure the proper repair of  DSBs. 
However, if  a DSB is improperly recognized as a chromosome end and it is repaired as 
such, telomeric sequence will be added at the broken site. Because genes nearby telomeric 
sequence are transcriptionally silenced, addition of  telomeric sequence at a DSB will lead to 
silencing of  genetic information. Moreover, two human diseases have been associated with 
truncated chromosomes where telomeric sequence addition occurred, mental retardation 
and alpha thalassemia (Wilkie et al., 1990; Wong et al., 1997), highlighting the relevance of  
fundamental research for human health. The opposite scenario, where a telomere is treated 
as a DSB, also has devastating consequences. Telomere shortening is counteracted by the 
specialized reverse transcriptase telomerase (Greider and Blackburn, 1985). It is therefore 
very important to keep chromosome ends available for telomerase-dependent extension 
and, at the same time, to inhibit the repair mechanisms that act at DSBs. Failure to inhibit 
DSB repair results in telomere-telomere fusions that can lead to cell death or breakage-
fusion-bridge cycles, which are thought to be important in the formation of  some cancers 
(Selvarajah et al., 2006). 

A ~40 nt length threshold separates telomeres from DSBs

To answer how a cell discerns between a DSB and a telomere, in chapter 2, we have used 
two complementary methods. First, we used artificially constructed DNA ends adjacent to 
telomeric sequence of  increasing length, and monitored whether such ends are repaired 
by telomerase-dependent extension. Second, we developed the iSTEX assay, an inducible 
method that allows the in vivo monitoring of  telomerase-dependent telomere extension 
events at nucleotide resolution and used it to determine what natural ends were sensed 
as telomeres and therefore extended by telomerase. Both methods uncovered a length-
dependent threshold of  about 40 nt of  telomeric sequence that establishes the difference 
between telomeres and DSBs. Below the 40 nt threshold, DNA ends contain too little 
telomeric sequence and are treated as DSBs and, above it, DNA ends are extended by 
telomerase. We have also found what proteins are important for the establishment of  this 
length-dependent threshold. Pif1 is important to inhibit telomerase at DNA ends below 
the DSB-telomere threshold, as evidenced by the increased telomere addition frequency 
at TG18 ends in pif1-m2 cells. On the other hand, the telomerase recruitment function of  
Cdc13 is required to override the telomerase inhibition by Pif1 and allow extension of  
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DNA ends above the threshold. 
An important question that remains unanswered is what is intrinsically different 

between the DNA ends below and above the DSB-telomere threshold. One possibility 
is that Cdc13 is recruited less efficiently to DNA ends below the threshold. In vitro, the 
minimum binding site of  Cdc13 is 11 nt in length (Hughes et al., 2000), so Cdc13 could 
have enough space to bind a TG18 end; however, the situation in a living cell might be 
different. For example, Cdc13 might not be recruited to such short ends. Alternatively, one 
Cdc13 molecule might be recruited, but multiple Cdc13 molecules might be required for 
telomere extension. Molecular crowding at such a short end could also affect the binding 
or function of  Cdc13 in vivo. Another possibility is that Cdc13 recruitment at DNA ends 
above the threshold overcomes the telomerase inhibition by Pif1. In this case, when Cdc13 
is mutated, telomerase recruitment to the TG34 end might be lost. It is also possible that 
Cdc13 recruitment is unaffected at both sides of  the threshold, in which case we can 
envision at least two options. One is that Pif1 inhibition of  telomerase is stronger at DNA 
ends below than above the threshold. However, we know that Pif1 inhibits telomerase 
both below and above the threshold, indicating that, unless the strength of  inhibition is 
different below and above the threshold, most likely Cdc13, and not Pif1, is the key player. 
Alternatively, it will be important to determine whether the other members of  the CST 
complex, Stn1 and Ten1, play a role in the establishment of  the DSB-telomere threshold. 
In short, determining what proteins bind to DNA ends below and above the threshold 
would help clarify how telomeres and DSBs are differently recognized and processed. 

Development of  the inducible STEX assay

Besides defining the length-dependent DSB-telomere threshold, a major contribution 
of  chapter 2 is the development of  the inducible STEX assay (iSTEX). So far, telomere 
length has been mostly studied by methods that only provide information about the 
average telomere length of  a population of  cells. However, iSTEX provides information 
about telomere extension events on single telomeres at nucleotide resolution. iSTEX 
can determine to which telomeres telomerase is recruited and, therefore, whether the 
recruitment of  telomerase to the shortest telomeres or the recruitment in general is affected. 
It also informs about the length of  the newly added sequence, and whether the nucleotide 
addition processivity or the repeat addition processivity are affected. All these aspects are 
informative to understand what is the cause of  telomere length change at a molecular level.

Moreover, iSTEX has two improvements with respect to the classic STEX assay 
(Teixeira et al., 2004). First, the use of  an inducible system largely facilitates the execution 
of  the experiment because it eliminates the need of  the nearly 100% mating efficiency 
between the donor (telomerase positive) and the recipient (telomerase negative) strains 
required in the original STEX assay (Teixeira et al., 2004). This level of  mating efficiency 
is rarely observed. Second, the use of  the tlc1-tm template mutant ensures that all telomere 
extension events are mediated by telomerase. To detect telomere extension events, the 
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classic STEX relies on the imperfect nature of  the telomere repeats added by the yeast 
telomerase. The telomeric sequences are aligned to a reference sequence. The sequence of  
the extended telomeres does not align to the non-extended ones, in an otherwise clonal 
population. Those misalignments are called divergent events and are the readout for 
telomere extension events. However, telomere divergence events can arise from artefacts 
generated during PCR amplification, cloning and sequencing (Claussin and Chang, 2016). 
To overcome this issue, iSTEX uses a telomerase template different from the wild type, 
ensuring that all telomere extension events are dependent on telomerase and, therefore, 
avoiding false positives. Moreover, iSTEX excludes telomeric divergence events arising 
from recombination. Deletion of  RAD52 is the common way to exclude recombination 
events but, when combined with telomerase-negative cells, results in accelerated replicative 
senescence (Le et al., 1999), which can render the assay more challenging. Because tlc1-tm 
telomeric sequence is not present in the cell before the start of  the experiment, deletion 
of  RAD52 is not required to exclude recombination events. It is formally possible that a 
recombination event takes place once the telomeres have been extended by the mutant 
telomerase. This is however unlikely, since the experiment allows only one cell cycle, and it 
would in any case represent a negligible fraction of  the total divergent events.

Cdc13-independent telomerase recruitment to chromosome ends

In the course of  the studies described in chapter 2 we found that, while cdc13-2 mutation 
inhibits telomere addition at TG34 ends, as expected, further mutation of  PIF1 allows 
telomerase-dependent extension of  these ends. This is striking because the cdc13-2 mutant 
carries a point mutation in the telomerase recruitment domain, which makes it behave 
like a telomerase-null mutant (Nugent et al., 1996). In fact, recruitment of  the telomerase 
subunits Est1 and Est2 to the telomeres has been recently shown to be largely impaired 
in cdc13-2 cells (Chen et al., 2018). This suggests that telomerase can be recruited in a 
Cdc13-independent manner to extend the telomeres, probably through the Yku complex, 
which can interact with the telomerase RNA subunit (Stellwagen et al., 2003) and has been 
proposed to recruit telomerase (Hass and Zappulla, 2015). Alternatively, the interaction 
between Cdc13 and Est1 might not be completely lost in cdc13-2 cells, and mutation of  
PIF1 allows just enough telomerase recruitment to prevent senescence.

Preliminary studies to understand how those cdc13-2 pif1-m2 telomeres are 
maintained show that, contrary to cdc13-2 cells, cdc13-2 pif1-m2 cells do not senesce and, 
although shorter than in pif1-m2 cells, telomeres are stable in length (data not shown). 

Non-essential G-quadruplex-mediated telomere protection

Chapter 4 explores the in vivo role of  yeast telomeric G-quadruplexes. To do so, we 
made use of  the tlc1-tm mutant because of  the characteristic telomeric sequence that 
it introduces to the chromosome ends, which does not meet the requirements for the 
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formation of  G-quadruplexes. Our in vitro and in vivo experiments (circular dichroism and 
viability rescue experiments of  telomere capping-deficient cdc13-1 strains upon stabilization 
of  G-quadruplexes) are in line with the hypothesis that these telomeres are impaired in 
G-quadruplex formation. However, these experiments do not rule out the possibility that 
the tlc1-tm phenotype is unrelated to G-quadruplex formation. On the one hand, although 
widely used in G-quadruplex studies, circular dichroism is an in vitro method to measure the 
ability of  oligonucleotides to fold into G-quadruplex structures, which does not necessarily 
represent the in vivo situation. On the other hand, G-quadruplex stabilization was achieved 
by deletion of  PIF1. PIF1 deletion was chosen to stabilize G-quadruplexes because it is the 
best G-quadruplex unwinding helicase described so far (Paeschke et al., 2013). However, 
the many functions that Pif1 carries out complicate the interpretation of  the results, as 
discussed in chapter 4. Other methods to stabilize G-quadruplexes, like deletion of  the 
SGS1 helicase (Sun et al., 1999), overexpression of  the G-quadruplex binding protein 
Stm1 (Hayashi and Murakami, 2002) or addition of  the G-quadruplex stabilizing ligand 
PhenDC (Piazza et al., 2010) resulted in inconclusive results (data not shown). The use 
of  a G-quadruplex specific antibody (Biffi et al., 2013) combined with G-quadruplex 
stabilizing ligands and chromatin immunoprecipitation could provide more robust data 
about the G-quadruplex forming potential of  these telomeres. Yet, our data support the 
previously reported rudimentary telomere protection role by G-quadruplexes when Cdc13 
is affected (Smith et al., 2011). The fitness of  tlc1-tm cells, indistinguishable from wild-type 
cells, indicates that the G-quadruplex-mediated telomere capping function is not essential. 

The question arises then, why are telomeric G-quadruplexes conserved? If  
organisms of  different complexities, from ciliates to humans, have telomeric G-quadruplexes, 
it is reasonable to think that they have been evolutionary conserved for a reason. Although 
G-quadruplex structures do not seem to play an indispensable role when it comes to 
telomere protection, they might influence other telomeric aspects. One could also speculate 
that G-quadruplexes were ancient chromosome end protecting structures until telomeres 
became specialized, then got obsolete and only worked as a backup telomere capping 
mechanism. However, it seems unlikely that such complex structures, as G-quadruplexes 
are, were only conserved to work when other telomere protecting structures were lacking. 

Characterisation of  a Rap1-free telomere

tlc1-tm telomeres show a number of  interesting characteristics, the most remarkable probably 
being that tlc1-tm telomeres are not bound by the major telomere binding protein Rap1. 
Accordingly, telomere length homeostasis of  tlc1-tm telomeres is altered, leading to long 
and heterogeneous sized telomeres. However, although longer than wild-type telomeres, 
tlc1-tm telomeres are shorter than those obtained in cells harbouring a RAP1 C-terminal 
deletion or RIF1 RIF2 double deletion (Kyrion et al., 1992; Wotton and Shore, 1997), 
which might indicate the presence of  residual Rap1 at mutant telomeres. A related question 
is how tlc1-tm telomeres remain stable in length. This might be achieved by Rif1, which can 
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bind the telomeric DNA in a Rap1-independent manner (Mattarocci et al., 2017), or by 
the combination of  telomerase-dependent extension, facilitated by the absence of  Rap1, 
and rapid telomere erosion, due to the lack of  telomere protection. This is in line with the 
strongly increased telomere extension frequency of  tlc1-tm telomeres and the very rapid 
senescence and telomere shortening very early after telomerase depletion, that can be 
explained by the absence of  Rap1 at these telomeres, rendering them unprotected and very 
dependent on telomerase-mediated extension. Interestingly, when tlc1-tm telomeric repeats 
are placed internally, followed by wild-type repeats at the distal ends, the bulk telomere 
length increases approximately to the same extent as the length of  the internally placed 
mutant tract. Therefore, the mutant repeats are not sensed by the protein-counting model 
that regulates telomere length (Marcand et al., 1997). Moreover, the fact that Rap1-free 
tlc1-tm cells are perfectly viable implies that the Rap1 essential function is not its telomeric 
function.

Rap1 binding to tlc1-tm telomeres was determined by chromatin immunoprecipitation 
followed by qPCR. However, because tlc1-tm telomeres are long, the chromatin shearing 
process required prior to immunoprecipitation could affect the result. Generation of  
shorter tlc1-tm telomeres by, for example, further mutation of  TEL1, could help overcome 
this problem. In addition, electrophoretic mobility shift assays (EMSA) with purified Rap1 
would further confirm that Rap1 does not bind tlc1-tm sequence. Mutagenizing the DNA 
binding domain of  Rap1 to find a Rap1 mutant able to bind tlc1-tm sequence would be 
useful for a complementation assay, which would confirm whether the absence of  Rap1 
is responsible for the observed phenotype. Determining the protein composition of  tlc1-
tm telomeres would be also important. In the absence of  Rap1, the recruitment of  Rif1 
and Rif2 (Hardy et al., 1992; Wotton and Shore, 1997) and the components of  the Sir 
complex (Moretti et al., 1994; Moretti and Shore, 2001) should be affected. We plan to 
use biotinylated oligonucleotides with wild-type or mutant sequence incubated with yeast 
protein extracts, followed by mass spectrometry to unbiasedly identify what proteins 
are bound to mutant telomeres. Assessing telomere fusion occurrence would also be of  
interest, since Rap1 protects chromosome ends from NHEJ events (Marcand et al., 2008). 
In short, the finding of  a Rap1-free telomere opens many questions. Probably the most 
important one that needs to be addressed is how telomeres are regulated in the absence of  
their major binding protein. 

The general aim of  the work presented in this thesis was to determine what 
minimally constitutes a telomere in S. cerevisiae. We propose that Cdc13 and a telomeric 
sequence of  about 40 nt or longer are essential elements of  telomeres. G-quadruplexes, on 
the other hand, do not seem to play an important role at the chromosome ends. As often 
happens, while trying to find an answer, many new questions arise, leaving plenty of  room 
for further research.
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NEDERLANDSE SAMENVATTING

Dit proefschrift heeft als doel om bij te dragen aan de fundamentele kennis over telomeer 
biologie. Telomeren zijn beschermende structuren aan het einde van chromosomen. Het 
enzym telomerase, dat verkorting van telomeren tegengaat, komt niet voldoende tot expressie 
om telomeerverkorting in somatische cellen te voorkomen. Dit beïnvloedt twee belangrijke 
aspecten van menselijke gezondheid. Aan de ene kant leidt de afwezigheid van telomerase 
met elke celdeling tot telomeerverkorting, en daardoor tot replicatieve senescentie. Aan de 
andere kant wordt telomerase gereactiveerd in veel kanker cellen, waardoor zij ongeremd 
blijven delen. Ondanks de toenemende kennis die telomeren, kanker en veroudering 
verbindt, is het onduidelijk wat een telomeer precies is. In dit werk, met bakkersgist als 
modelorganisme, hebben we de minimale lengte van een telomeer bepaald, waarop deze 
nog wordt herkend en verlengd door telomerase.

DNA staat bloot aan exogene en endogene beschadigingen, die kunnen leiden 
tot dubbelstrengsbreuken (DSBs). Het is belangrijk dat DSBs worden gerepareerd, want 
één ongerepareerde DSB kan een gistcel doden. Telomeren en DSBs lijken veel op elkaar, 
met betrekking tot hun structuur en sommige eiwitten, maar ze moeten door verschillende 
cellulaire mechanismen worden verwerkt. Een verkeerd gekozen reparatiemechanisme kan 
fatale gevolgen hebben voor de cel. We willen bepalen hoe kort een telomeer kan zijn, 
zodat het nog als telomeer en niet als DSB wordt herkend. We hebben twee systemen 
in Saccharomyces cerevisiae gebruikt om deze vraag te beantwoorden. Ten eerste hebben we 
artificiële DNA-eindes van verschillende lengtes gecreëerd en de telomerase-afhankelijke 
verlenging daarvan bekeken. Ten tweede hebben we een laboratoriumtest ontwikkeld, die 
ons in staat stelt om in vivo telomeerverlenging te bekijken per basenpaar. Met deze twee 
methodes vonden we een lengtedrempel van ~40 basenparen waarop een sequentie als 
telomeer en niet als DSB wordt behandeld. DNA-eindes korter dan de drempel worden 
als DSB herkend en door het DNA herstelmechanisme gerepareerd, terwijl langere DNA-
eindes als telomeren worden herkend en door telomerase worden verlengd. We hebben 
ook vastgesteld dat de eiwitten Cdc13 en de Pif1 helicase , die enkelstrengs telomeer-DNA 
binden, samenwerken om deze grens tussen telomeren en DSBs tot stand te brengen.

We hebben ook de telomerase inhibitie door Pif1 in een telomeerlengte-afhankelijke 
context bekeken. Pif1 is een negatieve regulator van telomerase, zowel bij DSBs als 
telomeren. Eerdere publicaties lieten zien dat het met voorkeur bindt aan lange telomeren, 
waarschijnlijk om de telomerase-afhankelijke verlenging van de kortere telomeren te 
bevorderen. Bovendien vonden we dat Pif1 telomeerverlenging van telomeer DNA-eindes 
met minder dan ~40 basenparen remt, maar langere eindes niet.Dit suggereert dat, hoewel 
Pif1 telomerase actief  onderdrukt onder de DSB-telomeer drempel, die activiteit irrelevant 
is bij telomeren langer dan ~40 basenparen. Bij elkaar suggereren deze data dat Pif1 
activiteit alleen plaatsvindt bij (i) DNA-eindes zonder of  met hele korte telomeer-sequentie 
en (ii) lange telomeren. Echter, we hebben telomerase-afhankelijke telomeerverlenging in 
wildtype en Pif1-mutante cellen bekeken en vonden dat telomerase bij alle DNA-eindes 
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geinhibeert werd door Pif1, onafhankelijk van telomeerlengte, wat laat zien dat Pif1 
activiteit onafhankelijk is van telomeerlengte. 

Ten slotte hebben we de in vivo rol van G-quadruplexen in telomeren bekeken. 
G-quadruplexen zijn zeer stabiele secundaire structuren, die in guanine-rijke regio’s van 
DNA en/of  RNA strengen vormen. Hoewel gesuggereerd wordt dat G-quadruplexen veel 
biologische aspecten beïnvloeden, is er weinig bekend over hun in vivo relevantie. De stabielere 
vorm van G-quadruplexen vormen in de consensus-sequentie G≥3NxG≥3NxG≥3NxG≥3, die 
gevonden wordt in de telomeren van veel soorten, waaronder gist en mensen. Door een 
mutant van telomerase RNA onderdeel TLC1 (tlc1-tm) te gebruiken die telomeer repeats 
introduceert, welke niet overeenkomen met de G-quadruplex vormende consensus-
sequentie, hebben we vastgesteld dat G-quadruplexen geen essentiële rol spelen in 
telomeerbescherming. 
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SUMMARY IN ENGLISH

This thesis aims to contribute to the basic knowledge of  telomere biology. Telomeres are 
protective structures located at the ends of  chromosomes. The enzyme telomerase, which 
counteracts telomere shortening, is not expressed in sufficient levels to prevent telomere 
shortening in most somatic cells. This impacts two important aspects of  human health. On 
the one hand, the absence of  telomerase results in telomere shortening with each cell divi-
sion, leading to replicative senescence; telomere attrition-induced senescence is a hallmark 
of  ageing. On the other hand, telomerase is reactivated in most cancer cells, providing them 
indefinite division capacity. Despite the increasing knowledge on the link between telo-
meres, cancer and ageing, what essentially constitutes a telomere is not fully understood. 
Here, using budding yeast as model organism, we determined what the minimum length of  
a telomere is so that it is still recognized as such and extended by telomerase.

DNA is exposed to exogenous and endogenous damaging agents that can generate 
double-stranded DNA breaks (DSBs). It is essential to repair DSBs, as one unrepaired DSB 
can be enough to kill a yeast cell. Telomeres and DSBs are remarkably similar, regarding 
general structure and some shared proteins, but they must be processed by different cellu-
lar mechanisms. A mistake in the choice of  repair mechanism can have fatal consequences 
for the cell. We aim to uncover how short a telomere can be so that it is still recognized as 
a telomere and not as a DSB. We have used two systems in Saccharomyces cerevisiae to answer 
this question. First, we constructed artificial DNA ends of  different lengths and monitored 
telomerase-dependent telomere extension. Second, we developed an assay that allows the 
monitoring of  in vivo telomere extension events at nucleotide resolution. Using these two 
methods, we found a threshold of  ~40 base pairs of  telomeric sequence that distinguishes 
telomeres from DSBs. DNA ends below the threshold are sensed as DSBs and repaired by 
the DNA damage response pathway, while DNA ends above it are sensed as telomeres and 
are extended by telomerase. We have also found that the single-stranded telomeric DNA 
binding protein Cdc13 and the Pif1 helicase collaborate to establish the boundary between 
telomeres and DSBs.

We have also studied telomerase inhibition by Pif1 in a telomere length-dependent 
context. Pif1 is a negative regulator of  telomerase both at DSBs and at telomeres. Previous 
literature showed that it binds preferentially to long telomeres, presumably to promote 
telomerase-dependent extension of  the shorter ones. Moreover, we found that Pif1 inhibits 
telomere addition at DNA ends that have less than ~40 base pairs of  telomeric sequence, 
but not above this threshold, suggesting that, while Pif1 actively supresses telomerase be-
low the DSB-telomere threshold, its activity is irrelevant at telomeres longer than ~40 
base pairs. Taken together, these data suggest that Pif1 activity only takes place at (i) DNA 
ends with no or very little telomeric sequence and (ii) long telomeres. However, we have 
monitored telomerase-mediated telomere extension in wild-type and Pif1-mutant cells and 
found that Pif1 inhibits telomerase at all DNA ends, regardless of  telomere length, show-
ing that Pif1 activity is independent of  telomere length. 
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Finally, we have studied the in vivo role of  telomeric G-quadruplexes. G-quadru-
plexes are very stable secondary structures that form within the G-rich regions of  DNA 
and/or RNA strands. Although G-quadruplexes have been proposed to influence many 
biological aspects, their in vivo relevance is poorly understood. The more stable form of  
G-quadruplexes forms within the consensus sequence G≥3NxG≥3NxG≥3NxG≥3, which is 
found at the telomeres of  many species, including yeast and humans. We have characterized 
a template mutant of  the telomerase RNA subunit TLC1 (tlc1-tm) that introduces telomer-
ic repeats that do not match the G-quadruplex forming consensus sequence. Using this 
mutant, we found that G-quadruplexes have a non-essential role on telomere protection.
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RESUMEN EN ESPAÑOL

El ADN, la molécula que contiene la información genética que determina las características 
de un organismo, se encuentra mayoritariamente en el núcleo que contiene cada célula 
de dicho organismo. El ADN contenido en cada célula humana alcanza una longitud 
aproximada de 2 metros. Para ocupar menos espacio, el ADN se compacta en forma de 
cromosoma. Es decir, cada cromosoma es una molécula de ADN compactada (Fig. 1a, pág. 
122). El número de cromosomas que contiene cada célula varía en función de la especie. 
Las células humanas, por ejemplo, contienen 46 cromosomas, mientras que las células de 
levadura (organismo modelo empleado en esta tesis) tienen sólo 16.  

El objeto de estudio de esta tesis es una región muy concreta de los cromosomas: los 
telómeros. Los telómeros son las regiones situadas en las dos extremidades del cromosoma 
(Figs. 1a y 1b) y su principal función es la de proteger la integridad del mismo. Los telómeros 
son objeto de estudio porque tienen implicaciones en dos aspectos importantes de nuestra 
salud: el envejecimiento y el cáncer. La telomerasa es la proteína encargada de extender los 
telómeros, pero está ausente o se expresa a un nivel insuficiente en la mayoría de las células 
humanas. En consecuencia, los telómeros se acortan con cada división celular hasta que la 
célula no puede continuar dividiéndose, limitando la capacidad de regeneración de nuestros 
tejidos. De modo que la ausencia de telomerasa es uno de los factores que contribuyen al 
envejecimiento. Por otro lado, la mayoría de las células cancerígenas reactivan la expresión 
de telomerasa, lo que permite que los telómeros no se acorten y propicia una capacidad de 
división ilimitada, haciendo posible la formación de tumores. A pesar de las implicaciones 
biológicas de los telómeros, aún no entendemos qué es exactamente un telómero, y ésa es 
la cuestión que trata de responder esta tesis.  

El capítulo 2 versa sobre la longitud mínima que puede alcanzar un telómero 
para que siga siendo considerado como tal. Concretamente, estudiamos los mecanismos 
moleculares que permiten a la célula distinguir entre un telómero y una rotura en el ADN. 
Hay factores exógenos y endógenos que, de manera natural, provocan cortes en la molécula 
de ADN. Para preservar la viabilidad de la célula es imprescindible reparar esas roturas. 
El problema radica en que los extremos que se generan al romper el ADN y los extremos 
naturales del ADN, es decir, los telómeros, son muy parecidos. Sin embargo, las fracturas 
en el ADN y los telómeros se reparan mediante mecanismos muy diferentes: mientras que 
la telomerasa es la encargada de mantener los telómeros (Fig. 1b), un complejo específico 
de proteínas de reparación se ocupa de las roturas en el ADN (Fig. 1c). Un error en la 
elección del mecanismo de reparación tiene consecuencias muy graves para la célula, lo 
que nos lleva a la pregunta: ¿cómo distinguir el telómero de la rotura de ADN para aplicar 
el mecanismo de reparación correcto? En otras palabras, ¿cuál es la longitud mínima que 
puede alcanzar un telómero para que sea reconocido como tal y extendido mediante la 
acción de la telomerasa? Para responder esta pregunta, hemos monitorizado la extensión 
de telómeros artificiales y naturales mediante la telomerasa. En ambos casos, encontramos 
que la telomerasa extiende aquellos telómeros con una longitud mínima (40 pares de bases; 
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las bases nucleotídicas son las unidades que constituyen el ADN). Cuando los telómeros 
tienen una longitud menor de 40 pares de bases, la célula los reconoce incorrectamente 
como fracturas de ADN. También encontramos que la proteína telomérica denominada 
Cdc13 es la encargada de establecer este límite.

El capítulo 3 trata sobre la proteína Pif1, cuya función es la de inhibir la actividad 
de la telomerasa tanto en los telómeros como en las roturas de ADN. Investigaciones 
anteriores apuntaban a una preferencia de Pif1 por inhibir la telomerasa en los telómeros 
más largos. Además, en el capítulo 2, encontramos que Pif1 inhibe la acción de la telomerasa 
en aquellos telómeros que no alcanzan los 40 pares de bases. Esto lleva a la conclusión de 
que Pif1 sólo actúa en dos escenarios: (i) roturas de ADN y telómeros más cortos que 40 
pares de bases y (ii) telómeros largos (pueden alcanzar ~350 pares de bases). El análisis de 
la actividad de la telomerasa, comparando células normales y células donde la proteína Pif1 
está mutada, muestra que, como era de esperar, la telomerasa es más activa cuando Pif1 
está mutada. Sin embargo, la actividad de la telomerasa incrementa en todos los telómeros, 
independientemente de su longitud, indicando que Pif1 actúa en todos los telómeros, y no 
sólo en los escenarios propuestos anteriormente. 

Por último, el capítulo 4 se centra en el estudio de los G-quadruplex o G4. Los G4 
se forman en la molécula de ADN cuando ésta posee una composición concreta de bases 
nucleotídicas, que está presente en los telómeros (Fig. 1d). Los G4 son estructuras muy 
estables (podrían equipararse a un nudo) y se piensa que la presencia de G4 en la cadena de 
ADN tiene consecuencias biológicas importantes. Para investigar las posibles consecuencias 
de la presencia de G4 en el ADN, hemos estudiado una levadura modificada de manera 
que la composición nucleotídica necesaria para la formación de G4 no está presente en 
los telómeros. Utilizando este mutante, hemos concluido que los G4 teloméricos no son 
esenciales para la viabilidad de las levaduras. 

En resumen, el objetivo de esta tesis es determinar qué constituye mínimamente 
un telómero. Concluimos que una longitud mínima de 40 pares de bases y la presencia 
de la proteína Cdc13 son componentes esenciales de los telómeros, mientras que los G4 
teloméricos no lo son. 
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RÉSUMÉ EN FRANÇAIS

L’ADN, la molécule contenant l’information génétique qui détermine les caractéristiques 
d’un organisme, se trouve principalement dans le noyau de chaque cellule de cet organisme. 
L’ADN contenu dans chaque cellule humaine atteint une longueur approximative de 2 
mètres. Pour occuper moins d’espace, l’ADN est compacté sous forme de chromosomes 
(Fig. 1a, page 122). Autrement dit, chaque chromosome est une molécule compactée 
d’ADN. Le nombre de chromosomes que chaque cellule contient varie selon les espèces. 
Les cellules humaines, par exemple, contiennent 46 chromosomes, alors que les cellules de 
levure (l’organisme modèle utilisé pour cette thèse) n’en ont que 16. 

L’objet d’étude de cette thèse est une région très spécifique des chromosomes : 
les télomères. Les télomères sont les régions situées aux deux extrémités du chromosome 
(Fig. 1a et 1b) et leur principale fonction est de protéger l’intégrité du chromosome. Les 
télomères sont étudiés car ils influencent deux aspects importants de notre santé : le 
vieillissement et le cancer. La télomérase est la protéine responsable de l’élongation des 
télomères, mais elle est absente ou insuffisamment exprimée dans la plupart des cellules 
humaines. Par conséquent, les télomères raccourcissent à chaque division cellulaire jusqu’à 
ce que la cellule ne puisse plus se diviser, et cela limite la capacité de régénération de nos 
tissus. L’absence de télomérase est donc un des facteurs qui contribuent au vieillissement. 
D’autre part, la majorité des cellules cancéreuses réactivent l’expression de la télomérase, ce 
qui permet de ne pas raccourcir les télomères et d’offrir une capacité de division illimitée 
aux cellules, permettant ainsi la formation de tumeurs. Malgré la connaissance des impacts 
biologiques des télomères, nous ne comprenons toujours pas ce qu’ils sont exactement, et 
c’est la question à laquelle cette thèse tente de répondre.

Le chapitre 2 traite de la longueur minimale qu’un télomère peut atteindre tout en 
continuant à être considéré comme tel. Plus précisément, nous étudions les mécanismes 
moléculaires qui permettent à la cellule de faire la distinction entre un télomère et une 
rupture d’ADN. Il existe des facteurs exogènes et endogènes qui, de manière naturelle, 
génèrent des coupures dans la molécule d’ADN. Pour préserver la viabilité de la cellule, 
il est essentiel de réparer ces cassures. Le problème réside dans le fait que les extrémités 
générées par la cassure de l’ADN sont très similaires aux extrémités naturelles de l’ADN, à 
savoir les télomères. Cependant, les fractures de l’ADN et les télomères sont réparés par des 
mécanismes très différents : alors que c’est la télomérase qui est responsable du maintien 
des télomères (Fig. 1b), un complexe spécifique de protéines de réparation s’occupe des 
cassures de l’ADN (Fig. 1c). Une erreur dans le choix du mécanisme de réparation a de très 
graves conséquences pour la cellule, ce qui nous conduit à la question suivante : comment 
distinguer le télomère de la rupture de l’ADN pour appliquer le mécanisme de réparation 
correct ? En d’autres termes, quelle est la longueur minimale qu’un télomère peut atteindre 
en étant reconnu en tant que tel, afin d’être étendu par l’action de la télomérase ? Pour 
répondre à cette question, nous avons étudié l’élongation de télomères artificiels et naturels 
à travers la télomérase. Dans les deux cas, nous avons constaté que la télomérase allonge 
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seulement les télomères ayant une longueur minimale (40 paires de bases ; les bases 
nucléotidiques sont les unités constituant l’ADN). Lorsque les télomères ont une taille 
inférieure à 40 paires de bases, la cellule les reconnaît à tort comme des fractures de l’ADN. 
Nous avons également constaté que la protéine télomérique appelée Cdc13 est responsable 
de l’établissement de cette limite.

Le chapitre 3 traite de la protéine Pif1, dont la fonction est d’inhiber l’activité de 
la télomérase à la fois dans les télomères et dans les cassures de l’ADN. Des recherches 
antérieures ont montré que Pif1 préfère inhiber la télomérase dans les télomères les plus 
longs. De plus, au chapitre 2, nous constatons que Pif1 inhibe l’action de la télomérase 
sur les télomères n’atteignant pas 40 paires de bases. Cela conduit à la conclusion que Pif1 
n’agit que dans deux scénarios : (i) des cassures d’ADN et des télomères de longueurs 
inférieures à 40 paires de bases et (ii) des télomères longs (pouvant atteindre environ 350 
paires de bases). L’analyse de l’activité de la télomérase, en comparant les cellules normales 
et les cellules où la protéine Pif1 est mutée, montre que, comme on pouvait s’y attendre, 
la télomérase est plus active lorsque Pif1 est mutée. Cependant, l’activité de la télomérase 
augmente sur tous les télomères, quelle que soit leur longueur, ce qui indique que Pif1 agit 
sur tous les télomères, et pas seulement dans les scénarios proposés ci-dessus.

Enfin, le chapitre 4 est consacré à l’étude des G-quadruplex ou G4. Les G4 
sont formés dans la molécule d’ADN quand elle a une composition spécifique de bases 
nucléotidiques, qui est présente dans les télomères (Fig. 1d). Les G4 sont des structures 
très stables (ils pourraient être assimilés à des nœuds) et on peut penser que la présence de 
G4 dans la chaîne d’ADN a des conséquences biologiques importantes. Pour étudier les 
conséquences possibles de la présence de G4 dans l’ADN, nous avons étudié une levure 
modifiée afin que la composition de nucléotides nécessaire à la formation de G4 ne soit pas 
présente dans les télomères. En utilisant ce mutant, nous avons conclu que les télomères 
G4 ne sont pas essentiels à la viabilité des levures. 

En résumé, l’objectif  de cette thèse est de déterminer ce qui est suffisant pour 
constituer un télomère. Nous concluons qu’une longueur minimale de 40 paires de bases 
et la présence de la protéine Cdc13 sont des composantes essentielles des télomères, alors 
que les G4 ne le sont pas.
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Figura 1. a) Célula de levadura de la especie Saccharomyces cerevisiae, en cuyo núcleo se encuentran los cromosomas 
con los telómeros en ambas extremidades. b) Detalle de la estructura de los telómeros y la enzima encargada de 
su mantenimiento: la enzima telomerasa. c) Extremos generados como resultado de una rotura en la molécula 
de ADN. A pesar de ser muy similares a los telómeros, tienen que ser procesados por proteínas de reparación, 
y no por la telomerasa. d) Ejemplo de la formación de un G-quadruplex en un telómero.

Figure 1. a) Cellule de levure de l’espèce Saccharomyces cerevisiae, dans le noyau de laquelle se trouvent les 
chromosomes avec les télomères aux deux extrémités. b) Détail de la structure des télomères et de l’enzyme 
responsable de son maintien : l’enzyme télomérase. c) Extrémités générées à la suite d’une rupture de la 
molécule d’ADN. Si elles ressemblent beaucoup aux télomères, elles doivent être traitées par des protéines de 
réparation et non par la télomérase. d) Exemple de formation d’un G-quadruplex dans un télomère.
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