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CHAPTER 1

DNA damage and repair

Our cells are constantly exposed to exogenous and endogenous stresses, which 
can alter genome integrity. UV, ionizing radiation, reactive oxygen species or 
chemicals produce a wide range of DNA damage, ranging from base alkylation, 
pyrimidine dimer, inter strand-crosslink, single-strand break (SSBs) or double-
strand break (DSB) (reviewed in Lord and Ashworth, 2012). All of these types 
of DNA damage can alter gene transcription, DNA replication and if unrepaired, 
mutations associated with cancer and/or cell death. In order to maintain genome 
integrity, cells have evolved mechanism to repair DNA damage. Among all the types 
of DNA damage, DNA breaks (SSBs and DSBs) are most problematic. Generally 
SSBs are efficiently repaired via base excision repair or nucleotide excision repair 
(reviewed in Wilson and Bohr, 2007), but an SSB can easily be converted into a 
DSB during DNA replication (Kuzminov, 2001). It is commonly thought that a DSB 
is the most hazardous DNA lesion since a single unrepaired DSB is enough to kill a 
cell (Resnick and Martin, 1976; Weiffenbach and Haber, 1981). Therefore cells have 
evolved multiple DSB repair pathways. DSBs are repaired via two major pathways, 
known as nonhomologous end joining (NHEJ) and homology-directed repair (HDR) 
(reviewed in Li and Xu, 2016)

DNA double-strand break repair pathways 

DSB repair pathways

NHEJ directly ligates the two DNA extremities together with no need for sequence 
homology and is considered a mutagenic-prone pathway (Guirouilh-Barbat et al., 
2004). However, HDR is a more accurate form of repair since it involves the use 
of undamaged homologous sequences as a donor template, and it is inhibited in G1 
phase, due to the absence of the donor sister chromatids (Rothkamm et al., 2003; 
Orthwein et al., 2015).

HDR can be separated into three pathways: homologous recombination 
(HR), which is dependent on strand-invasion, single-strand annealing (SSA), which 
involves the annealing of complementary RPA-coated single-stranded DNA (ssDNA) 
with more than 30 bp of sequence homology, and microhomology-mediated end 
joining (MMEJ), which is similar to SSA but requires only 5 to 25 bp of homology for 
annealing before ligation. SSA and MMEJ are considered as error-prone mechanisms 
because they result in deletion of sequences at the break site (reviewed in Jasin and 
Rothstein, 2013). For the remainder of this thesis, only HR will be further discussed. 
Unless otherwise indicated, genes and proteins mentioned are from the budding yeast 
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Saccharomyces cerevisiae, but HR is a highly evolutionarily conserved mechanisms.

Homologous recombination

The HR pathway can be divided into three subpathways: double-strand break 
repair (DSBR), synthesis-dependent strand annealing (SDSA) and break-induced 
replication (BIR) (Figure 1). The first step of HR is detection of the DSB by HR 
proteins, and this step is similar to all the three HR pathways. Recognition of the 
DSB is mediated by the MRX complex, composed of Mre11, Rad50 and Xrs2, which 
is recruited along with Sae2 to the DSB site (Paull TT, 1998; Trujillo et al., 1998; 
Trujillo and Sung, 2001; Lengsfeld et al., 2007). MRX/Sae2 initiates short tracks of 
5’–3’ end resection (Clerici et al., 2005; Mimitou and Symington, 2008, 2009; Zhu 
et al., 2008). MRX-mediated end resection is inhibited by the competing factor Ku 
(Ku70 and Ku80), which favors NHEJ over HR (Clerici et al., 2008; Mimitou and 
Symington, 2010; Shim et al., 2010). Further end resection, leading to an extensive 
3’overhang up to 50 kb in length, is catalyzed by the Exo1 and/or Dna2 nucleases 
(Mimitou and Symington, 2008; Shim et al., 2010; Zhu et al., 2008). Dna2 functions 
together with the Sgs1 helicase complex (Sgs1, Top3, Rmi1 or STR) to unwind DNA 
prior to Dna2-mediated cleavage (Zhu et al., 2008).

The resulting 3’ ssDNA overhang is first coated by the replication protein A 
(RPA), which is subsequently replaced by Rad51 with the help of Rad51 mediator 
proteins, ultimately forming a Rad51 nucleoprotein presynaptic filament (Ogawa 
et al., 1993). Rad52, Rad54, Rad55-Rad57 and the Shu complex (Csm2, Psy3, 
Shu1 and Shu2) facilitate presynaptic filament formation and its stabilization 
(Sung, 1997a; Sung et al., 2003; Sung, 1997b; Mankouri et al., 2007). Rad52 is 
the major recombination protein in yeast, involved in all kinds of recombination, 
and Rad52 possesses Rad51-dependent and -independent functions (Shinohara and 
Ogawa, 1998; Mott and Symington, 2011). During presynaptic filament formation, 
the Rad52 heptameric ring interacts with both Rad51 and RPA to stimulate RPA 
displacement by Rad51 (Stasiak et al., 2000; Davis and Symington, 2003; Shinohara 
et al., 1998). Rad52 can also catalyze the annealing of RPA-coated ssDNA 
independently of Rad51 (Mortensen et al., 1996). The Rad51 nucleoprotein filament 
initiates homology search, by invading and pairing with a donor DNA molecule, to 
form a displacement loop (D-loop). Gaps are filled by DNA polymerases, recruited 
within the D-loop to synthesize DNA using the donor DNA molecule as a template 
(Holbeck and Strathern, 1997).

The fate of the D-loop mainly depends on the second end of the DNA break, 
which dictates the choice between the three HR pathways. When the second end of 
the break is lost, repair is mediated by BIR. BIR requires extensive DNA synthesis 
by polymerase d and is dependent on Pol32, a non-essential subunit of Pold (Lydeard 
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et al., 2007). Replication will proceed until the end of the donor chromatid or until 
the polymerase reaches another replication fork. If the second end remains in a close 
proximity, which is more often the case, migration of the D-loop can lead to the 
capture of the second end of the break by the displaced strand, which presumably 
requires the strand annealing activity of Rad52, and augmented by the presence of 
Rad59, leading to the formation of a double Holliday junction (dHJ) (Davis and 
Symington, 2001). dHJs can be removed via dissolution or resolution (Ii and Brill, 
2005; Fabre et al., 2002). Resolution involves cleavage of the Holliday junctions by 
structure-specific endonucleases in a process that can result in a crossover product 
(where there is an exchange between the two DNA molecules) or a non-crossover 
product, while dissolution only leads to the formation of non-crossovers (Chaganti 
et al., 1974). Dissolution is mediated by the STR (Sgs1, Top3 and Rmi1) complex. It 
has been proposed that Sgs1 facilitates migration of the two HJs toward each other 
in order to form a single hemicatenane structure, which then can be removed by the 
action of Top3, a type I topoisomerase (Ira et al., 2003; Wu and Hickson, 2003). 
Recently, it has been shown that Top3 is required during the convergent migration 
of the dHJ (Chen et al., 2014). The role of Rmi1 is less clear. Rmi1 acts in a later 
stage after branch migration. Its role has been postulated to stimulate decatenation 
by stabilizing Top3 during cleavage of the ssDNA (Cejka et al., 2010). 

Resolution is mediated by the interaction between 2 complexes: Mus81-
Mms4 or Yen1 with Slx1-Slx4 (Schwartz et al., 2012; Ho et al., 2010; Sarbajna et 
al., 2014; Castor et al., 2013). Cleavage by Mus81-Mms4 or Yen1 can either lead to 
crossovers or non-crossovers products, depending on the site of cleavage.

Although most characterized for their role in DSB repair, HR proteins have 
also been found to facilitate the re-start of stalled replication forks, which will be 
discussed in the next section.
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Figure 1. Models for DNA double-strand break repair by homologous recombination. Adapted 
from (Symington et al, Genetics, 2014). DSB repair is initiated by 5’ to 3’ end resection by the MRX-
Sae2 complex. Exo1 or Dna2-Sgs1 mediates more extensive end resection. The resulting 3’ overhang 
can then invade a donor DNA template (in red). This invasion step requires Rad51 and its mediators 
(Rad52, Rad55-Rad57, and the Shu complex), leading to the formation of a D-loop. In the synthe-
sis-dependent strand annealing (SDSA) model, the invading strand can be displaced after limited DNA 
synthesis, and strand annealing activity is required to complete synthesis and repair. Strand annealing 
is dependent on Rad52. During D-loop migration, the second end of the break can be captured to form 
a double Holliday junction (dHJ) in the double-strand break repair (DSBR) model. In this model, dHJs 
can be either dissolved by the action of Sgs1-Top3-Rmi1, which will favor branch migration of the two 
HJs toward each other, resulting in the formation of a hemicatenane structure, which can be cleave by 
the action of Top3. Dissolution only results in non-crossover products. On the other hand, dHJs can 
be resolved by the action of endonucleases (Mus81-Mms4, Yen1, Slx1-Slx4). Resolution by cleavage 
in positions 1,2, 3 and 4 will lead to a non-crossover product, while cleavage in positions 1,2, 5 and 6 
results in a crossover. If one end of the DSB is lost, repair proceed by break-induced replication (BIR). 
BIR-mediated DNA synthesis occurs by conservative replication and is dependent on Pol32.
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Replication associated-DNA damage tolerance

DNA replication can be impaired by the presence of DNA damage on the template 
strand or by secondary structures, leading to stalled or collapsed forks. 
 DNA polymerases have difficulty using damaged DNA as template during 
DNA synthesis. One important, but still poorly characterized, pathway to overcome 
replication obstacles is known as DNA damage tolerance (DDT) or post-replication 
repair (PRR) (Branzei, 2011). DTT allows DNA to be synthesized past a lesion so 
that lesion removal can occur through classical DNA damage repair pathways after 
replication. Two main PRR sub-pathways have been described (Figure 2). First, 
translesion synthesis (TLS) relies on the temporary replacement of the replicative 
DNA polymerase by a special TLS polymerase. TLS polymerases lack the 3’ to 
5’ proofreading exonuclease activity of classical polymerases, and can recognize 
modified bases to bypass the lesion. Due to their low fidelity, the TLS polymerases 
are highly mutagenic (reviewed in Sale et al., 2012). On the other hand, a higher 
fidelity PRR sub-pathway, known as template switch (TS) or error-free PRR, allows 
the newly-synthesized DNA strands from both chromatid to pair with each other, 
allowing one to be used as a template for the other to replicate past the lesion, a step 
which can involve HR proteins (Ball et al., 2009; Gangavarapu et al., 2007).
 The choice between TLS and error-free PRR relies depends on the degree 
of PCNA ubiquitylation (Hoege et al., 2002; Ulrich and Jentsch, 2000; Stelter and 
Ulrich, 2003). When replication forks encounter DNA damage, the PCNA sliding 
clamp is monoubiquitylated by the action of Rad6 and Rad18, E2 and E3 ubiquitin 
ligases, respectively. Monoubiquitylation of PCNA at lysine 164 activates TLS 
by interaction of a TLS polymerase (Pol z, Rev1 and Pol h in yeast) with PCNA. 
Further polyubiquitylation of PCNA at lysine 63 by Rad5/Mms2 activates error-free 
PRR. Rad5 recruitment at replication forks also mediates the uncoupling of leading 
and lagging strand synthesis due to the helicase activity of Rad5 (Blastyak et al., 
2007). The unwinding of DNA promotes the annealing of the nascent DNA strands. 
It has been proposed that when the lesions occur on the leading strand, lagging strand 
synthesis will continue, allowing the nascent DNA strand to anneal with the blocked 
strand. Replication over the damage will proceed by the transient regression of the 
replication forks, forming a four-way junction intermediate called a “chicken foot” 
structure (reviewed in Li and Xu, 2016). On the other hand, if the lesion is located 
on the lagging strand, template switch is mediated by the annealing and invasion of 
the ssDNA into the newly formed sister chromatid, by the action of Rad52, Rad51, 
Rad54, similar to the SDSA mechanism (Blastyak et al., 2007; Gangavarapu et al., 
2007).
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Figure 2.  Replication-associated DNA damage bypass mechanisms. Adapted from (Ghosal and Chen, 
Transl Cancer Res, 2013). When a replication fork encounter DNA damage, the sliding clamp PCNA 
is monoubiquitylated at lysine 164 (K164) by Rad6-Rad18. Monoubiquitylation of PCNA favors the 
recruitment of a translesion synthesis polymerase to transiently replace the normal replicative polymerase 
and synthesize DNA over the lesion. On the other hand, monoubiquitylation of PCNA K164 can also lead 
to the polyubiquitylation of K63 by the Rad5-Ubc13-Mms2 complex. Polyubiquitylation of K63 drives 
repair toward a template switch mechanism, which involves the use of the sister chromatid to bypass the 
lesion. If the lesion occurs on the leading strand template, Rad5 will be recruited to mediate repair. However, 
if the damage is located on the lagging strand template, repair will be mediated by Rad51 and Rad52.

Sister chromatid exchanges

DNA repair involving the use of an undamaged sister chromatid can lead to the 
formation of sister chromatid exchanges (SCEs). Defined as the exchange between 
two identical sister chromatids, elevated levels of SCE indicate genome instability, 
a hallmark of cancer. However, how spontaneous SCEs arise in cells remain 
unclear. Because SCEs do not result in any change in DNA sequence, they have 
been difficult to study. Their first visualization involved radiography of tritium-
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labeled chromosomes in plants. However, resolution was poor and did not allow 
for quantification of SCEs (Taylor, 1958). The discovery of the thymidine analogue 
bromodeoxyuridine (BrdU) has led to two major improvements in the visualization 
and mapping of SCEs. The first amelioration relies on the differential staining of 
the heavy BrdU-labeled chromatid (lighter color) and the chromatid containing the 
parental strand (darker) after being replicated two times in the presence of BrdU. 
Due to the differential staining of the sister chromatid, SCEs are visualized by the 
exchange between dark to light or light to dark chromatids (Perry and Wolff, 1974). 
Although this technique has been highly informative for the quantification of SCEs, 
and for their use in measuring genome instability by measuring the rate of SCE 
formation in mutants or cancer cells, they did not allow precise mapping of the 
position of SCEs.

Recently, a new approach based on DNA next-generation sequencing 
technology allows the mapping of SCEs at a higher resolution (Figure 3). This 
method, called Strand-seq, is based on BrdU incorporation into newly synthesized 
DNA strands followed by selective degradation of the BrdU-containing nascent 
strands to isolate the parental strands for the construction of directional sequencing 
libraries of a single cell (Falconer E, 2012).

Because of their small genome, visualization of SCEs in yeast by microscopy 
is not possible. Therefore, visualization of SCEs in yeast relies on genetic markers 
that are integrated at specific loci or on plasmids. These techniques rely on the ability 
of cells to grow on selective media after an SCE has occurred. Although these studies 
have been highly informative, they possess some limitations. First, the marker is only 
present at a specific locus, which may not be representative of the rest of the genome. 
Moreover, integrating a marker in the genome is not always neutral. Adding some 
DNA sequences at a specific locus could modify the natural environment, such as 
the chromatin state, and therefore could modify the recombinogenic potential of that 
specific locus. Furthermore, genetic marker-based assays used to measure SCEs are 
designed to only measure unequal SCEs. Because unequal recombination events can 
lead to genetic alterations, equal SCEs, which are neutral, are thought to occur more 
frequently (González-Barrera S, 2003). Until now, only one report has measured 
equal SCEs in yeast, using an inverted repeat containing plasmid (González-Barrera 
S, 2003), and while this is a very elegant system, plasmids are known to behave 
differently in terms of recombination compared to chromosomes. Thus, although 
these assays have been beneficial for the genetic characterization of SCE formation, 
a more physiological approach to study spontaneous SCEs is missing in yeast.
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Figure 3. Schematic representation of a sister chromatid exchange and its visualization using 
Strand-seq. Cells are replicated in presence of BrdU, which is incorporated into newly synthesized 
DNA. If a DSB is formed, repair can proceed by DSBR leading to the formation of a dHJ. If the dHJ 
is resolved in a manner leading to the formation of an SCE, after cell division, each daughter cell will 
inherit a chromatid containing both Watson (orange) and Crick (blue) original DNA template strands in 
a reciprocal pattern. In Strand-seq, only the original template strands are sequencing. The reads are then 
aligned to the reference genome and the BAIT program is used for visualization of the data.
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Thesis overview

Recombination proteins are involved in multiple repair pathways and therefore play 
a major role in protecting genome integrity. Rad52 is one of the main recombination 
proteins, with a well-characterized function in the repair of DSBs but has more 
poorly defined roles in the repair of other types of damage. During my PhD work, I 
have been interested to understand the role of recombination proteins outside of their 
role in DSB repair. 

Deletion of RAD52 has been found to accelerate replicative senescence in the 
absence of telomerase. However, its role in preventing accelerated senescence still 
remains unknown. In the Chapter 3, I describe our work in this area, and propose 
a model of how Rad52 can prevent accelerated senescence. Chapter 4 describes a 
recently-developed technique called Strand-seq, which we have applied to yeast to 
measure and map spontaneous SCE events genome-wide and at a single-cell level. 
In addition, we characterized genes involved in the formation of spontaneous SCEs. 
Moreover, we discuss how our data strongly suggests that most spontaneous SCEs 
do not originate from DSBs, and how we should re-think the role of HR proteins 
outside of DSB repair. 

The work in both Chapters 3 and 4 benefitted from the use of rad52 
separation-of-function mutants that lack the strand-annealing activity of Rad52. In 
Chapter 5, I present some preliminary data that further exploits these mutants to 
more carefully determine the role of Rad52 in different repair pathways. 

Finally, in Chapter 6, I discuss my work as a whole in a more general 
context, and outline my thoughts for potential follow-up studies to my works. 
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Abstract

The ends of linear chromosomes are capped by nucleoprotein structures called 
telomeres. A dysfunctional telomere may resemble a DNA double-strand break 
(DSB), which is a severe form of DNA damage. The presence of one DSB is 
sufficient to drive cell cycle arrest and cell death. Therefore cells have evolved 
mechanisms to repair DSBs such as homologous recombination (HR). HR-mediated 
repair of telomeres can lead to genome instability, a hallmark of cancer cells, which 
is why such repair is normally inhibited. However, some HR-mediated processes are 
required for proper telomere function. The need for some recombination activities at 
telomeres but not others necessitates careful and complex regulation, defects in which 
can lead to catastrophic consequences. Furthermore, some cell types can maintain 
telomeres via telomerase-independent, recombination-mediated mechanisms. In 
humans, these mechanisms are called Alternative Lengthening of Telomeres (ALT) 
and are used in a subset of human cancer cells. In this review, we summarize the 
different recombination activities occurring at telomeres and discuss how they are 
regulated. Much of the current knowledge is derived from work using yeast models, 
which is the focus of this review, but relevant studies in mammals are also included.
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Introduction 

Telomeres, nucleoprotein structures located at the ends of linear chromosomes, 
prevent natural chromosome ends from being recognized as DNA double-strand 
breaks (DSBs) (reviewed in (Jain and Cooper, 2010)). Telomere dysfunction can 
lead to inappropriate repair activities, such as homologous recombination (HR) 
and non-homologous end joining (NHEJ). Such activities at telomeres can result 
in chromosomal rearrangements and genomic instability. Due to incomplete DNA 
replication and nucleolytic degradation, telomeres shorten with each round of 
replication, eventually leading to a growth arrest, known as replicative senescence, 
or to apoptosis. Telomere shortening can however be counteracted by a specialized 
reverse transcriptase called telomerase, which is composed of a protein catalytic 
subunit and an RNA subunit (Greider and Blackburn, 1985, 1987, 1989; Lingner et 
al., 1997). Telomerase extends telomeres by iterative reverse transcription of a short 
sequence to the 3’ ends of telomeres, using the RNA subunit as a template (Greider 
and Blackburn, 1989; Yu et al., 1990; Singer and Gottschling, 1994).

Most human somatic cells do not express sufficient telomerase to prevent 
telomere shortening, which may be a contributing factor towards human ageing. This 
absence of telomere maintenance may have evolved as a barrier to tumorigenesis 
(reviewed in (Artandi and DePinho, 2010)). Indeed, cancer cells need to activate a 
telomere maintenance mechanism (TMM), and in approximately 85–90% of cancers, 
this occurs through the upregulation of telomerase (Shay and Bacchetti, 1997). The 
remaining 10–15% of cancers employ telomerase-independent, recombination-
based mechanisms, collectively termed alternative lengthening of telomeres (ALT) 
(Bryan et al., 1997). ALT mechanisms were first described as a TMM in the budding 
yeast Saccharomyces cerevisiae, where these cells are called “survivors” (Lundblad 
and Blackburn, 1993). While recombination is clearly important for ALT and in 
survivors, recombination proteins are also important in non-ALT/survivor cells. For 
example, in S. cerevisiae, the combined absence of recombination and telomerase 
leads to a drastically enhanced rate of replicative senescence even though the rate 
of telomere shortening is apparently unchanged (Lundblad and Blackburn, 1993; 
Le et al., 1999), although rare telomere loss events may be occurring. Furthermore, 
recombination proteins are important to resolve recombination intermediates at 
telomeres in pre-senescent cells (Lee et al., 2007), and can be detected at telomeres 
well before the appearance of survivors (Khadaroo et al., 2009).

In this review, we will discuss how recombination is regulated at telomeres 
in telomerase-positive cells, telomerase-negative senescing cells, and telomerase-
negative cells using recombination-mediated TMMs. Our focus will be on the 
significant advances made using different yeast models, but when appropriate, we 
will discuss relevant studies in mammalian systems.
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Figure 1. Models for homology-dependent DSB repair. (A) HR-mediated repair of a DSB is initiated 
by 5′ to 3′ resection of the DNA ends by the MRX complex and Sae2, and this resection is inhibited by 
the Ku complex. More extensive resection is then carried out by either Exo1 or the combined activities 
of the Sgs1-Top3-Rmi1 complex and Dna2. The resulting single-stranded DNA recruits the ssDNA-
binding protein RPA. Rad52 mediates the loading of Rad51 onto RPA-coated ssDNA to form Rad51 
nucleoprotein filaments capable of performing strand invasion. Repair can then proceed via the classical 
double-strand break repair (DSBR) model or the synthesis-dependent strand annealing (SDSA) model. 
(B) One-ended breaks can be repaired by BIR, which can be Rad51-dependent (as shown here) or 
Rad51-independent. In BIR, strand invasion leads to the formation of a D-loop that migrates along 
the chromosome as the invading 3′ overhang is extended. The complementary strand is synthesized by 
conservative replication. For simplicity, not all proteins involved in DSB repair are shown.
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Suppression of homologous recombination at telomeres

HR can be defined as the exchange of DNA sequences between two homologous 
DNA molecules and can be used to repair DNA damage, in particular DSBs. Although 
there are multiple variations regarding how HR can be used to repair a DSB, all of 
these models initiate with the resection of the 5’ ends of the break to yield 3’ single-
stranded tails, of which one, or both, can invade homologous double-stranded DNA 
(dsDNA) and prime DNA synthesis, templated by the donor dsDNA (reviewed in 
(Symington et al., 2014)). These recombination intermediates are then processed 
by either helicases or resolvases, or both, to yield the final repaired product (Figure 
1A). Ideally, both ends of a DSB remain in close proximity, but if this cannot be 
realized, a single end of a DSB can be repaired by an HR-mediated pathway termed 
break-induced replication (BIR). One-ended DSBs can also occur after the collapse 
of a replication fork. In BIR, the one-ended DSB invades a homologous sequence 
and replicates to the end of the invaded chromosome (Figure 1B). Since a BIR 
event could potentially result in extensive loss-of-heterozygosity, the BIR pathway 
is suppressed if both ends of a DSB are present (Malkova et al., 2005). Although 
a telomere resembles a resected one-ended DSB, there is no evidence that BIR 
is constitutively active in non-ALT/survivor cells, suggesting that BIR must also 
be suppressed at functional telomeres. This suppression may stem from a need to 
prevent telomeres from recombining with chromosome-internal telomeric sequences, 
as such events would lead to chromosomal rearrangements, and potentially to gene 
duplications (Figure 2A). Alternatively, the suppression of BIR may function to 
prevent inappropriate ALT/survivor-like telomere lengthening.

It is difficult to accurately measure telomere recombination events, due in 
part to the uniformity of telomeric repeats. Such events, however, can be detected in 
S. cerevisiae. This is possible because S. cerevisiae telomeres consist of imperfect, 
degenerate repeats (Shampay et al., 1984; Wang and Zakian, 1990), which is caused 
by telomerase only using a portion of the RNA template in each extension cycle, 
and because the RNA template and telomeric DNA can align in different registers 
(Förstemann and Lingner, 2001). Sequencing multiple copies of the same telomere 
derived from a clonal population of cells reveals a centromere-proximal region of 
stable sequence and a distal region with differing degenerate repeats (Wang and 
Zakian, 1990; Förstemann et al., 2000). This degenerate distal region is largely 
abolished in the absence of telomerase (Förstemann et al., 2000), but rare sequence 
divergence events can be detected (Teixeira et al., 2004). Presumably, such events are 
occurring in the presence of telomerase as well, but it is possible that telomerase can 
influence recombination activity. These telomerase-independent events are thought 
to be due to unequal sister chromatid exchange or intertelomeric recombination, and 
occur at a frequency of less than 0.3% per telomere per generation (Teixeira et al., 
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2004). We have recently conducted more careful measurements indicating that the 
frequency of these events may even be substantially lower than 0.3% (C. Claussin 
and M. Chang, unpublished data), suggesting that while recombination proteins 
are important during senescence, as mentioned above, their activity does not result 
in unequal sister chromatid exchange and intertelomeric recombination events, as 
measured in this assay. Thus these events are normally tightly repressed until the 
emergence of survivors, when such events can readily be detected (Chang et al., 
2011).

The mechanism by which recombination of telomeric repeats is suppressed 
in S. cerevisiae is not entirely clear. Proteins that are present at a telomere but not at a 
DSB make obvious candidates to mediate the suppression (Figure 3A). The double-
stranded portion of the telomere is bound by Rap1 (Gilson et al., 1993), which 
recruits the additional factors Rif1 and Rif2 (Hardy et al., 1992; Wotton and Shore, 
1997), as well as the silent chromatin proteins, Sir3 and Sir4 (Moretti et al., 1994). 
The CST complex (consisting of Cdc13, Stn1 and Ten1) binds to the 3’ overhang 
(Lin and Zakian, 1996; Nugent et al., 1996; Grandin et al., 1997; Grandin et al., 
2001; Gao et al., 2007).

Using the telomere sequencing approach described above, one study reported 
that the deletion of RIF1 may increase telomeric recombination events, particularly 
at telomeres less than 120 bp in length (Teixeira et al., 2004), but a subsequent study 
failed to confirm this finding (Chang et al., 2011). Neither study found any role of Rif2 
in suppressing recombination. A separate genetic assay designed to detect telomeric 
recombination events also found no role of Rif1, Rif2, or the Sir proteins in these 
events (DuBois et al., 2002). In contrast, cdc13-1 and stn1-13 mutant strains exhibit 
elevated levels of telomeric recombination (Garvik et al., 1995; Grandin et al., 2001; 
DuBois et al., 2002). The Ku heterodimer (consisting of Yku70 and Yku80) has also 
been shown to inhibit recombination at telomeres (Polotnianka et al., 1998; DuBois 
et al., 2002). Ku functions at both DSBs and telomeres to inhibit 5’–3’ end resection, 
and accordingly, cells lacking Ku have increased 3’ telomeric overhangs (Gravel et 
al., 1998; Polotnianka et al., 1998; Mimitou and Symington, 2010; Bonetti et al., 
2010). The cdc13-1 and stn1-13 mutations also result in extensive telomere resection 
and long 3’ overhangs (Garvik et al., 1995; Grandin et al., 1997). Since end resection 
is the first step in the processing of a DSB for subsequent recombination, these 
findings suggest that the CST and Ku complexes suppress telomeric recombination 
by inhibiting end resection at telomeres. As cdc13-1 yku∆ double mutants exhibit 
synthetic growth defects (Nugent et al., 1998; Polotnianka et al., 1998) and senesce 
after ~25 generations (DuBois et al., 2002), it is likely that Cdc13 and the Ku complex 
function in separate pathways to inhibit resection. Consistent with this idea, Ku is 
more important for inhibiting resection in G1 and CST is more important in the S/G2 
phases of the cell cycle (Vodenicharov et al., 2010).



27

The many facets of homologous recombination at telomeres

2

Figure 2. Recombination activities mediate a variety of telomere processes. (A) Strand invasion 
of a telomere into interstitial telomere sequence (green) located on the same (not shown) or different 
chromosome can lead to genome rearrangement. Depicted here, a segment of the invaded chromosome 
(black) is duplicated. (B) Replication of a telomere leads to two sister telomeres. The one synthesized 
by the lagging strand replication machinery will have an RNA primer (purple zigzag line) at its 5′ 
terminus, while the other will have a blunt end (circled in green). Removal of the RNA primer on the 
former will lead to the regeneration of a 3′ overhang while the latter must be 5′ end resected. (C) A 
model for a T-SCE event. The blue and red lines depict sister telomeres. (D) A t-loop forms via the 
strand invasion of the telomeric 3′ single-stranded overhang into double-stranded telomeric DNA of the 
same telomere. Excision of a t-loop yields a truncated telomere. Rolling circle DNA replication can be 
used to extend a telomere in a t-loop configuration, or a telomere (red) that has strand invaded a DNA 
circle containing telomeric repeats. Dashed lines indicate newly synthesize DNA.

While excessive telomeric resection is detrimental, some resection is needed 
to generate a 3’ overhang (Figure 2B), which is needed for proper telomere capping. 
The 3’ overhang is also the substrate for telomerase activity (Lingner and Cech, 
1996). In S. cerevisiae, end resection is initiated by the conserved MRX/N complex 
(Mre11, Rad50, and Xrs2 in S. cerevisiae, Nbs1 in other organisms), which together 
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with Sae2 (CtIP in other organisms) can perform limited end resection (Mimitou 
and Symington, 2008; Zhu et al., 2008). Following this initial step, more extensive 
resection is carried out by the 5’–3’ exonuclease, Exo1, or the combined activities 
of the Sgs1-Top3-Rmi1 complex and Dna2 (Mimitou and Symington, 2008; Zhu 
et al., 2008) (Figure 1A). The Ku and CST complexes inhibit this more extensive 
resection. Rap1 and its associated protein Rif2 are also important for limiting MRX-
mediated telomeric resection (Bonetti et al., 2010).

Similar to S. cerevisiae, telomeric recombination can be induced by 
perturbing telomere capping proteins in Kluyveromyces lactis. A mutation in the 
gene encoding K. lactis Stn1 (stn1-M1) causes survivor-like recombination-mediated 
telomere elongation, even in the presence of functional telomerase (Iyer et al., 2005). 
Furthermore, telomerase-negative K. lactis mutants containing mutant repeats that 
disrupt Rap1 binding develop even longer telomeres than if they would have wild-
type repeats, suggesting that Rap1 also plays a role in repressing recombination 
(Bechard et al., 2009).

In addition to recombination of the telomeric tracts, the Ku complex also 
suppresses subtelomeric recombination in both S. cerevisiae (Marvin et al., 2009) 
and Schizosaccharomyces pombe (Baumann and Cech, 2000), although it is unclear 
how similar the mechanisms governing telomeric and subtelomeric recombination 
are. S. pombe cells lacking Taz1 (ortholog of mammalian shelterin components, 
TRF1 and TRF2; see below), which binds to the double-stranded portion of fission 
yeast telomeres, also exhibit elevated levels of subtelomeric recombination, which 
is thought to be a response to increased replication fork stalling (Rog et al., 2009).

In mammals, telomeric recombination, as measured by telomere sister 
chromatid exchange events (T-SCEs; Figure 2C), is inhibited by the combined 
action of POT1, TRF2, RAP1, and KU. Like Cdc13, POT1 binds to single-stranded 
telomeric DNA. Unlike yeast Rap1, human RAP1 has relatively weak DNA binding 
activity (Arat and Griffith, 2012) and is instead recruited to telomeres by TRF2, 
which binds to double-stranded telomeric DNA. POT1, TRF2, and RAP1, along 
with TRF1, TIN2, and TPP1, form a six-membered telomere-capping complex 
called shelterin (Figure 3B; mouse shelterin has two POT1 orthologs (POT1a and 
POT1b) due to a recent duplication within the rodent lineage; reviewed in (Jain 
and Cooper, 2010)). Although loss of TRF2 or KU alone, or loss of both POT1a 
and POT1b together, exhibit only basal levels of T-SCEs (~1.5–3% of telomeres) in 
mouse embryonic fibroblasts (MEFs), T-SCEs are seen at approximately 10–15% 
of telomeres in MEFs lacking both TRF2 and KU, or in triple knockouts lacking 
POT1a, POT1b, and KU (Celli et al., 2006; Palm et al., 2009). The role of TRF2 in 
suppressing T-SCEs may be mediated by its recruitment of RAP1, as KU-deficient 
MEFs expressing an allele of TRF2 that cannot bind to RAP1 also exhibit elevated 
T-SCE levels (Sfeir et al., 2010).
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Figure 3. (A) Schematic of an S. cerevisiae telomere with associated proteins. (B) Schematic of 
shelterin-bound mammalian telomeres shown in a t-loop configuration.

Some recombinational activities at telomeres are beneficial

Although full activation of HR pathways must be prevented at telomeres, some 
recombination processes appear to be required for proper telomere function. In 
mammals, the 3’ telomeric overhang can be further protected within a t-loop 
configuration (Figure 2D and Figure 3). A t-loop is a lariat structure formed by the 
invasion of the 3’ overhang into the double-stranded portion of the same telomere. 
TRF2 is required for the formation and/or maintenance of t-loops (Griffith et al., 
1999; Doksani et al., 2013). HR factors may be needed for the strand invasion 
step, as RAD51 and its paralog XRCC3, along with RAD52, can be detected at 
telomeres after replication, and these proteins are required for the generation of 
telomeric D-loops in an in vitro assay (Verdun and Karlseder, 2006). However, 
recent biochemical studies indicate that TRF2 actually inhibits RAD51-mediated 
D-loop formation (Bower and Griffith, 2014), and TRF2 recruits the helicase RTEL1 
to promote t-loop unwinding in S phase (Sarek et al., 2015), indicating that TRF2 
is both a positive and a negative regulator of t-loops. It has been proposed that the 
t-loop is important for disguising the chromosome ends, preventing the activation 
of the ATM checkpoint kinase and NHEJ (de Lange, 2009), although it is possible 
that TRF2 directly inhibits ATM independently of t-loop formation (Karlseder et al., 
2004). However, a t-loop also resembles an HR intermediate, which could lead to 
the formation of a Holliday junction, and thus has the potential to be excised through 
the action of resolvases, resulting in rapid telomere shortening (Figure 2D). Such 
excisions can occur in TRF2 mutants lacking its N-terminal basic domain (TRF2∆B) 
through a process that requires XRCC3 (Wang et al., 2004). XRCC3 and RAD51C, 
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both of whom are RAD51 paralogs, form a complex that is associated with Holliday 
junction resolvase activity in vitro (Liu et al., 2004). Furthermore, the N-terminal 
basic domain was recently found to inhibit GEN1 and MUS81, two endonucleases 
with resolvase activity (Saint-Leger et al., 2014). Thus, TRF2 is important for both 
the formation of t-loops and for preventing their excision from telomeres.

Unlike mammalian t-loops, yeast t-loops have been difficult to observe by 
electron microscopy because yeast telomeres are short, and long telomere restriction 
fragments, which can be separated from short genomic restriction fragments, are 
required for the visualization of native telomeric DNA. However, t-loops have been 
observed in K. lactis strains with elongated telomeres (Cesare et al., 2008), and 
extrachromosomal DNA circles containing telomeric repeats, hypothesized to be 
excised t-loops, can be found in certain cell types, such S. cerevisiae survivors (Lin 
et al., 2005; Larrivee and Wellinger, 2006).

While t-loop excision is normally repressed, over-elongated telomeres are 
specifically targeted for shortening by a mechanism called telomere rapid deletion 
(TRD), which is thought to occur through the excision of t-loops (Lustig, 2003). 
TRD, also referred to as telomere trimming (Pickett et al., 2009), was first seen in 
S. cerevisiae, where it was demonstrated that an over-elongated telomere can be 
shortened to wild-type length via a t-loop-excising intrachromosomal recombination 
event (Li and Lustig, 1996; Bucholc et al., 2001). TRD has been observed in K. 
lactis (Bechard et al., 2011), Arabidopsis thalania (Watson and Shippen, 2007), 
and human cells (Pickett et al., 2009; Pickett et al., 2011). Whether over-elongated 
telomeres are actively targeted for shortening by TRD is unclear, and the mechanism 
by which short or wild-type length telomeres, but not over-elongated telomeres, are 
protected from TRD has yet to be elucidated.

Proteins involved in HR are also required for proper replication of telomeres. 
Recombination processes are important for dealing with stalled or collapsed 
replication forks (reviewed in (Yeeles et al., 2013)), and telomere sequences are 
known to cause problems for the replication machinery in S. cerevisiae (Ivessa et al., 
2002), S. pombe (Miller et al., 2006) and mammals (Sfeir et al., 2009). Mouse cells 
lacking BRCA2, RAD51, RAD51C, RAD51D, and RAD54 have short telomeres 
and show signs of telomere fragility (Badie et al., 2010; Tarsounas et al., 2004; Jaco 
et al., 2003).

One reason that telomeres are difficult to replicate may be due to the 
transcription of telomeres, which produces long non-coding RNA called TERRA 
(telomeric repeat containing RNA). Co-transcriptionally-formed RNA-DNA hybrids 
(also referred to as R-loops) or the RNA polymerase II machinery itself can hinder 
DNA replication fork progression, which can lead to transcription-associated 
recombination (reviewed in (Gaillard et al., 2013)). In S. cerevisiae, increasing the 
rate of telomere transcription induces Exo1-mediated telomere resection, which 
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promotes telomeric recombination (Balk et al., 2014). Likewise, TERRA RNA-DNA 
hybrids, which can be resolved by RNase H and the THO complex (named after 
one of its subunits, Tho2), can also induce recombination. Mutating either RNase H 
or the THO complex increases the abundance of RNA-DNA hybrids at telomeres, 
leading to an increase in telomeric recombination (Balk et al., 2013; Pfeiffer et al., 
2013; Yu et al., 2014). Thus, both the process of transcribing telomeres and TERRA 
R-loops can independently lead to telomeric recombination, which may be needed 
to preserve telomere integrity, especially in the absence of telomerase (Balk et al., 
2014).

Telomere maintenance via recombination

In the absence of telomerase, telomeres shorten until they activate the DNA damage 
checkpoint, which in turn stops further cell proliferation. However, some cells can 
overcome this barrier by using recombination-mediated mechanisms to elongate their 
telomeres. Such cells were first discovered in S. cerevisiae, where they are called 
survivors (Lundblad and Blackburn, 1993). There are two main types of survivors: 
type I survivors exhibit amplification of Y’ subtelomeric elements, while type II 
survivors exhibit amplification of the terminal telomeric repeats (Figure 4) (Lundblad 
and Blackburn, 1993; Teng and Zakian, 1999). Both types require Rad52, needed for 
almost all recombination in S. cerevisiae, and Pol32, a non-essential subunit of DNA 
polymerase d that is required for BIR (Lundblad and Blackburn, 1993; Lydeard et 
al., 2007). The importance of Pol32 indicates that, in the absence of telomerase, 
BIR-mediated mechanisms can maintain telomeres, and that the suppression of BIR 
at telomeres must be alleviated in survivors. Deletion of PIF1 also greatly impairs 
the formation of both types of survivors (Dewar and Lydall, 2010; Hu et al., 2013), 
which is likely attributable to the role of Pif1 in BIR (Wilson et al., 2013). BIR can 
take place in a Rad51-dependent manner, or in a Rad51-independent manner that 
requires the MRX complex and Rad59 (Davis and Symington, 2004; Signon et al., 
2001). In addition to Rad52 and Pol32, type I survivors require Rad51, Rad54, and 
Rad57, whereas type II survivors require the MRX complex and Rad59 instead (Le 
et al., 1999; Chen et al., 2001). This strongly suggests that telomere maintenance 
in type I survivors involve Rad51-dependent BIR while Rad51-independent BIR is 
important for type II survivors.
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Figure 4. Schematic of S. cerevisiae telomeres in wild-type telomerase-positive cells (top), type I 
survivors (middle), and type II survivors (bottom). All wild-type telomeres contain an X element, and 
approximately half to two-thirds also contain one to four Y′ elements. In type I survivors, Y′ elements 
are amplified, even in telomeres that did not originally have a Y′ element. The terminal telomeric 
repeats are amplified in type II survivors.

Sgs1 and Exo1 are also important for type II survivor formation (Huang et 
al., 2001; Johnson et al., 2001; Maringele and Lydall, 2004a; Bertuch and Lundblad, 
2004). Sgs1 and Exo1 are needed for processive resection of DNA ends (Mimitou 
and Symington, 2008; Zhu et al., 2008), suggesting that end resection might promote 
type II survivor formation by helping to generate a 3’ overhang to initiate BIR. 
Consistent with this idea, an sgs1-D664∆ mutation, which is still competent in 
recombination repair but defective in resection (Bernstein et al., 2009; Bernstein et 
al., 2013), also prevents type II survivor formation (Hardy et al., 2014). Interestingly, 
extensive resection by Sgs1 and Exo1 inhibits Rad51-dependent BIR (Lydeard et al., 
2010; Marrero and Symington, 2010). Thus, deletion of SGS1 or EXO1 may both 
promote the Rad51-dependent type I pathway and disrupt the Rad51-independent 
type II pathway. Similarly, deletion of FUN30, which encodes a chromatin remodeler 
that promotes end resection, partially hinders the formation of type II survivors 
(Costelloe et al., 2012).

A number of additional proteins have been implicated in the generation of 
type II survivors. These include the DNA damage checkpoint kinases Mec1 and Tel1 
(Tsai et al., 2002), the B-type cyclin Clb2 (Grandin and Charbonneau, 2003), Def2, 
an RNA polymerase II degradation factor, (Chen et al., 2005), Mdt4/Pin4, a protein 
that interacts with the checkpoint kinase Rad53 (Pike and Heierhorst, 2007), and 
Sua5, a protein required for an essential tRNA modification (Meng et al., 2010). A 
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recent screen identified a further 22 genes important for type II survivor formation, 
including genes encoding for members of the KEOPS complex, the Rad6 DNA repair 
pathway, and proteins involved in nonsense-mediated decay (Hu et al., 2013). The 
same screen also identified that the INO80 chromatin remodeling complex affects 
the emergence of type I survivors (Hu et al., 2013). Exactly how these genes affect 
survivor formation is unclear.

Telomere length just before the emergence of survivors has also been 
shown to affect the ratio of type I to type II survivors formed, with long telomeres 
favoring type II survivors (Chang et al., 2011). Deletion of RIF1 and RIF2 strongly 
biases toward type II survivor formation (Teng et al., 2000), which is likely due to 
telomerase-negative rif mutants senescing with longer telomeres than telomerase-
negative RIF strains (Chang et al., 2011). However, it is also possible that the Rif 
proteins limit type II survivor formation by inhibiting end resection (Bonetti et al., 
2010).

Type I survivors typically arise more frequently but grow very poorly, 
whereas the growth of type II survivors is comparable to telomerase-positive cells 
(Lundblad and Blackburn, 1993; Teng and Zakian, 1999). Rad51-dependent BIR is 
more efficient that Rad51-independent BIR (Davis and Symington, 2004; Malkova 
et al., 2005), which may explain the higher frequency of type I survivors. The poor 
growth of type I survivors may be due to the maintenance of very short telomeres in 
these cells. Like senescent cells, type I survivors are arrested at the G2/M boundary 
with telomeres moving back and forth between the mother and the bud (Straatman 
and Louis, 2007), indicating that the telomeres of type I survivors do not return to 
a properly capped state. In contrast, the long, heterogeneously sized telomeres of 
type II survivors behave in this respect like telomeres in telomerase-positive cells 
(Straatman and Louis, 2007).

In type I survivors, all telomeres are extended through the amplification of 
subtelomeric Y’ elements, even telomeres that did not originally have Y’ elements 
(Lundblad and Blackburn, 1993). The movement of Y’ sequences among chromosome 
ends can be explained as a BIR event initiated by an uncapped telomere that invades 
TG1-3 repeats that are found between some tandem Y’ elements, or between some 
X and Y’ elements (Figure 4) (Louis et al., 1994). While the formation of type I 
survivors is Rad51-dependent, efficient movement of Y’ elements in the senescing 
phase before the emergence of survivors is facilitated more so by Rad59 than Rad51 
(Churikov et al., 2014), which is surprising given that Rad59 is not required for 
type I survivor formation. The Y’ element encodes a poorly characterized helicase 
that is strongly induced in type I survivors and this helicase may be important for 
the viability of type I survivors (Yamada et al., 1998). Thus, amplification of the 
Y’ elements may facilitate this process, but it is also possible that Y‘ amplification 
is only needed to provide homologous sequences at every telomere to allow for 
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more efficient BIR. It is also unclear how the short terminal TG1-3 sequences are 
maintained.

Type II survivors are thought to elongate telomeres through a ‘roll-and-
spread’ mechanism, involving both rolling circle synthesis and intertelomeric BIR 
events (McEachern and Haber, 2006). Support for such a model is largely based on 
studies from K. lactis, where all survivors are type II due to a lack of subtelomeric 
blocks of telomeric repeats to allow for a type I-like pathway (McEachern and 
Blackburn, 1996). K. lactis survivors derived from cells with two kinds of telomere 
repeats (i.e. repeats that are either wild type or mutant in sequence) usually contain 
repeating patterns in the lengthened telomeres, most likely arising from small circles 
containing telomere DNA being used as templates for rolling circle replication 
(Natarajan and McEachern, 2002). Furthermore, transformation of a DNA circle 
containing mutant telomere repeats into a K. lactis telomerase-negative strain 
results in the incorporation of long tandem arrays of the mutant repeats at telomeres 
(Natarajan and McEachern, 2002). These observations led to a model whereby a 
circle containing telomeric DNA (i.e. a t-circle) is produced by a recombination 
event, possibly through the excision of a t-loop (Cesare et al., 2008). An uncapped 
telomere can then initiate BIR-mediated rolling circle DNA synthesis using the 
t-circle as a template (Figure 2D). In addition to being observed in K. lactis (Groff-
Vindman et al., 2005), t-circles are also found in S. cerevisiae survivors (Lin et al., 
2005; Larrivee and Wellinger, 2006) and human ALT cells (Cesare and Griffith, 
2004; Wang et al., 2004).

S. pombe can also form telomerase-negative survivors either by circularizing 
their three chromosomes (in a process that involves either NHEJ or the single-
strand annealing recombination pathway; reviewed in (Dehe and Cooper, 2010)) 
or, much less frequently, by maintenance of linear chromosomes through telomere 
recombination (Nakamura et al., 1998). Deletion of taz1+ greatly increases survival 
with linear chromosomes, which allows easier examination of this pathway, and 
suggests that Taz1 inhibits recombination at telomeres (Nakamura et al., 1998). 
Rad22 (S. pombe Rad52), Tel1, and the MRN complex are required for telomere 
maintenance in telomerase-negative taz1∆ “linear” survivors, suggesting that these 
cells are similar to S. cerevisiae type II survivors (Subramanian et al., 2008).

Although Rad52 is a critical protein in the formation of survivors, rare 
Rad52-independent survivors can arise at a very low frequency in K. lactis 
(McEachern and Blackburn, 1996), and in S. cerevisiae with long telomeres 
(Grandin and Charbonneau, 2009; Lebel et al., 2009). Like type II survivors, these 
Rad52-independent survivors rely on the amplification of the telomeric repeats. 
Long telomeres are preferentially elongated in emerging type II survivors (Chang 
et al., 2011), so longer telomeres may provide better substrates for recombination, 
allowing for recombination to happen even in the absence of Rad52. Consistent with 
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this idea, single-strand annealing becomes Rad52-independent when homologous 
regions are several kilobases long (Ozenberger and Roeder, 1991), indicating that 
larger regions of homology can compensate for the lack of Rad52. Another class of 
Rad52-independent survivors can also occur in cells lacking Exo1 or Sgs1, and thus 
defective in end-resection (Maringele and Lydall, 2004b; Lee et al., 2008). These 
survivors have lost telomeric and subtelomeric sequences, but survive by forming 
large palindromes at chromosome ends.

Recombination-mediated telomere maintenance in human cells

Although a type I-like ALT cell line has been reported (Fasching et al., 2005; 
Marciniak et al., 2005), most human ALT cancer cells are thought maintain their 
telomeres using recombination-mediated mechanisms that resemble what occurs 
in yeast type II survivors. Much like type II survivors, ALT cells often have long, 
heterogeneous-sized telomeres (Bryan et al., 1995; Bryan et al., 1997), abundant 
extrachromosomal DNA circles containing telomeric repeats (Cesare and Griffith, 
2004; Wang et al., 2004; Henson et al., 2009), and a requirement for the MRN 
complex and the Sgs1-homolog, BLM, for telomere maintenance (Jiang et al., 2005; 
Zhong et al., 2007; Bhattacharyya et al., 2009). WRN, another Sgs1 homolog, is 
required for telomere maintenance in some, but not all, ALT cell lines, suggesting 
the existence of different ALT mechanisms (Gocha et al., 2014). Many ALT cells 
also possess special promyelocytic leukemia (PML) bodies, termed ALT-associated 
PML bodies (APBs) (Yeager et al., 1999) that contain telomeric DNA, shelterin 
proteins, and DNA damage response and HR factors, including RAD51, RAD52, 
BLM, WRN, and the MRN complex (reviewed in (Nabetani and Ishikawa, 2011) 
and (Chung et al., 2012)). Furthermore, ALT cells exhibit an elevated frequency of 
T-SCEs (Bechter et al., 2004; Londono-Vallejo et al., 2004).

Interestingly, although several shelterin components have been shown to 
inhibit telomeric recombination in telomerase-positive mammalian cells (discussed 
above), the abundance of all six shelterin proteins were unchanged in 22 different 
ALT cell lines, and exome sequencing failed to detect mutations in any of the genes 
encoding shelterin proteins (Lovejoy et al., 2012). The same study found the loss of 
chromatin-remodeler ATRX in 19 of the 22 cell lines. However, downregulation of 
ATRX is not sufficient to activate ALT, suggesting that loss of ATRX may only be 
one step in the process (Lovejoy et al., 2012). A recent study has found that ATRX 
represses telomere-bound TERRA in G2/M (Flynn et al., 2015). TERRA, in turn, 
inhibits hnRNPA1-mediated removal of RPA from telomeres in early S phase, but 
this inhibition is alleviated in late S phase when TERRA declines at telomeres (Flynn 
et al., 2011). Thus, ATRX deficiency leads to persistent association of TERRA, and 
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consequently RPA, with telomeres, creating a recombinogenic structure that favors 
ALT (Flynn et al., 2015). Consistent with this model, TERRA levels are upregulated 
in ALT cells (Ng et al., 2009; Lovejoy et al., 2012). Increased TERRA transcription 
in S. cerevisiae is also thought to promote survivor formation (Balk et al., 2014), and 
RNA-DNA hybrids have also been demonstrated to promote the emergence of type 
II survivors (Yu et al., 2014).

Another recent study has found that co-depletion of the histone chaperone 
paralogs ASF1a and ASF1b induces most of the characteristics of ALT cells, including 
formation of APBs, presence of extrachromosomal telomeric DNA, increased 
T-SCEs, and greater telomere length heterogeneity (O’Sullivan et al., 2014). One 
commonality of ATRX and ASF1 is that they both act on the histone variant H3.3. 
ATRX, together with DAXX, act together to deposit H3.3 at specific heterochromatic 
loci, such as telomeres, in a replication-independent manner (Drane et al., 2010; 
Goldberg et al., 2010; Law et al., 2010; Lewis et al., 2010; Wong et al., 2010). Loss 
of ATRX or DAXX would impair H3.3 loading at telomeres, and mutations in the 
genes encoding ATRX, DAXX, and H3.3 are associated with ALT cancers (Heaphy 
et al., 2011; Schwartzentruber et al., 2012; Lovejoy et al., 2012; Bower et al., 2012). 
ASF1, originally identified in S. cerevisiae (Le et al., 1997), is a histone chaperone 
involved in both the replication-coupled and replication-independent incorporation 
of H3.1-H4 and H3.3-H4 histone dimers into nucleosomes (Tyler et al., 1999; 
Tagami et al., 2004). It remains to be seen if and how ATRX and ASF1 act together 
to regulate recombination at telomeres.

Telomere length and recombination

Short telomeres are more likely to become dysfunctional and may therefore be more 
susceptible to HR activities. Indeed, analysis of telomere recombination events in 
telomerase-negative senescing S. cerevisiae cells using the telomere sequencing 
approach described above has revealed a preference for the recombination of short 
telomeres (Teixeira et al., 2004; Chang et al., 2011; Fu et al., 2014), and RNA-
DNA hybrids formed by TERRA stimulates recombination at short telomeres (Balk 
et al., 2013). Short telomeres are also preferentially elongated by recombination in 
established type II survivors (Teng et al., 2000; Fu et al., 2014). In K. lactis, short 
telomeres increase subtelomeric recombination (McEachern and Iyer, 2001), and in 
senescing cells with a single long telomere, that long telomere almost always serves 
as the template for BIR initiated by the other shorter telomeres (Topcu et al., 2005).
 In contrast, long telomeres are preferentially extended in emerging type II 
S. cerevisiae survivors (Chang et al., 2011). This finding is consistent with previous 
studies in prokaryotes, yeast, and mammalian cells showing that the efficiency of 
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HR is proportional to the length of the substrate DNA (Singer et al., 1982; Watt et al., 
1985; Shen and Huang, 1986; Jinks-Robertson et al., 1993; Rubnitz and Subramani, 
1984; Liskay et al., 1987). The difference in the length preference may be due to 
which telomeres are in a recombination-competent state. Increasing telomere length 
may increase the likelihood of recombination, but only if the telomere in question 
is recombination-competent. In most situations, including in pre-senescent cells and 
in established survivors, only one or a few short telomeres are in an uncapped state, 
susceptible to recombination. However, senescent cells primed to become survivors 
likely have most or all of their telomeres sufficiently eroded and in a recombination-
competent state.

Concluding remarks

In this review, we have highlighted the many ways in which HR activities are im-
portant at telomeres. However, it is likely that there are additional facets of telomeric 
HR that have not been explored yet, and much work still needs to be done to deter-
mine how these activities are regulated. For example, it is still unclear how some HR 
activities are suppressed at telomeres (e.g. BIR, extensive end-resection, excision of 
t-loops, etc.) while others are not (e.g. initial end-resection, t-loop formation, TRD of 
over-elongated telomeres, etc.). Furthermore, how is the suppression of BIR alleviat-
ed in survivor/ALT cells? Considering the importance of HR pathways and telomere 
biology with respect to cancer and ageing, a better understanding of HR activities at 
telomeres will have broad ramifications for human health.
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Abstract

Most human somatic cells express insufficient levels of telomerase, which can result 
in telomere shortening and eventually senescence, both of which are hallmarks 
of ageing. Homology-directed repair (HDR) is important for maintaining proper 
telomere function in yeast and mammals. In Saccharomyces cerevisiae, Rad52 is 
required for almost all HDR mechanisms, and telomerase-null cells senesce faster 
in the absence of Rad52. However, its role in preventing accelerated senescence has 
been unclear. In this study, we make use of rad52 separation-of-function mutants 
to find that multiple Rad52-mediated HDR mechanisms are required to delay 
senescence, including break-induced replication and sister chromatid recombination. 
In addition, we show that misregulation of histone 3 lysine 56 acetylation, which is 
known to be defective in sister chromatid recombination, also causes accelerated 
senescence. We propose a model where Rad52 is needed to repair telomere attrition-
induced replication stress.

Author Summary

Telomeres are essential structures located at the ends of chromosomes. The canonical 
DNA replication machinery is unable to fully replicate DNA at chromosome ends, 
causing telomeres to shorten with every round of cell division. This shortening can 
be counteracted by an enzyme called telomerase, but in most human somatic cells, 
there is insufficient expression of telomerase to prevent telomere shortening. Cells 
with critically short telomeres can enter an arrested state known as senescence. 
Telomere attrition has been identified as a hallmark of human ageing. Homologous 
recombination proteins are important for proper telomere function in yeast and 
mammals.

Yeast lacking both telomerase and Rad52, required for almost all 
recombination, exhibits accelerated senescence, yet no apparent increase in the rate 
of telomere shortening. In this study, we explore the role of Rad52 during senescence 
by taking advantage of rad52 separation-of-function mutants. We find that Rad52 acts 
in multiple ways to overcome DNA replication problems at telomeres. Impediments 
to telomere replication can be dealt with by post-replication repair mechanisms, 
which use a newly synthesized sister chromatid as a template to replicate past the 
impediment, while telomere truncations, likely caused by the collapse of replication 
forks, can be extended by break-induced replication.
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Introduction

Telomeres, nucleoprotein structures located at the ends of linear chromosomes, 
prevent natural chromosome ends from being recognized as DNA double-strand 
breaks (DSBs) (Jain and Cooper, 2010). Due to incomplete DNA replication and 
nucleolytic degradation, telomeres shorten with each round of replication, which can 
eventually lead to a growth arrest, known as replicative senescence, or to apoptosis. 
Telomere shortening can be counteracted by a specialized reverse transcriptase called 
telomerase, which is composed of a protein catalytic subunit and an RNA subunit 
(Greider and Blackburn, 1989; Lingner et al., 1997). Telomerase extends telomeres 
by iterative reverse transcription of a short sequence to the 3’ ends of telomeres, 
using the RNA subunit as a template (Greider and Blackburn, 1989; Yu et al., 1990; 
Singer and Gottschling, 1994).

Most human somatic cells do not express sufficient telomerase to prevent 
telomere shortening, which may be a contributing factor towards human ageing. This 
absence of telomere maintenance may have evolved as a barrier to tumorigenesis 
(reviewed in (Artandi and DePinho, 2010)). Indeed, cancer cells need to activate a 
telomere maintenance mechanism, and in approximately 85–90% of cancers, this 
occurs through the upregulation of telomerase (Shay and Bacchetti, 1997). The 
remaining 10–15% of cancers employ telomerase-independent, recombination-
based mechanisms, collectively termed alternative lengthening of telomeres (ALT) 
(Bryan et al., 1997).

ALT mechanisms were first described in the budding yeast Saccharomyces 
cerevisiae, where cells using ALT are called “survivors” (Lundblad and Blackburn, 
1993). There are two main types of survivors: type I and type II. Both types of 
survivors require the major recombination protein Rad52 and the DNA polymerase 
d subunit Pol32 (Lundblad and Blackburn, 1993; Lydeard et al., 2007). Pol32 is 
essential for break-induced replication (BIR) (Lydeard et al., 2007), while Rad52 is 
important for almost all recombination-related activities, including BIR (reviewed in 
(Symington et al., 2014)). Type I survivors also require Rad51, Rad54, and Rad57, 
and maintain telomeres by amplification of subtelomeric Y’ elements (Chen et 
al., 2001; Lundblad and Blackburn, 1993). Formation of type II survivors, which 
exhibit amplification of the C1–3A/TG1–3 telomeric repeats, is Rad51-independent, 
but requires the MRX complex (consisting of Mre11, Rad50 and Xrs2), Rad59, 
and Sgs1 (Teng et al., 2000; Chen et al., 2001; Huang et al., 2001; Johnson et al., 
2001). BIR can be Rad51-dependent or Rad51-independent, suggesting that type I 
and type II survivors maintain telomeres through Rad51-dependent BIR and Rad51-
independent BIR, respectively (Davis and Symington, 2004; Signon et al., 2001).

While recombination is clearly important for the maintenance of telomeres 
in survivors, recombination proteins are also important in pre-senescent cells 
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(Claussin and Chang, 2015). Rad52 can be detected at telomeres well before the 
appearance of survivors (Khadaroo et al., 2009). Furthermore, telomerase-negative 
cells lacking Rad51, Rad52, Rad54, Rad57, Rad59, Pol32, or Sgs1 senesce very 
rapidly (Lundblad and Blackburn, 1993; Le et al., 1999; Churikov et al., 2014; Fallet 
et al., 2014; Huang et al., 2001; Johnson et al., 2001). With the exception of Sgs1, the 
enhanced senescence does not appear to cause a change in bulk telomere shortening 
(Lundblad and Blackburn, 1993; Le et al., 1999; Chen et al., 2001; Xu et al., 2015b), 
although rare telomere loss events may be occurring. tlc1∆ sgs1∆ strains fail to 
resolve recombination intermediates at telomeres in pre-senescent cells, which may 
explain their accelerated senescence (Lee et al., 2007).

Rad52 mediates the exchange of RPA for Rad51 on single-stranded DNA to 
promote Rad51-catalyzed strand invasion (Sung, 1997; New et al., 1998). While this 
Rad51 pathway, which also requires Rad54, Rad55, and Rad57, is important for the 
majority of homology-directed repair (HDR), Rad52 also has Rad51-independent 
functions. These functions involve its DNA annealing activity, which is augmented 
by Rad59 (Petukhova et al., 1999; Davis and Symington, 2001; Wu et al., 2006). 
The Rad51-mediator and the DNA annealing functions of Rad52 are separable. An 
alanine scan mutation study identified a class of rad52 mutants (class C mutants) that 
can still promote recruitment of Rad51 but is deficient in DNA annealing (Mortensen 
et al., 2002; Shi et al., 2009). These mutants are defective in repairing DSBs and in 
sister chromatid recombination (SCR) but perform BIR with only slightly reduced 
efficiency (Mortensen et al., 2002; Lettier et al., 2006; Munoz-Galvan et al., 2013).

The mechanism by which HDR prevents accelerated senescence has been 
poorly characterized. This is in part due to the multiple Rad52 subpathways within 
HDR. Rad51-dependent BIR and Rad51-independent BIR have been previously 
implicated in delaying senescence (Fallet et al., 2014; Xu et al., 2015b; Churikov 
et al., 2014). In this study, we make use of rad52 class C mutants to show that SCR 
is also important during senescence. We also demonstrate that proper regulation of 
the acetylation of lysine 56 of histone 3 (H3K56) is important during replicative 
senescence, and we propose a model where Rad52 is repairing damage at telomeres 
in the absence of telomerase.
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Results

Using telomere sequencing to assay recombination

Previous studies have used telomere sequencing to detect recombination events in 
senescing S. cerevisiae cells (Teixeira et al., 2004; Lee et al., 2007; Abdallah et al., 
2009; Kozak et al., 2010; Chang et al., 2011; Pfeiffer et al., 2013; Balk et al., 2013; 
Balk et al., 2014; Fu et al., 2014; Peng et al., 2015). This assay takes advantage 
of the fact that yeast telomerase adds imperfect, degenerate repeats (Förstemann 
and Lingner, 2001). Sequencing multiple copies of the same telomere derived 
from a clonal population of cells reveals a centromere-proximal region of stable 
sequence and a distal region with differing degenerate repeats (Wang and Zakian, 
1990; Förstemann et al., 2000). The variation in the sequence of the distal region 
is largely abolished in the absence of telomerase (Förstemann et al., 2000), but rare 
sequence divergence events can be detected and have been presumed to be caused 
by recombination (Teixeira et al., 2004). More precisely, since equal SCR generates 
repair products without changes in DNA sequence, the assay detects sequence 
divergence due to unequal SCR, intertelomere recombination, or BIR that does not 
result from perfect alignment with a sister telomere. These recombination events may 
be directly important in delaying senescence, or they may be a byproduct of other 
recombination-mediated activities that delay senescence. To determine the nature 
of these events, we sequenced telomere VI-R from est2∆ strains—EST2 encodes 
the protein catalytic subunit of telomerase (Lingner et al., 1997)—that are also 
deleted for either RAD52, POL32, or RAD59. All three of these genes are required 
for recombination of telomeric repeats in type II survivors (Lundblad and Blackburn, 
1993; Lydeard et al., 2007; Chen et al., 2001). In est2∆ cells, 8.6% of the telomeres 
exhibit sequence divergence, similar to what has previously been reported (Chang et 
al., 2011). Surprisingly, even though rad52∆, pol32∆, and rad59∆ telomerase-null 
strains senesce rapidly (Lundblad and Blackburn, 1993; Fallet et al., 2014; Churikov 
et al., 2014), we find that the divergence events do not decrease in the absence of 
Rad52, Pol32, or Rad59 (Figure 1), indicating that these events are not involved in 
the recombination-mediated delay of senescence. In fact, divergence events increase 
in the absence of Pol32.

pol32∆ rad52∆ double mutants are synthetic lethal (Tong et al., 2004; Hanna 
et al., 2007). One interpretation of this genetic interaction is that in the absence of 
Pol32, DNA replication is compromised, resulting in damage that is repaired by 
Rad52-dependent HDR. Indeed, we see elevated levels of Rad52 focus formation in 
pol32∆ cells (Figure S1). The increased divergence seen in est2∆ pol32∆ telomere 
sequences could be due to an increase in Rad52-dependent recombination at 
telomeres. Consistent with this hypothesis, we observe a further increase in Rad52 
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focus formation in est2∆ pol32∆ cells.

Figure 1. Telomere sequence divergence events in pre-senescent est2∆ cells are independent of 
Rad52. Telomere VI-R was amplified and sequenced from clonal populations of est2∆ (derived the 
sporulation of CCY16 and CCY8), est2∆ rad52∆ (derived the sporulation of CCY16), est2∆ rad59∆ 
(derived the sporulation of CCY8), and est2∆ pol32∆ cells (derived from the sporulation of CCY18), 
~30 population doublings after isolation of haploid spores. Each bar represents an individual telomere 
and bars are sorted by the length of the undiverged sequence (black portion of each bar). The light gray 
portion of each bar represents the diverged region.

To determine the source of the Rad52-independent divergence events, we 
performed two controls. First, we took two plasmids with cloned and sequenced 
telomeres (one of 166 bp and the other 213 bp in length), amplified the telomeres by 
PCR, re-cloned them into the same vector, and sequenced multiple clones. We found 
that 3.8% of the clones exhibited sequence divergence (Figure S2). The divergence 
events can be due to sequence alterations caused during PCR amplification, propagation 
in bacteria, and/or DNA sequencing. Second, we integrated two telomeres, 166 bp 
and 230 bp in length, into the URA3 locus in wild-type and rad52∆ strains, which 
were then clonally propagated for ~30 population doublings. We amplified these 
internal telomeres by PCR, cloned the PCR products, and sequenced multiple clones. 
We found that 4.2% and 7.3% of the clones from wild type and rad52∆, respectively, 
exhibit sequence divergence (Figure S2). The higher percentage in strains lacking 
Rad52 likely reflects a role for Rad52 in suppressing the accumulation of mutations 
(Huang et al., 2003). While an internally-integrated telomere is not equivalent to a 
natural telomere, our data suggest that a significant fraction of sequence divergence 
events at natural telomeres in telomerase-null cells occur because of technical reasons 
related to amplification, cloning, and/or sequencing of telomeres. Our findings have 
implications with regard to using this assay to study recombination at telomeres 
(see Discussion), and show that the function of Rad52 in delaying senescence is 
unrelated to the sequence divergence events observed in senescing telomerase-
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negative cells. In addition, our data indicate that any Rad52-mediated HDR events 
during senescence most likely involves perfectly aligned sister telomeres, which 
would not alter the sequences of recombining telomeres, and would therefore not be 
detected using this assay.

Rad52 is not preventing telomere truncation events

Although absence of Rad52 does not alter the rate of bulk telomere shortening, 
truncation of a small number of telomeres may be occurring that results in accelerated 
senescence. It was previously determined that telomeres less than 125 bp in length 
are highly unlikely to arise due to the standard end-replication problem (Chang et 
al., 2007; Xu et al., 2013), which shorten telomeres by 3–4 bp per generation in 
yeast (Marcand et al., 1999), so such telomeres would mostly likely have undergone 
a truncation event. To determine whether Rad52 prevents such truncation events, 
we sequenced telomeres from two wild-type and two rad52∆ telomerase-positive 
strains, which were derived from the meiosis of a single rad52∆/RAD52 diploid 
cell, after ~35 generations of clonal expansion. In telomerase-positive strains, most 
sequence divergence events are due to telomerase-mediated telomere extension, and 
not the telomerase- and Rad52-independent divergence events discussed above. The 
length of the undivergent region of each telomere indicates how short the telomere 
became before being extended by telomerase. It has previously been shown that 
telomeres with undivergent regions less than 125 bp in length do occur even in wild-
type cells (Chang et al., 2007). We confirm this observation and also find no change 
in the frequency of these truncation events in the absence of Rad52 (Figure 2). This 
suggests that Rad52 does not prevent telomere truncation events, although it may 
have a role in repairing such truncations.
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Figure 2. Deletion of RAD52 does not increase telomere truncation events. Telomere VI-R was 
amplified and sequenced from clonal populations of wild-type and rad52∆ cells (derived from the 
sporulation of W8758), ~35 population doublings after the isolation of haploid spores. Each bar 
represents an individual telomere and bars are sorted by the length of the undiverged sequence (black 
portion of each bar). The light gray portion of each bar represents the diverged region. The red line 
highlights 125 nt. The number of telomeres with less than 125 nt of undiverged sequence is shown.

Loss of Rad52-mediated BIR does not fully account for the fast senescence 
of est2∆ rad52∆ mutants

Telomerase-negative strains lacking Pol32 have previously been shown to exhibit an 
accelerated rate of senescence (Fallet et al., 2014), indicating the importance of BIR 
during senescence. Thus, the function of Rad52 in preventing accelerated senescence 
may be to promote repair of truncated telomeres through Pol32-mediated BIR. If the 
accelerated senescence of an est2∆ rad52∆ mutant is due to the role of Rad52 in 
BIR, then est2∆ rad52∆ and est2∆ pol32∆ mutants, derived from the same parental 
diploid, should have similar rates of senescence. Interestingly, we find that est2∆ 
rad52∆ mutants senesce faster than est2∆ pol32∆ mutants (Figure 3), indicating that 
although BIR is important to prevent accelerated senescence, other Rad52-mediated 
activities are also required. 

Figure 3. BIR does not fully account for the role of Rad52 in preventing accelerated senescence. 
Senescence rates were measured by serial passaging est2∆, est2∆ pol32∆, and est2∆ rad52∆ strains 
(derived from the sporulation of CCY155) in liquid culture. Cell density was measured each day after 
24 h of growth in liquid culture, followed by dilution to 2 x 105 cells/ml. Mean ± SE for five independent 
spore isolates for est2∆ and ten isolates for both est2∆ pol32∆ and est2∆ rad52∆ is shown.
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est2∆ rad52 class C mutants exhibit accelerated senescence and an 
inability to form type II survivors

To further dissect the function of Rad52 at telomeres in the absence of telomerase, 
we used a specific class of rad52 mutants (class C mutants, specifically rad52-Y66A 
and rad52-R70A) that are proficient for mitotic recombination but defective in DNA 
strand annealing and the repair of DSBs (Mortensen et al., 2002; Lettier et al., 2006; 
Shi et al., 2009). The efficiency of BIR is reduced only 2.7-fold in class C mutants 
(Lettier et al., 2006), whereas rad51∆ mutants exhibit a ~140-fold reduction using 
the same assay (Davis and Symington, 2004), suggesting that class C mutants can 
perform Rad51-dependent BIR. We find that est2∆ rad52-R70A and est2∆ rad52-
Y66A double mutants senesce faster than est2∆ single mutants (Figure 4A, est2∆ 
vs. est2∆ rad52-R70A, p < 10-6; Figure 4B, est2∆ vs. est2∆ rad52-Y66A, p = 0.003; 
Figure 4C, est2∆ vs. est2∆ rad52-Y66A, p = 0.001). Interestingly, survivors generated 
from est2∆ rad52-R70A and est2∆ rad52-Y66A strains are all type I (Figure 4D 
and Figure 5D). Since type II survivors grow better than type I survivors, survivors 
generated from a liquid culture senescence assay, as done here, should all be type II 
(Teng and Zakian, 1999) unless the strain in question has a defect in forming type 
II survivors. In our experiments, 9 out of 9 survivors generated from est2∆ mutants, 
examined 6 population doublings (PDs) after they had recovered from the point of 
maximum senescence (for each est2∆ mutant, this means the first time point after 
the point of maximum senescence in the liquid culture senescence assays), were type 
II. Deleting RAD51 in telomerase-null cells blocks the formation of type I survivors 
(Chen et al., 2001). We find that est2∆ rad51∆ rad52-Y66A triple mutants cannot 
form any survivors (Figure 4B), supporting that the strand annealing activity of 
Rad52 is needed to perform Rad51-independent BIR and to form type II survivors.

The rad52 class C mutants behave similarly to rad59∆, which is also defective 
for Rad51-independent BIR and causes telomerase-negative strains to senesce fast 
and to be unable to form type II survivors (Signon et al., 2001; Churikov et al., 
2014; Chen et al., 2001). We find that est2∆ rad52-Y66A senesces faster than est2∆ 
rad59∆ (p = 0.02), and deletion of RAD59 does not enhance the senescence of est2∆ 
rad52-Y66A (Figure 4C), indicating that rad52-Y66A is epistatic to rad59∆ during 
senescence. However, rad52-Y66A has a greater effect on senescence than rad59∆, 
suggesting that the accelerated senescence of telomerase-null rad52 class C mutants 
is not solely due to a loss of Rad51-independent BIR. Interestingly, est2∆ rad52-
Y66A rad59∆ triple mutants show a defect in the formation of survivors (Figures 4C 
and S3). Of the four est2∆ rad52-Y66A rad59∆ followed, three showed a prolonged 
delay before survivors arose and one never formed survivors at all during the duration 
of the experiment. This observation implies that, while Rad52 and Rad59 function 
in the same pathway during senescence, they have nonoverlapping functions with 
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regard to survivor formation, and is consistent with other reports suggesting that 
Rad59 has Rad52-independent functions (Coïc et al., 2008; Pannunzio et al., 2008; 
Pannunzio et al., 2012).

Figure 4. The strand annealing activity of Rad52 is important for preventing accelerated 
senescence and for the formation of type II survivors. (A–C) Senescence rates were measured in 
liquid culture by serial passaging of haploid meiotic progeny of the indicated genotypes, derived from 
the sporulation of CCY114 (A), CCY126 (B), or CCY127 (C). Cell density was measured each day after 
24 h of growth in liquid culture, followed by dilution to 2 x 105 cells/ml. Mean ± SE for each genotype 
is shown. At least eleven independent isolates for each genotype were followed in A, and at least four in 
B and C. (D) Telomere Southern blot of est2∆ and est2∆ rad52-R70A survivors obtained from the liquid 
culture senescence assay from A. est2∆ rad52-R70A survivors were analyzed on average 13.9 PDs after 
the point of maximum senescence. Type I survivors exhibit short telomeres and strong hybridization at 
5.2 kb and 6.7 kb, which is due to amplification of the tandemly repeated Y′ short and Y′ long elements, 
respectively. The telomeres of type II survivor are extended and very heterogeneous in size.

Rad52 is not important for Rad5-dependent error-free post-replication 
repair at telomeres during senescence

Having established that Rad52 has non-BIR-related functions in preventing 
accelerated senescence, we asked whether Rad52 participates in error-free post-
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replication repair (PRR) at telomeres during senescence. Error-free PRR is thought 
to utilize the newly synthesized sister chromatid as a template for DNA synthesis to 
bypass DNA lesions (reviewed in (Xu et al., 2015a)). It was shown that error-free 
PRR utilizes recombination proteins in the repair of MMS- and UV-induced DNA 
damage (Ball et al., 2009). Rad5 is a key component of the error-free PRR pathway 
and absence of Rad5 accelerates senescence in a telomerase-negative strain (Fallet et 
al., 2014). We analyzed the rate of senescence of est2∆, est2∆ rad5∆, est2∆ rad52-
Y66A, and est2∆ rad5∆ rad52-Y66A strains (Figure S4). We find that est2∆ rad5∆ 
exhibits accelerated senescence (est2∆ vs. est2∆ rad5∆, p = 0.001), as previously 
reported, and est2∆ rad52-Y66A senesces faster than est2∆ rad5∆ (p < 10-6). The 
est2∆ rad5∆ rad52-Y66A triple mutant senesces the fastest (est2∆ rad52-Y66A vs. 
est2∆ rad5∆ rad52-Y66A, p = 0.001), appearing to have combined the effects of 
rad5∆ and rad52-Y66A in an additive manner, suggesting that these mutations affect 
separate pathways. Consistent with our data, it has been previously reported that 
rad5∆ rad52∆ mutants exhibit a strong synthetic growth defect that is exacerbated 
in the absence of telomerase (Fallet et al., 2014), and that Rad5 and Rad52 have 
independent functions during the bypass of thymine dimers (Gangavarapu et al., 
2007). These results indicate that Rad52-mediated HDR and Rad5-mediated error-
free PRR act in at least partially non-overlapping pathways to prevent accelerated 
senescence.

Defective SCR results in faster senescence and an inability to form type 
II survivors

There are several other possible non-BIR mechanisms through which Rad52 
may prevent accelerated senescence, including recombination involving sister 
chromatids. rad52 class C mutants have been previously reported to be defective in 
SCR (Munoz-Galvan et al., 2013). This study also found that defective regulation 
of H3K56 acetylation also impairs SCR. H3K56 is acetylated by the histone 
acetyltransferase Rtt109 (Schneider et al., 2006; Driscoll et al., 2007; Han et al., 
2007) and deacetylated by the histone deacetylases Hst3 and Hst4 (Celic et al., 2006; 
Maas et al., 2006). Both hyper-acetylation (e.g. hst3∆ hst4∆ and H3K56Q mutants) 
and hypo-acetylation of H3K56 (e.g. rtt109∆ and H3K56R mutants) decrease SCR 
(Munoz-Galvan et al., 2013). We hypothesized that defective SCR may explain the 
senescence and survivor phenotype of est2∆ rad52 class C mutants. If so, then mutants 
affecting H3K56 acetylation should behave similarly with respect to senescence and 
survivor formation. Consistent with this idea, both est2∆ hst3∆ hst4∆ and est2∆ 
rtt109∆ mutants exhibit accelerated senescence (est2∆ vs. est2∆ hst3∆ hst4∆, p < 10-

6; est2∆ vs. est2∆ rtt109∆, p = 0.02) and are defective in type II survivor formation 
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(Figure 5). However, unlike est2∆ rad52 class C mutants, which do not form any 
type II survivors, est2∆ hst3∆ hst4∆ and est2∆ rtt109∆ mutants are defective, but 
still able to form type II survivors. As mentioned above, survivors generated from 
a liquid culture senescence assay are typically all type II. Two of seven est2∆ hst3∆ 
hst4∆ survivors (Figure 5C), and five of ten est2∆ rtt109∆ survivors (Figure 5D), 
were type II.

hst3∆ hst4∆ rad52-Y66A strains are synthetic lethal (Figure S5A), similar 
to hst3∆ hst4∆ rad52∆ (Celic et al., 2008). In addition, rtt109∆ rad52-Y66A double 
mutants are synthetic sick (Figure S5A), similar to rtt109∆ rad52∆ double mutants 
(Pan et al., 2006). These results indicate that while Rad52-dependent strand annealing 
and H3K56 acetylation are both important for SCR, to delay senescence, and for 
type II survivor formation, they function in different pathways. It is also possible that 
acetylation of H3K56 is important to delay senescence and promote type II survivor 
formation independently of its role in SCR.

Figure 5. Hyper- and hypoacetylation of H3K56 causes accelerated senescence. (A, B) Senescence 
rates were measured in liquid culture by serial passaging of haploid meiotic progeny of the indicated 
genotypes, derived from the sporulation of CCY136 (A) and CCY143 (B). Mean ± SE for at least five 
independent spore isolates for each genotype is shown. (C, D) Telomere Southern blot of survivors of 
the indicated genotypes obtained from the liquid culture senescence assays from A and B. The parental 
diploids (CCY136 and CCY143) were included in the blots. est2∆ hst3∆ hst4∆ and est2∆ rtt109∆ 
survivors were analyzed on average 21.5 and 19.5 PDs, respectively, after the point of maximum 
senescence. Type I survivors exhibit short telomeres and strong hybridization at 5.2 kb and 6.7 kb, 
which is due to amplification of the tandemly repeated Y′ short and Y′ long elements, respectively. The 
telomeres of type II survivor are extended and very heterogeneous in size.
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Discussion

The importance of Rad52 in delaying senescence and for telomerase-independent 
telomere maintenance in post-senescence survivors was first described over twenty 
years ago (Lundblad and Blackburn, 1993). While much is now known about the 
role of HDR in telomerase-independent telomere maintenance in yeast as well 
as other organisms, including humans, the function of HDR during senescence 
is less-well understood. Rad52-mediated BIR has previously been implicated in 
preventing accelerated senescence, and it is thought that both Rad51-dependent 
and Rad51-independent BIR are involved (Fallet et al., 2014; Xu et al., 2015b; 
Churikov et al., 2014). In this study, we show that non-BIR functions of Rad52, 
involving recombination between sister chromatids, are also required to delay 
senescence. We also find that proper regulation of H3K56 acetylation is important 
in preventing accelerated senescence. We present a model where Rad52-mediated 
HDR mechanisms act at telomeres during telomere attrition-induced senescence.

We first tried to study the role of Rad52 during senescence with a telomere 
sequencing assay that has been used to detect telomere recombination events, or 
more specifically, intertelomeric recombination events and unequal sister telomere 
recombination events. Using this assay, it was estimated that such recombination 
events occur at a rate of 0.3% per telomere per generation (Teixeira et al., 2004). 
Surprisingly, we find that the frequency of these events is not reduced by the deletion 
of RAD52—in fact, the frequency is even slightly increased (Figure 1). We show 
that a significant fraction of these events are caused by errors introduced during 
PCR amplification, propagation in E. coli, and/or DNA sequencing. Our results 
suggest that intertelomeric and unequal sister telomere recombination events occur 
at a substantially lower rate than 0.3% per telomere per generation. Furthermore, 
our findings indicate that data obtained previously with this assay suggesting the 
preferential recombination of short telomeres in senescing cells may need to be re-
examined (Chang et al., 2011; Fu et al., 2014), especially considering that telomere 
sequencing did not detect an increase in divergence events at an artificially-induced 
very short telomere (Abdallah et al., 2009). However, it is known that Rad52 is 
important to act on this very short telomere to delay senescence and Rad52 is 
preferentially recruited to short telomeres in telomerase-negative cells (Abdallah 
et al., 2009; Khadaroo et al., 2009). In addition, recombination intermediates 
accumulate as telomeres shorten in tlc1∆ cells (Lee JY, 2007). Therefore, Rad52-
mediated HDR does preferentially act at short telomeres. It is important to note that 
our findings do not invalidate the use of the telomere sequencing assay to assess 
telomere recombination, but one needs to keep in mind that there is a background 
level of sequence divergence events that are not a result of recombination in vivo. 
Our data also allow us to conclude that these sequence divergence events are 
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unrelated to the function of Rad52 during replicative senescence. It is formally 
possible that in the presence of Rad52, sequence divergence events (that are not due 
to technical artefacts) are the result of Rad52-mediated recombination events, while 
in the absence of Rad52, the divergence events are the result of Rad52-independent 
mechanisms. However, we find this possibility unlikely given the remarkably similar 
telomere sequence divergence profiles of est2∆ and est2∆ rad52 strains.

Replication forks have difficulty progressing through subtelomeric 
and telomeric sequences, causing forks to stall and collapse (Torres et al., 2004; 
Makovets et al., 2004). A collapsed replication fork at a telomere would lead to a 
truncated telomere, and it has previously been shown that such truncations do occur 
in vivo, and that they are rapidly extended by telomerase (Chang et al., 2007). In the 
absence of telomerase, telomere truncation events are likely repaired by BIR using 
the untruncated sister telomere as a template (Figure 6).

Eliminating BIR by the deletion of either POL32 or RAD52 in telomerase-
null cells leads to a similar phenotype: accelerated senescence and an inability to 
form survivors (Lydeard et al., 2007; Lundblad and Blackburn, 1993). However, our 
data show that deletion of RAD52 in the absence of telomerase is more severe than 
deletion of POL32, suggesting that Rad52 has functions in addition to BIR during 
senescence (Figure 3). Double-strand break repair (DSBR), synthesis-dependent 
strand annealing (SDSA), and single-strand annealing (SSA) are all well-studied 
Rad52-mediated HDR mechanisms, but all of these are initiated to repair a two-ended 
DSB. In the absence of exogenous stress, most DSBs occur during DNA replication, 
likely via replication fork collapse. A fork collapse would lead to a one-ended DSB, 
which is converted to a two-ended DSB when a replication fork coming from the 
opposite direction reaches the site of the fork collapse. However, a replication fork 
that collapses while traversing a chromosome end would stay one-ended since there 
is no replication fork coming from the distal end of the telomere. The one-ended 
DSB can be repaired by BIR, but not DSBR, SDSA, or SSA. Thus, Rad52-mediated 
DSBR, SDSA, or SSA are unlikely to be involved in delaying senescence.

We find that hst3∆ hst4∆ and rtt109∆ mutants, which cause hyper- and hypo-
acetylation of H3K56, respectively, also display rapid senescence in the absence of telomerase 
(Figure 5). Like rad52 class C mutants, hst3∆ hst4∆ and rtt109∆ strains have defects in SCR 
(Munoz-Galvan et al., 2013). Thus, we hypothesize that, in addition to its function in BIR, 
Rad52 delays senescence through a mechanism involving recombination of sister chromatids. 
Error-free PRR utilizes a newly synthesized sister chromatid as a template to replicate past 
replication fork impediments, so it could be seen as a type of SCR. Rad52-mediated HDR 
activity has also been implicated in error-free PRR, in both a Rad5-dependent and a Rad5-
independent manner (Ball et al., 2009; Gangavarapu et al., 2007). Rad5 localizes to a subset 
of telomeres during S and G2 phases, even in the absence of exogenous stress, and 
deletion of RAD5 in telomerase-null cells leads to accelerated senescence (Fallet et 
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al., 2014). However, we find that rad52-Y66A, which is still proficient in Rad51-
dependent BIR, and rad5∆ have additive effects in terms of telomere attrition-induced 
senescence (Figure S4), suggesting that if Rad52 participates in error-free PRR to 
delay senescence, it does so via a mechanism separate from Rad5-dependent error-
free PRR. Consistent with this view, we have reported that the Shu complex, which 
is required for efficient HDR and involved in Rad5-mediated error-free PRR (Ball et 
al., 2009), is not important for delaying senescence (van Mourik et al., 2016). It has 
been suggested that error-free PRR proceeds via a Rad5-mediated pathway when the 
lesion is on the leading strand template, and a Rad52-mediated pathway when the 
lesion is on the lagging strand template (Gangavarapu et al., 2007). We propose that 
this situation may be occurring at telomeres during senescence (Figure 6).

Figure 6. A model to describe the known Rad52-mediated mechanisms that function at telomeres 
during replicative senescence. Replication forks traveling through subtelomeric and telomeric 
sequences frequently encounter impediments to their progression. A fork collapse would leave a 
truncated telomere, which can be elongated by telomerase (far left). In the absence of telomerase (gray 
box), the truncated telomere can be repaired by BIR. Fork impediments can be dealt with via error-free 
PRR. Blocks of lagging and leading strand synthesis can be repaired via Rad5-independent and Rad5-
dependent error-free PRR, respectively.
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We believe that replication problems at chromosome ends are amplified as 
telomeres get shorter. est2∆ rad52∆ cells do not exhibit a growth defect immediately 
after the loss of telomerase (Figure S6), indicating that telomeres need to shorten 
before Rad52 becomes important. As mentioned above, Rad52 and recombination 
intermediates accumulate at telomeres as they shorten (Khadaroo et al., 2009; Lee 
JY, 2007). One possible explanation for increased replication problems at short 
telomeres is that telomere shortening triggers TERRA transcription (Cusanelli et al., 
2013), which could impede replication because of the replication fork encountering 
either the RNA polymerase machinery or RNA-DNA hybrids. Increased TERRA 
transcription and telomeric RNA-DNA hybrids both stimulate recombination at 
telomeres (Balk et al., 2013; Balk et al., 2014). Mammalian RAD51 and BRCA2, 
which performs many of the functions of yeast Rad52 (Liu and Heyer, 2011), are also 
required for proper telomere maintenance (Badie et al., 2010; Zimmer et al., 2015), 
indicating that the importance of HDR at telomeres is highly conserved throughout 
evolution.

Materials and Methods

Yeast media, strains, and plasmids. Standard yeast media and growth conditions were 
used (Treco and Lundblad, 2001; Sherman, 2002). All yeast strains used in this study 
are RAD5 derivatives of W303 (Thomas and Rothstein, 1989; Zhao et al., 1998) and 
are listed in Table 1. Telomeres of 166 bp, 213 bp, and 230 bp, amplified by telomere 
PCR, were cloned into the pCR®-Blunt vector from the Zero Blunt® PCR Cloning 
Kit (Invitrogen) to generate plasmids pCC3, pCC6, and pCC2, respectively. pCC3 
and pCC2 were cut with EcoRI, and the telomere-containing fragment in each was 
subcloned into EcoRI-cut pRS306 (ATCC) to generate plasmids pCC9 and pCC10 
(two isolates containing 166 bp-long telomere sequences), and pCC7 and pCC8 
(two isolates containing 230 bp-long telomere sequences). pCC9, pCC10, pCC7, 
and pCC8 were cut with NcoI and transformed into yeast strain W9100-12C to make 
CCY36, CCY37, CCY34, and CCY35, respectively. RAD52 was then deleted in 
CCY36 and CCY35 to generate CCY47 and CCY46, respectively.

Strain Relevant genotype Source
CCY16 MATa/α est2∆URA3/EST2 rad52∆kanMX/RAD52 This study
CCY18 MATa/α est2∆URA3/EST2 pol32∆kanMX/POL32 This study
CCY8 MATa/α est2∆URA3/EST2 rad59∆kanMX/RAD59 This study
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CCY101 MATa/α est2∆kanMX/EST2 RAD52-RFP/RAD52-RFP 
CDC13-YFP/CDC13-YFP RAP1-CFP::LEU2/RAP1-
CFP::LEU2 pol32∆natMX/POL32

This study

CCY36 MATα ura3-1::TEL6R(166 bp)-URA3 This study
CCY37 MATα ura3-1::TEL6R(166 bp)-URA3 This study
CCY34 MATα ura3-1::TEL6R(230 bp)-URA3 This study
CCY35 MATα ura3-1::TEL6R(230 bp)-URA3 This study
CCY47 MATα rad52∆kanMX ura3-1::TEL6R(166 bp)-URA3 This study
CCY46 MATα rad52∆kanMX ura3-1::TEL6R(230 bp)-URA3 This study
MCY713 MATa/α rad52∆kanMX/RAD52 ura3-1::tel6R(166 bp)-

URA3/ura3-1 ade2-1/ade2-1
This study

MCY712 MATa/α rad52∆kanMX/RAD52 ura3-1::tel6R(230 bp)-
URA3/ura3-1 ade2-1/ade2-1

This study

W8758 MATa/α rad52∆::HIS3/RAD52 lys2/LYS2 trp1/TRP1 
ADE2/ADE2 bar1::LEU2/bar1::LEU2 RAD5/RAD5

Rothstein lab 
collection

CCY155 MATa/α est2∆URA3/EST2 pol32∆natMX/POL32 
rad52∆kanMX/RAD52

This study

CCY114 MATa/α est2∆URA3/EST2 rad52-R70A/RAD52 This study
CCY126 MATa/α est2∆URA3/EST2 rad51∆kanMX/RAD51 

rad52-Y66A/RAD52
This study

CCY127 MATa/α est2∆URA3/EST2 rad52-Y66A/RAD52 
rad59∆kanMX/RAD59

This study

CCY159 MATa/α est2∆URA3/EST2 rad5∆kanMX/RAD5 rad52-
Y66A/RAD52

This study

CCY136 MATa/α est2∆URA3/EST2 hst3∆kanMX/HST3 
hst4∆natMX/HST4 rad52-Y66A/RAD52

This study

CCY143 MATa/α est2∆URA3/EST2 rtt109∆kanMX/RTT109 
rad52-Y66A/RAD52

This study

MCY661 MATa/α est2∆URA3/EST2 rad24∆natMX/RAD24 
rad52∆kanMX/RAD52

This study

W9100-12C MATα ADE2 Gupta et al, 
2013

Table 1. List of S. cerevisiae strains used in this study. All strains are ade2-1 his3-11,15 leu2-3,112 
trp1-1 ura3-1 RAD5 unless indicated otherwise.

Telomere PCR and sequencing. Telomere VI-R was amplified by PCR using 
Phusion® High-Fidelity DNA Polymerase (New England Biolabs), essentially as 
previously described (Chang et al., 2007). Telomere PCR products were purified 
using a QIAquick Gel Extraction Kit (Qiagen), cloned using a Zero Blunt® 
PCR Cloning Kit or a Zero Blunt® TOPO® PCR Cloning Kit (Invitrogen), and 
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transformed into One Shot® TOP10 Chemically Competent E. coli (Invitrogen). 
Individual clones were sequenced by GATC Biotech (except for Figure 2, where 
sequencing was performed by GENEWIZ), and the resulting data were analyzed 
using Sequencher software (Gene Codes). The Sequencher files are included as 
Supporting Information. Excel files recording telomere sequence divergence data 
are included as Datasets S1 (for Figure 1) and S2 (for Figure 2). For each set of 
sequences, the longest telomere without divergent sequence was used as a reference 
telomere to which all other telomeres are compared to determine whether divergence 
has occurred. A sequence was determined to be non-divergent if it matches perfectly 
to the consensus, if it contains single point mutations, or if it contains insertions or 
deletions of 6 nucleotides or less.

Fluorescence microscopy. Cells used for live-cell imaging were cultured in synthetic 
complete media. Microscopy was performed using a DeltaVision Deconvolution 
Microscope (Applied Precision) with InsightSSI, an Olympus UPLS Apo 100x oil 
objective with 1.4 numerical aperture, and a CoolSNAP HQ2 camera.
Senescence assay. Liquid culture senescence assays were performed as previously 
described (Chang et al., 2011; Chang and Rothstein, 2011). All senescence assays 
started with the sporulation of est2∆/EST2 heterozygous diploids. With the exception 
of Figure S3, senescence data were plotted with PDs on the x-axis, not time (i.e. days), 
because telomere shortening is a function of cell division and not time. Moreover, 
using PDs as a metric prevents slow growth associated with a particular mutation to 
be mistakenly interpreted as having an effect on senescence. For clarity, telomerase-
positive control strains for each experiment are shown in separate graphs (Figures 
S5 and S7). We performed an unpaired two-tailed t-test to evaluate the difference in 
PDs at maximum senescence between two strains.

Telomere Southern blot. Genomic DNA was isolated using a Wizard® 
Genomic DNA Purification Kit (Promega), digested with XhoI restriction 
endonuclease, separated by agarose gel electrophoresis, transferred to a 
Hybond-N+ membrane (GE Healthcare), and hybridized to a telomere-specific 
(5’-CACCACACCCACACACCACACCCACA-3’) digoxigenin-labeled probe.
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Figure S1. Spontaneous Rad52 focus formation is increased in pol32∆ and est2∆ pol32∆ mutants. (A) Logarith-
mically growing cells expressing Rad52-RFP, derived from the sporulation of CCY101, were visualized by fluorescence 
microscopy approximately 35 population doublings after the isolation of haploid spores. (B) The percentage of cells 
with Rad52 foci was determined for the indicated strains. P-values were calculated using Fisher’s exact test, p = 5 x 
10-4 (**) and p = 1 x 10-2 (*).
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Figure S1. Spontaneous Rad52 focus formation is increased in pol32∆ and est2∆ pol32∆ mutants. 
(A) Logarithmically growing cells expressing Rad52-RFP, derived from the sporulation of CCY101, 
were visualized by fluorescence microscopy approximately 35 population doublings after the isolation 
of haploid spores. (B) The percentage of cells with Rad52 foci was determined for the indicated strains. 
P-values were calculated using Fisher’s exact test, p = 5 x 10-4 (**) and p = 1 x 10-2 (*).

Figure S2. Measuring sequence divergence after PCR amplification, cloning, and sequencing of 
telomere sequences of defined length. Two plasmids containing telomere sequences, 166 bp and 213 
bp in length, were amplified by PCR, re-cloned into the same vector, and sequenced. Two telomeres, 
166 bp and 230 bp in length, were also inserted at the URA3 locus in wild-type and rad52∆ strains. 
The resulting strains were clonally propagated for ~30 population doublings, and the inserted telomeres 
were then amplified by PCR, cloned, and sequenced. Sequence divergence was determined using the 
same rules as for the identification of divergent sequences amplified from a specific telomere (i.e. 
telomere VI-R) from a population of cells (see Materials and Methods).
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Figure S3. est2∆ rad52-Y66A rad59∆ mutants are delayed in forming survivors. The graph is the 
same as Figure 4C, except that the data are plotted in ‘Days’ on the x-axis instead of ‘Population 
Doublings’. In addition, the independent est2∆ rad52-Y66A rad59∆ replicates are plotted instead to 
highlight the delay/defect in survivor formation.

Figure S4. Rad52 and Rad5 function in separate pathways to delay senescence. Senescence rates 
were measured by serial passaging of est2∆ (n = 6), est2∆ rad5∆ (n = 16), est2∆ rad52-Y66A (n = 11), 
and est2∆ rad5∆ rad52-Y66A strains (n = 8), derived from the sporulation of CCY159, in liquid culture. 
Cell density was measured each day after 24 h of growth in liquid culture, followed by dilution to 2 x 
105 cells/ml. Mean ± SE for each genotype is shown.
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Figure S5. Hyper- and hypo-acetylation of H3K56 causes synthetic lethality and sickness, 
respectively, with rad52-Y66A. (A) Representative tetrads derived from the sporulation of CCY136 
and CCY143 are shown. Colony sizes were measured for each genotype and normalized to wild type. 
Mean ± SE is shown. (B) Graphs are identical to the ones shown in Figure 5, except that telomerase-
positive control strains have been included (2 to 4 isolates each).

Figure S6. Deletion of RAD52 does not affect cell growth early after the loss of telomerase. (A) 
Representative tetrads derived from the sporulation of CCY16 are shown. (B) Colony sizes were 
measured for each genotype and normalized to wild type. Mean ± SE is shown..
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Figure S7. Senescence data with telomerase-positive control strains included. Graphs are identical 
to the ones shown in the main figures, except telomerase-positive control strains have been included (1 
to 4 isolates each).
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Abstract

Sister chromatid exchange (SCE) is defined as the exchange of DNA between two 
identical sister chromatids. Increased rates of SCE are an indication of genome 
instability and known to occur in certain types of cancer. It is commonly thought 
that an SCE occurs as a result of the repair of a DNA double-strand break (DSB) by 
homologous recombination. Here we have used a single-cell DNA template strand 
sequencing technique called Strand-seq to measure and map, for the first time, 
spontaneous SCEs genome-wide in single cells of the budding yeast Saccharomyces 
cerevisiae. We find that ~24% of wild-type cells show at least one SCE, and that 
SCEs are abolished in the absence of Rad52, as expected considering that almost 
all recombination activity is dependent on Rad52 in yeast. However, SCEs are only 
modestly reduced in rad51∆ mutants, which is interesting since Rad51 is required 
for most Rad52-mediated repair. Our findings also indicate that most spontaneous 
SCEs do not originate from the repair of DSBs.
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Introduction

DNA is constantly exposed to damaging agents, which can lead to DNA interstrand 
crosslinks, modifications, mutations or breaks (reviewed in Lord and Ashworth, 
2012). If unrepaired, or if repaired incorrectly, DNA damage can cause genome 
instability and potentially cancer. Sister chromatid exchanges (SCEs) are exchanges 
between two identical sister chromatids and are commonly used as a measure of 
genome instability. SCE levels are increased in certain types of cancer, such as 
in cancers resulting from Bloom syndrome (German, 1972). Bloom syndrome is 
caused by mutations in the BLM gene (German et al., 1994). In the budding yeast 
Saccharomyces cerevisiae, mutation of the BLM homologue, SGS1, also causes 
elevated SCEs (Onoda et al., 2000). 

SCEs have traditionally been detected cytogenetically of metaphase spreads 
by differential staining of sister chromatids (Taylor, 1958; Kato, 1974). However, this 
technique is not possible in yeast due to the small sizes of the chromosomes. Instead, 
SCEs in yeast can be measured using genetic assays. For example, a frequently used 
assay involves two truncated HIS3 genes cloned in tandem (a 5’ truncation of the 
first allele followed by a 3’ truncation of the second) (Fasullo and Davis, 1987). An 
unequal SCE event can yield a functional HIS3 gene, allowing cells to grow on media 
lacking histidine. While such assays have been tremendously useful, they have several 
limitations. First, these genetic assays only detect unequal SCEs, which are thought 
to occur less frequently than equal SCEs (González-Barrera S, 2003). Second, SCEs 
are assayed only at a single locus, ignoring the rest of the genome. Lastly, integrating 
a genetic marker into the genome can affect the “natural” environment of the locus 
itself, and in theory could modify its recombinogenic properties.

To circumvent these limitations, we have adapted a recently-developed 
technique called Strand-seq to study SCEs in S. cerevisiae genome-wide and at a 
single cell level. Strand-seq involves the sequencing of the parental DNA strands 
from a single cell (Falconer E, 2012). Briefly, cells are grown in the presence of the 
thymidine analogue bromodeoxyuridine (BrdU) for one cell cycle. BrdU will only 
be incorporated into the newly synthesized DNA strands. After cell division, each 
daughter cell will inherit, for each chromosome, one parental DNA strand that does 
not contain BrdU, and the complementary DNA strand containing BrdU. Individual 
cells will be prepared for sequencing by Strand-seq DNA library construction. This 
library construction resembles standard next generation library preparation, with the 
exception that after adaptor ligation, but prior to PCR amplification, DNA will be 
treated with Hoechst and ultraviolet (UV) radiation. This treatment creates nicks at 
sites of BrdU incorporation. During PCR amplification, the nicked DNA cannot be 
amplified, so sequencing reads should only originate from the original DNA template 
strands. Reads are then aligned to the reference genome and SCEs can be visualized 
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as a shift between reads aligning to the Watson strand to reads aligning to the Crick 
strand. Crick strand correspond to the 5’ to 3’ plus strand (forward), and Watson is 
the 3’ to 5’ complementary DNA strand, also known as the minus (reverse) strand.

In yeast, it is thought that SCEs form after the repair of DSBs by the double-
strand break repair (DBSR) pathway (Reviewed in (Symington et al., 2014)). Repair 
of a DSB by DSBR leads to the formation of a double Holliday junction (dHJ), 
which can be processed either by resolvases (e.g. Mus81/Mms4 and Yen1) or via 
dissolution by the Sgs1/Top3/Rmi1 complex. If resolution results in a crossover, an 
SCE will occur, while dissolution always results in a non-crossover (i.e. no SCE). 
It has been previously shown that mutations in genes involved in DSB repair, like 
rad52∆ and sgs1∆, affect the rate of SCEs (Onoda et al., 2000; Dong and Fasullo, 
2003), however, not much is known about how spontaneous SCEs arise in wild-type 
cells.

In this study, we aimed to measure and map spontaneous SCE events 
using Strand-seq. We find that 24% of wild type cells display at least one SCE. 
Moreover, SCEs are increased twofold in sgs1∆ and abolished in the absence of 
Rad52, consistent with previous reports. However, we find that deletion of RAD51 
only decreases SCEs approximately twofold, which is surprising since most Rad52 
functions during DSB repair are link to Rad51. Also, by comparing the rate of SCEs 
with the rate of DSB formation, our findings indicate that most spontaneous SCEs 
do not originate from DSB repair. 

Results and Discussion

Strand-seq in yeast

To use Strand-seq for yeast, a few modifications were required. First, wild-type S. 
cerevisiae does not incorporate BrdU, so we have used a strain that is completely 
dependent upon the uptake of exogenous thymidine or thymidine analogues (Vernis 
et al., 2003). Second, Strand-seq requires cells that have divided once and only once 
in the presence of BrdU. For mammalian cells, selection of positive BrdU cells can 
be achieved by flow cytometry-based sorting of cells that exhibit BrdU-quenched 
Hoechst fluorescence. The yeast genome, however, is too small to reliably detect 
Hoechst quenching. For this reason, we developed an alternate method to isolate 
single yeast cell containing BrdU. This method takes advantage of the fact that 
budding yeast divide asymmetrically, resulting in an original ‘mother’ cell and a 
newborn ‘daughter’ cell, which has budded off from the mother cell, after each 
division. Briefly, G1-arrested cells are labeled with Cy5-conjugated concanavalin 
A (ConA-Cy5) or Alexa-conjugated ConA (ConA-Alexa). ConA binds the cell wall 
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(Biely et al., 1976). The labeled cells are then released from the cell cycle block and 
progress synchronously through the cell cycle in ConA-free media containing BrdU 
for one division (Figure 1A). 

Figure 1. Sorting of daughter cells after one division in the presence of BrdU. (A) Scheme of 
ConA- and BrdU-labeling procedure. (B) Flow cytometry density plots taken at different time points 
during the labeling procedure.

Because the yeast cell wall is synthesized de novo during bud-emergence, newborn 
daughter cells do not have ConA-labeled cell walls (Figure 1B, lower left quadrant 
in the flow cytometer density plots), whereas mother cells retain the ConA label. 
Single daughter yeast cells are sorted and Strand-seq libraries are prepared (Figure 
2). Resulting libraries are sequenced and reads are aligned to the yeast reference 
genome. Mapped reads are then plotted into ideograms representing individual 
chromosomes. A haploid cell that did not experience an SCE event will have inherited 
either the parental Watson template strand or the parental Crick template strand for 
each chromosome, so each chromosome will only show reads aligning to either the 
Watson strand or the Crick strand (Figure 2B). However, if one chromosome has 
undergone an SCE, the SCE can be detected as a switch between reads mapping to 
the Watson strand only to reads mapping to the Crick strand (Figure 2C).
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Figure 2. Strand-seq methodology. (A) Diagram of the Strand-seq procedure. (B) Scheme depicting 
one chromosome without an SCE analyzed by Strand-seq. (C) Scheme depicting one chromosome that 
has experienced an SCE analyzed by Strand-seq. In (B) and (C), two possible outcomes are shown, 
depending on which chromatid is inherited by the daughter cell.
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Measuring and mapping spontaneous SCEs in wild-type (WT) cells

Using our yeast Strand-seq methodology, we evaluated the level of spontaneous 
SCEs. An example of a WT Strand-seq library is shown in Figure 3A. We have 
sequenced 156 single-cell WT Strand-seq libraries and found that 37 libraries 
showed at least one SCE (24%) (Figure 3B). The data can also be plotted in terms 
of SCEs per cell (Figure 3C) or SCEs per Gigabase (Gb) of DNA (Figure 3D). Fork 
collapses can be repaired by homologous recombination, which can give rise to 
SCEs. Therefore, we investigated the possibility that SCEs overlap with genomic 
features that are often associated with fork collapses, such as promoters, Pif1, Pol2, 
Rrm3 binding sites, origins of DNA replication and areas of g-H2AX enrichment. We 
did not find any specific enrichment of SCEs for any of these genomic features (data 
not shown), although increasing the number of SCEs (by sequencing more Strand-
seq libraries) or improving the resolution with which we can map SCEs (median 
mapping resolution is X) may change the analysis.

Rad52-dependent and Rad51-independent SCEs

Next, we investigated the genetic requirements for spontaneous SCE formation. 
Repair of damage-induced DSBs, which is dependent on genes that belong to the 
RAD52 epistasis group (Hays et al., 1995), can lead to the formation of SCEs (Fasullo 
et al., 2001). Rad51 and Rad52 are two main recombination proteins during DSB 
repair. Rad52 mediates the loading of Rad51 onto RPA-coated single-stranded DNA 
(ssDNA) (Stasiak et al., 2000; Shinohara et al., 1998; Davis and Symington, 2003). 
Loading on Rad51, which displaces RPA, creates a nucleoprotein filament capable 
of strand invasion into duplex DNA, which initiates homologous recombination-
mediated repair (Ogawa et al., 1993). Therefore, we investigated the role of these two 
proteins in the formation of spontaneous SCEs. We generated Strand-seq libraries of 
rad51∆ and rad52∆ mutants and detected no SCEs in rad52∆ cells. Surprisingly, 
SCEs were only reduced by less than twofold in the rad51∆ mutant (Figure 3B–D).  
These data suggest that while spontaneous SCEs are dependent on Rad52, SCEs 
can still be formed in a Rad51-independent manner. Consistent with this idea, a 
previous study using a genetic marker-based SCE assay has shown that deletion of 
RAD51 does not affect spontaneous SCEs (Fasullo et al., 2001). The difference in 
our observations (they did not see any decrease in SCE rate in rad51∆ whereas we 
see a slight decrease) is likely due to the different assays used.
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Figure 3. Strand-seq in yeast. (A) Example of a WT Strand-seq library. The black arrow indicates an 
SCE. (B–D). Graphic representation of SCE distribution in WT and mutant cells, expressed as either 
percentage of cells with at least one SCE (B), number of SCEs per cell (C), or number of SCEs per Gb 
of DNA (D).
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Most spontaneous SCEs do not originate from DSBs

Given the importance of Rad51 during the repair of a DSB, we were surprised to have 
detected only a modest reduction in the rate of SCEs in the absence of Rad51. This 
led us to hypothesize that SCEs could originate from non-DSB lesions. Alternatively, 
Rad51-independent Rad52-mediated DSB repair mechanisms have been described, 
such as break-induced replication (BIR) or single-strand annealing (SSA), both of 
which can occur in the absence of Rad51 (Malkova et al., 1996; Ivanov et al., 1996). 
However, neither BIR nor SSA can result in an SCE.

To further investigate the role of DSBs in the formation of spontaneous 
SCEs, we compared the rate of spontaneous SCEs in WT cells to an estimate of the 
rate of DSB formation. Spontaneous DSB rate can be estimated by the rate of cell 
death in a rad52∆ mutant, which cannot repair DSBs (Coïc et al., 2008; Mehta and 
Haber, 2014). A single unrepaired DSB is sufficient to kill a rad52∆ cell (Resnick 
and Martin, 1976; Weiffenbach and Haber, 1981). We conducted a microdissection 
experiment where each daughter cell is separated from its mother after one division 
and both mother and daughter cells are scored for colony formation after 2 days. 
In total, 408 WT and 392 rad52∆ cells were examined (Figure 4). 13.3% of newly 
divided rad52∆ failed to grow and form a colony, compared to only 1.7% of WT 
cells. The WT mortality rate is unlikely due to unrepaired DSBs, so subtracting 1.7% 
from 13.3% gives us an estimated spontaneous DSB formation rate of 11.6%. Next, 
we compared the rate of DSBs to the rate of SCEs from our WT Strand-seq libraries. 
Only an estimated one quarter to one third of DSBs are repaired in a manner that 
leads to the formation of an SCE (Kadyk and Hartwell, 1992; Jackson and Fink, 
1981). Therefore, of the 11.6% rate of spontaneous DSBs, only ~3–4% is expected to 
lead to an SCE. Since 3–4% is significantly lower than the 24% rate of spontaneous 
SCEs, we conclude that most spontaneous SCEs are not the result of DSB repair.

Figure 4. Estimation of the spontaneous DSB rate in yeast. (A) Schematic representation of the 
experimental set up. (B) Graphical representation of the rate of cell death in strains of the indicated 
genotypes..
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Rad52-mediated strand annealing is required for the majority of 
spontaneous SCEs

Rad52 has two main biochemical functions. As discussed already, Rad52 mediates 
Rad51 nucleoprotein filament assembly (Shinohara and Ogawa, 1998). Rad52 also 
promotes the annealing of RPA-coated single-stranded DNA (Shinohara et al., 
1998), a function that is independent of Rad51. Since spontaneous SCEs are not 
detectable in a rad52∆ mutant, but are only modestly reduced in a rad51∆ mutant, 
we hypothesized that Rad52-mediated strand annealing must be important for the 
formation of spontaneous SCEs. We used a rad52 separation-of-function ‘class C’ 
mutant (Mortensen et al., 2002), which is impaired for strand annealing activity (Shi 
et al., 2009). We find that the rate of spontaneous SCEs is dramatically reduced 
in this mutant (Figure 3 B–D). Thus, our data suggest that spontaneous SCEs are 
primarily generated through a Rad51-independent pathway that requires the strand 
annealing activity of Rad52, as well as minor pathway that is dependent on Rad51.

Role of Sgs1 in the formation of SCEs

Sgs1 is a helicase involved in the dissolution of dHJs (Ira et al., 2003). We have 
measured and mapped SCEs in the absence of SGS1 using Strand-seq. We find that 
spontaneous SCEs are increased twofold (Figure 3B–D), in agreement of what has 
already been reported in the literature using a genetic marker-based assay (Onoda et 
al., 2000). Up to four SCEs were found within the same cell. Surprisingly, we find 
that most of the increase in SCEs occurs at the ribosomal DNA (rDNA) locus (Figure 
5). This result is consistent with Sgs1 having a specific function in rDNA replication 
(Versini et al., 2003).

Figure 5. SCE is increased at the rDNA locus in sgs1∆ mutants. The bar graph plots SCEs per Gb 
of DNA within and outside the rDNA locus in WT (black) and sgs1∆ (grey) cells.
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We have also mapped SCEs across the yeast genome and compared it to 
known genomic features. We find that SCEs in the sgs1∆ mutant are enriched at sites 
of Pif1 binding (Table 1). Pif1 is a helicase that acts at stalled replication forks, by 
removal of secondary structures, G-quadruplexes, DNA-DNA duplexes, or RNA-
DNA hybrids (Rossi et al., 2016; Chib et al., 2016; Duan et al., 2015; Paeschke et 
al., 2013). Our findings suggest that in the absence of Sgs1, stalled replication forks 
at the rDNA locus may recruit Pif1 to remove DNA replication obstacles, and that 
overcoming these obstacles may result in SCEs.

Table 1. Genomic features tested for SCE enrichment.

Cross-species comparison of recombination activity

Although it is generally known that recombination activity is higher in yeast than 
in mammals, this has never been compared quantitatively to our knowledge. The 
development of Strand-seq has allowed us to make such a comparison (Falconer 
E, 2012; van Wietmarschen and Lansdorp, 2016). We find that spontaneous SCEs 
per cell is about an order of magnitude greater in human and mouse cells than yeast 
(Figure 6A). However, the human and mouse genomes are much bigger than the 
yeast genome. By plotting the number of SCEs per Gb of DNA, it is apparent that 
SCEs occur about 20-fold more frequently in yeast (Figure 6B).

In summary, we have shown that Strand-seq can be used to measure and map 
SCEs genome-wide in single yeast cells. Contrary to what is commonly thought, 
spontaneous SCEs are not due to the repair of DSBs. We also show that spontaneous 
SCEs can be generated by at least two pathways: a major pathway dependent on 
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Rad52-mediated strand annealing and a minor Rad51-dependent pathway. Strand-seq 
is a major upgrade to classical assays to measure SCEs in yeast. While yeast has been 
at the forefront of research into homologous recombination, most of our knowledge 
concerns recombination between homologous chromosomes or homologous 
sequences at different genomic loci. However, recombination not involving sister 
chromatids can result in loss of heterozygosity or chromosome rearrangements such 
as deletions, duplications, inversion and translocations. Therefore, sister chromatid 
recombination is typically the preferred mechanism of homologous recombination 
for repairing DNA damage in mitotic cells. No doubt further studies using Strand-seq 
will clarify the role and mechanism(s) of sister chromatid recombination in yeast.

Figure 6. Cross species SCEs level comparation. (A–B). Graphic representation of SCE distribution 
in WT, mutant yeast cells (sgs1∆ and rad52∆), mouse (ES cells) and Human cell types (fibroblasts and 
lymphocytes). expressed as either number of SCEs per cell (A), or number of SCEs per Gb of DNA (B)

Materials and Methods

Yeast strains All strains used are derived from W303 background. All strains are 
listed in table 2. 

Strain growth and labeling for Strand-seq. E17 derived strains are grown in YPGal 
with 100uM of thymidine media. Single colonie are inoculated into 5mL of YPGal 
with 100uM of thymidine media on the morning, and diluted on the evening in 25mL 
of YPGal pH 3.9 supplemented with 100uM of thymidine to OD600= 0.001. On the 
next morning, culture should have reached an OD600 of 0.4-0.7, cell were arrested 
with alpha factor (Sigma) to final concentration 3,75 mg/mL for 2h. Cells were wash 
once with H2O, and resuspended into 100uL of PBS 1X. 150mL of 200mg/mL of 
Concanavaline ConA-cy5 or Concanavaline-Alexa-633 were added into the cell 
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while vortexing and incubated 10min at room temperature in dark. Unbound labels 
were wash out during 3 washing step in 1X PBS. And cells were release from alpha 
factor arrest into fresh YPGal supplemented with 0.6mg/mL of BrdU. Samples were 
taken before alpha factor arrest, after alpha factor arrest, directly after ConA-labeling 
and every 30 minutes after release and fixed with 70% ethanol and store for at least 
one night in ethanol at -20°C. Cells were washed from ethanol and rehydrated with 
H20. RNA was removed from cells, by incubating yeast with 10mg/mL of RNAse A 
in tris-HCL pH 8.0 for 2h at 37°C. Cells were wash in with Tris-HCL pH 7.5 once. 
DNA was labeled with sytox green by resuspended into 300mL of tris-HCL pH7.5, 
sytox green buffer. To avoid aggregates cells were sonicated 3 times (30sec ON/ 
30sec OFF) into a bioruptor. Flow cytometry was preformed on each sample and 
the sample were unlabeled daughter cell could be visualized after only one round of 
division in present of BrdU were use to sort on a MoFlo Astrios cell sorter (Beckman 
Coulter) single daughter cells into 96 wells plates containing a mammalian nuclei. 
Sorted yeast cells and human nuclei were stored at -80°C until library preparation. 

Table 2: List of strains used in this study.

Conjugation of concanavalin A with Cy5. Concanavaline-Alexa-633 was purchase 
from ThermoFisher, ConA-cy5 were partially purchase from Protein Mods and or 
home-made. ConA (Pharmacia) was dissolved in 0.1M NaCO3 pH 8.3 (2mg/mL 
stock), and was aliquoted 160 mL. Cy5.18 (Biological Detection Systems) was 
dissolved in DMSO (1mg/100mL) and added to ConA during rapid wortex mixing. 
ConA labeling was performed at room temperature for 15 minutes in the dark. To 
separate unconjugated dye from labeled ConA-cy5, ConA-cy5 was transferred to 
dialysis tubing (Spectra/Por Dialysis Membrane MW: 12000-14000) and allowed to 
dialyze against 1L of PBS at 4°C for 72h. To remove precipitated material, Cona-cy5 
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samples were centrifuged at 13000 rpm for 10 minutes at 4°C. Protein/ dye ration 
(P/D) was determined using Nanodrop system. Measurement were taken by setting 
the following parameters : absorbance 650 nm (Cy5) and 280 nm (protein), molar 
extinction coefficient of 30 500M-1 cm-1 and molecular weight of 25.5 kDa for ConA, 
and molar extinction coefficient of 250 000M-1 cm-1 for Cy5. The obtain D/P ratio 
for ConA-cy5 was 3.5 and the final stocks of ConA-cy5 were diluted in 10X PBS 
containing 0.1% NaN3 and 0.1% BSA to a final concentration of 200mg/mL. 

Strand-seq library preparation. Library in yeast was performed as described 
previously in (Falconer E, 2012). Few modifications have been performed for the 
yeast. First single yeast cells were prepped into a plate containing at least few 
human or mouse nuclei. Human or mouse nuclei present during the yeast library 
preparation, served as internal control for the library preparation, but also were 
needed in order to visualized nucleosome fragments size during the gel purification 
procedure after library preparation and prior sequencing. Each well containing either 
yeast only or yeast and mammalian nuclei were incubated in zymolysase buffer 
for 30min at 30°C in order to remove yeast cell wall. Microccocale nuclease was 
directly added to the zymolyase buffer after the incubation time, and incubated 5min 
at room temperature. AMPure XP magnetic beads (Agencourt AMPure, Beckman 
Coulter) purification was performed after miccrococal nuclease, end-repair and 
adaptor ligation.  Sequencing of the libraries was performed on Illumina platform 
(HiSeq2500) to generate single-end 50 bp reads. Reads were demultiplexe and align 
to the EF4 S.cerevisiae reference genome. Aligned reads were analysed using the 
BAIT softare package (Hills et al., 2013)

Mother-daughter dissection. Strains were grown overnight onto fresh YPGal+ 
100mM Thymidine plate, or YPD. Freshly grown colonies were patch onto new 
YPGal+100mM thymidine for E17, CCY182 and CCY193 or YPD for SSY49 and 
SSY99. Only dividing cells (budded cell) were selected by micromanipulation and 
the resulting daughter cells were microdissected from their mother onto the same 
plate. Cell coordinates were recorded, plates were incubated 2 days at 30°C and 
colony growth and death were scored. Cells were both the mother and the daughter 
did not grow were excluded from the calculation of the DSB frequency.
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Abstract

Rad52 play a major role in homologous recombination (HR). The function of Rad52 
are separated between its role in mediated Rad51 loading on RPA-coated ssDNA and 
its strand annealing activity. While its functions extensively study in HR during the 
repair of DNA double-strand break, its role outside of HR remains elusive. Here we 
took advantage of aRad52 separation of function mutant, which is impaired for DSB 
repair and strand annealing to study its strand annealing activity outside of DSB 
repair. Recently, it has been show that Rad52 acts in error-free PRR pathway. We 
found that its role in error-free PRR is solely due to is function as a Rad51-mediator.  
We are currently validating a genetic screen that should yield better understanding 
on the role of Rad52-mediated strand annealing.
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Introduction

In yeast, Rad52 protein is composed of two main domains, which dictates the function 
of Rad52. The strand-annealing activity of Rad52 is contained in its N-terminal 
domain, while the Rad51-mediators activity is located in the C-terminal domain 
(Mortensen et al., 1996; Milne and Weaver, 1993). First characterized as a double-
strand break (DSB) repair protein (Paques and Haber, 1999), Rad52 has been found 
to have other biological functions (Le et al., 1999; Claussin and Chang, 2016; Ball 
et al., 2009). In this thesis, especially in Chapters 3 and 4, we have highlighting the 
importance of strand-annealing activity of Rad52 outside of its role in DSB repair. 
For these studies, we took advantage of Rad52 class C mutants, which are deficient 
for Rad52’s strand-annealing activity (Shi et al., 2009). 
 The Rad52 class C mutants were identified by an alanine scan of the N-terminal 
region of Rad52 (Mortensen et al., 2002). This class of mutants were later found to 
be specifically defective for the strand-annealing activity of Rad52 (Mortensen et 
al., 2002; Shi et al., 2009). These mutants are sensitive to ionizing radiation and 
campothecin, indicating a defect in the repair of DSBs (Lettier et al., 2006), and are 
also defective in Rad51-independent break-induced replication (BIR), single-strand 
annealing (SSA) and sister chromatid recombination. However, these mutants are 
still proficient for Rad51-dependent BIR, heteroallelic recombination and Rad51-
mediated activity (Munoz-Galvan et al., 2013; de Mayolo et al., 2010; Claussin and 
Chang, 2016; Mortensen et al., 2002; Shi et al., 2009). Thus, these mutants allow us 
to examine the consequences of losing the strand annealing activity of Rad52, while 
retaining its ability to function as a Rad51 mediator. We have recently found that 
Rad52-mediated strand-annealing activity is required for telomere maintenance to 
prevent accelerated senescence in the absence of telomerase (Claussin and Chang, 
2016). In this study, we proposed that the strand-annealing function of Rad52 may 
be required to mediate error-free post-replication repair (PRR). Because class C 
mutants are deficient for DSB repair, and have a separation-of-function between 
its strand-annealing and Rad51-mediated activities, these mutants offer a great tool 
to study the function of Rad52-mediated strand annealing activity outside of DSB 
repair. Here, I will show some of my preliminary data that I have assembled to 
understand the role of strand annealing in different context than DSB repair. 
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Results and Discussion

rad52 class C mutations rescue neither mus81∆ sgs1∆ synthetic lethality 
nor rmi1∆ slow growth 

Mus81 and Sgs1 are two proteins respectively involved in the resolution and 
dissolution of dHJs during DSB repair. Deletion of both MUS81 and SGS1 causes 
synthetic lethality, which can be rescued by deletion of RAD51 or RAD52 (Fabre 
et al., 2002). It has been proposed that the synthetic lethality of the double sgs1∆ 
mus81∆ mutants is due to the accumulation of a toxic recombination intermediate. 
Deletion of RAD51 or RAD52 can rescue this lethality by preventing the formation 
of this recombination intermediate in the first place.

Similar observations have been made regarding the sickness of top3∆ and 
rmi1∆ mutants (Oakley et al., 2002; Shor et al., 2002; Chang et al., 2005). It is 
thought that Sgs1, working downstream of Rad51 and Rad52, creates a potentially 
toxic recombination intermediate (different than the one that accumulates in sgs1∆ 
mus81∆) that is acted on by the combined action of Top3 and Rmi1. Deletion of SGS1, 
RAD51 or RAD52 will prevent this intermediate from forming, which suppresses 
top3∆ and rmi1∆ sickness.

Figure 1. rmi1∆ sickness is not rescued by rad52 class C mutations. Graphical representation of 
the colony size measurements of the indicated genotypes after tetrad dissection of rmi1Δ/RMI1 xxxΔ/
XXX diploids. (Patterned column represents the expected value if RMI1 and gene XXX act in separate 
pathways).
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In both cases (sgs1∆ mus81∆ and either top3∆ or rmi1∆), the initial lesion is 
then repaired by an alternate repair mechanism. Interesting, since deletion of RAD52 
can rescue this lethality, and because Rad52 is required for repair of DSBs, the initial 
lesion in both cases cannot be a DSB. What is not known is whether strand-annealing 
activity of Rad52 is required. We fine that while deletion of RAD51 and SGS1 
rescue rmi1∆ sickness, neither rad52-Y66A nor rad52-R70A could do so (Figure 1). 
Similarly, rad52-Y66A could not suppress mus81∆ sgs1∆ synthetic lethality (data 
not shown). This suggests that an endogenous lesion(s), which is not a DSB, induces 
Rad51-mediated recombination that requires the downstream activity Sgs1/Top3/
Rmi1 and Mus81 for completion of repair, but does not require the strand annealing 
function of Rad52. This implies that neither toxic recombination intermediate is a 
double Holliday junction, which would presumably require strand annealing activity.

Exploring the role of Rad52-mediated strand-annealing activity in error-
free PRR

Recombination proteins, such as Rad51 and Rad52, have been found to participate 
in error-free PRR (Huang et al., 2013; Ball et al., 2009; Gangavarapu et al., 2007). 
However, it is not known whether the strand-annealing function of Rad52 does 
as well. PRR is a still poorly defined repair pathway that has two main branches: 
translesion synthesis (TLS; which is error-prone) and error-free PRR. Mutations in the 
error-free branch cause more repair by TLS, which increases the rate of spontaneous 
mutations. To determine the role of Rad52-mediated strand annealing in error-free 
PRR, we measured the rate of mutation at the CAN1 locus in wild type (WT), rad52∆ 
and rad52-Y66A mutants. We find that rad52∆ shows a 10-fold increase in mutation 
rate compared to WT cells, as previously reported (Endo et al., 2007; Huang et al., 
2003), while the rad52-Y66A mutant exhibits only a twofold increase (Figure 2A). 
This suggests that the rad52-Y66A mutant is generally proficient for error-free PRR.

Another way to probe the error-free pathway is to combine mutations in 
the pathway with mutations in TLS. Rad6 and Rad18, which are important for both 
branches of PRR, are sensitive to low doses of the DNA damaging agent methyl 
methanesulfonate (MMS), while TLS and error-free PRR mutants alone are not. 
However, combining mutations in both TLS and error-free PRR results severe 
sensitivity to MMS (Xiao et al., 1999; Broomfield and Xiao, 2002). Similarly, rad51∆ 
and rad52∆, when combined with the TLS mutation rev3∆, causes severe sensitivity 
to MMS (Ball et al., 2009). If the strand-annealing activity of Rad52 is required for 
error-free PRR, then combining rad52 class C mutants with mutants involved in 
TLS should also cause the same sensitivity to a low dose of MMS. Single deletion 
of RAD52 and REV3 does not show any sensitivity to low dose MMS, similar to the 
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rad52-Y66A mutant. Double rad52∆ rev3∆ mutants show high sensitivity to 0.001% 
MMS, while rad52-Y66A rev3∆ are similar to the single mutants and does not show 
particular sensitivity to low dose MMS (Figure 2B). Similar results have been found 
with regards to ultra violet (UV) sensitivity (Figure 2B). Taken together, our data 
indicates that Rad52-mediated strand-annealing is not required for error-free PRR.

Figure 2. Exploring the role of Rad52-mediated strand-annealing activity in error-free PRR. 
(A) CAN1 mutation rate of indicated genotypes. (B) Low-dose MMS and UV sensitivity of TLS and 
recombination mutants.

Our findings are consistent with data showing rad52-Y66A has additive 
defects in terms of telomere attrition-induced senescence (Claussin and Chang, 2016) 
and cell growth (Fallet et al., 2014) in combination with rad5∆, which is required 
for PRR, further suggesting that Rad52-mediated strand-annealing is not involved 
in error-free PRR. However, we proposed in Chapter 3 that Rad52-mediated strand-
annealing is important for error-free PRR at telomeres in the absence of telomerase, 
although in a Rad5-independent manner (Claussin and Chang, 2016). So, is Rad52-
mediated strand-annealing involved in error-free PRR or not? The answer is 
complicated by the fact that we know very little about error-free PRR, and the little 
we do know suggests that at least two subpathways may exist: a Rad5-dependent 
subpathway that deals with lesions located on the leading strand template and a 
Rad5-independent subpathway for lesions located on the lagging strand template 
(Gangavarapu et al., 2007). Further characterization of error-free PRR is needed 
before we can confidently assign a role for strand annealing in this repair pathway. 

Screen for genetic interactions of rad52-Y66A to dissect the functions of 
Rad52

To further characterize the function of Rad52, we performed a synthetic genetic 
interaction screen using synthetic genetic array (SGA) technology (Tong and Boone, 
2006). We used the Cutoff Linked to Interaction Knowledge (CLIK) method (Dittmar 
et al., 2013) to determine that 86 genes show a synthetic sick or lethal interaction 
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with rad52-Y66A (Figure 3).

Figure 3. Synthetic interactions of rad52-Y66A. The density plot is a graphical representation of the 
CLIK analysis. The bottom left corner shows an enrichment (a CLIK group) of BioGRID annotated 
interactions among genes that show a negative genetic interaction with rad52-Y66A. Genes in this 
CLIK group are shown on the right.

 Currently we are performing validation for the screen. Validation of the 
interation is performed by spore analysis after tetrad dissection of sporulation We 
have been tested geneX∆/geneX rad52-Y66A/RAD52 or geneX∆/geneX rad52∆/
RAD52 diploids. Until now, we have tested POL32, RAD52, RAD27, REV3, CTF4, 
ELG1 and TOP3. We found that as predicted, when combined rad52∆, rad27∆ 
with either rad52∆ or rad52-Y66A is lethal (Figure 4A). Similar data have been 
previously reported for synthetic lethal interation in hst3∆ hst4∆ rad52∆ and for 
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hst3∆ hst4∆ rad52 class C (Claussin and Chang, 2016).

Figure 4. Screen validation. (A) Tetrad analysis of rad27∆/RAD27 rad52∆/RAD52 (top) and rad27∆/
RAD27 rad52-Y66A/RAD52 (bottom) dissections. (B) Tetrad analysis of pol32∆/POL32 rad52-Y66A/
RAD52 dissections. Colony sizes were quantified and normalized to the average WT colony size (graph 
on the right).

 . 
 However, we were surprised to see that while , pol32∆ rad52∆ double mutant 
is synthetic lethal (Tong et al., 2004; Hanna et al., 2007), deletion of POL32 in rad52-
Y66A mutants only results in strong sickness (Figure 4B). The synthetic lethality of 
pol32∆ rad52∆ double mutants has been interpreted as defective DNA replication 
caused by pol32∆ resulting in damage that is repaired by Rad52-dependent repair. 
The sickness of rad52-Y66A pol32∆ double mutants implies that some of the damage 
associated with the loss of Pol32 can still be repaired, albeit inefficiently. 
 . Finally, deletion of ELG1 in Rad52-Y66A mutant shows a reduced sickness 
as compare to the elg1∆ rad52∆ mutant (Data not shown). 

Summary

In this chapter, I attended to share some of my preliminary data assembled about 
class C mutants. As preliminary data, we do need to more experiments and validation 
to get a better sense of the role of the strand annealing function of Rad52. We are 
hopping that this study, while help us to understand the function of strand-annealing 
activity in the formation of spontaneous SCEs.
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Materials and methods

Fluctuation test, and MMS sensitivity. Freshly streaked single colony was inoculated 
into 5mL of YDP media, in 9 separated cultures for each genotype and grown at 30°C 
for 2 days until saturation. 100uL of saturated culture (~107 cells) was plated onto 
SD-arg supplemented with 50ug/mL of canavanine to identify forward mutation in 
CAN1 locus. And 50uL of 106 fold dilution of the same saturated cultures were 
plated onto SD complete for count of viable cell number. Plates were incubated 2 
days at 30°C and colony were count for the 9 parallel cultures. Rate of mutations was 
calculated according to (Lea and Coulson, 1949). 
 Low doses MMS sensitivity were measured by drop test assay. Strains were 
diluted to a concentration of 1 x 107 cells/mL, and four additional serial dilutions 
were made. 3.5 µL of each dilution was spotted onto agar plates of the indicated 
media and incubated at 30°C for two days. 

SGA screening procedure. Screening plates were array in 1536 format, meaning that 
each deletion were present four times and independently mated with the query strain. 
Colony size of the double mutant (gene X from the deletion collection and rad52-
Y66A or Control strain) after selection was measure using ScreenMill software 
(Dittmar et al., 2010). SGA procedure as been performed according to the (Tong 
and Boone, 2006). Analysis have been done using CLIK software as described in 
(Dittmar et al., 2013)



102

CHAPTER 5

References

Ball, L.G., Zhang, K., Cobb, J.A., Boone, C., and 
Xiao, W. (2009). The yeast Shu complex couples 
error-free post-replication repair to homologous 
recombination. Mol Microbiol 73, 89-102.

Broomfield, S., and Xiao, W. (2002). Suppression of 
genetic defects within the RAD6 pathway by srs2 
is specific for error-free post-replication repair but 
not for damage-induced mutagenesis. Nucleic acids 
research 30, 732-739.

Chang, M., Bellaoui, M., Zhang, C., Desai, R., Morozov, 
P., Delgado-Cruzata, L., Rothstein, R., Freyer, G.A., 
Boone, C., and Brown, G.W. (2005). RMI1/NCE4, a 
suppressor of genome instability, encodes a member 
of the RecQ helicase/Topo III complex. The EMBO 
journal 24, 2024-2033.

Claussin, C., and Chang, M. (2016). Multiple Rad52-
Mediated Homology-Directed Repair Mechanisms 
Are Required to Prevent Telomere Attrition-Induced 
Senescence in Saccharomyces cerevisiae. PLoS 
genetics 12, e1006176.

de Mayolo, A.A., Sunjevaric, I., Reid, R., Mortensen, 
U.H., Rothstein, R., and Lisby, M. (2010). The rad52-
Y66A allele alters the choice of donor template 
during spontaneous chromosomal recombination. 
DNA Repair (Amst) 9, 23-32.

Dittmar, J.C., Pierce, S., Rothstein, R., and Reid, R.J. 
(2013). Physical and genetic-interaction density 
reveals functional organization and informs 
significance cutoffs in genome-wide screens. 
Proceedings of the National Academy of Sciences of 
the United States of America 110, 7389-7394.

Dittmar, J.C., Reid, R.J., and Rothstein, R. (2010). 
ScreenMill: a freely available software suite for 
growth measurement, analysis and visualization of 
high-throughput screen data. BMC Bioinformatics 
11, 353.

Endo, K., Tago, Y., Daigaku, Y., and Yamamoto, K. 
(2007). Error-free RAD52 pathway and error-
prone REV3 pathway determines spontaneous 
mutagenesis in Saccharomyces cerevisiae. Genes 
Genet Syst 82, 35-42.

Fabre, F., Chan, A., Heyer, W.D., and Gangloff, S. 
(2002). Alternate pathways involving Sgs1/Top3, 
Mus81/ Mms4, and Srs2 prevent formation of toxic 
recombination intermediates from single-stranded 
gaps created by DNA replication. Proceedings of the 
National Academy of Sciences of the United States of 
America 99, 16887-16892.

Fallet, E., Jolivet, P., Soudet, J., Lisby, M., Gilson, E., and 
Teixeira, M.T. (2014). Length-dependent processing 
of telomeres in the absence of telomerase. Nucleic 
acids research 42, 3648-3665.

Gangavarapu, V., Prakash, S., and Prakash, L. 
(2007). Requirement of RAD52 group genes for 
postreplication repair of UV-damaged DNA in 
Saccharomyces cerevisiae. Molecular and cellular 
biology 27, 7758-7764.

Hanna, M., Ball, L.G., Tong, A.H., Boone, C., and Xiao, 
W. (2007). Pol32 is required for Pol zeta-dependent 
translesion synthesis and prevents double-strand 
breaks at the replication fork. Mutat Res 625, 164-
176.

Huang, D., Piening, B.D., and Paulovich, A.G. (2013). 
The preference for error-free or error-prone 
postreplication repair in Saccharomyces cerevisiae 
exposed to low-dose methyl methanesulfonate is cell 
cycle dependent. Molecular and cellular biology 33, 
1515-1527.

Huang, M.E., Rio, A.G., Nicolas, A., and Kolodner, R.D. 
(2003). A genomewide screen in Saccharomyces 
cerevisiae for genes that suppress the accumulation 
of mutations. Proceedings of the National Academy 
of Sciences of the United States of America 100, 
11529-11534.

Le, S., Moore, J.K., Haber, J.E., and Greider, C.W. 
(1999). RAD50 and RAD51 define two pathways that 
collaborate to maintain telomeres in the absence of 
telomerase. Genetics 152, 143-152.

Lea, D.E., and Coulson, C.A. (1949). The distribution 
of the numbers of mutants in bacterial populations. J 
Genet 49, 264-285.

Lettier, G., Feng, Q., de Mayolo, A.A., Erdeniz, N., 
Reid, R.J., Lisby, M., Mortensen, U.H., and Rothstein, 
R. (2006). The role of DNA double-strand breaks 
in spontaneous homologous recombination in S. 
cerevisiae. PLoS genetics 2, e194.

Milne, G.T., and Weaver, D.T. (1993). Dominant 
negative alleles of RAD52 reveal a DNA repair/
recombination complex including Rad51 and Rad52. 
Genes & development 7, 1755-1765.

Mortensen, U.H., Bendixen, C., Sunjevaric, I., and 
Rothstein, R. (1996). DNA strand annealing is 
promoted by the yeast Rad52 protein. Proceedings 
of the National Academy of Sciences of the United 
States of America 93, 10729-10734.



103

Characterization of the strand-annealing activity of Rad52

5

Mortensen, U.H., Erdeniz, N., Feng, Q., and Rothstein, 
R. (2002). A molecular genetic dissection of the 
evolutionarily conserved N terminus of yeast Rad52. 
Genetics 161, 549-562.

Munoz-Galvan, S., Jimeno, S., Rothstein, R., and 
Aguilera, A. (2013). Histone H3K56 acetylation, 
Rad52, and non-DNA repair factors control double-
strand break repair choice with the sister chromatid. 
PLoS genetics 9, e1003237.

Oakley, T.J., Goodwin, A., Chakraverty, R.K., and 
Hickson, I.D. (2002). Inactivation of homologous 
recombination suppresses defects in topoisomerase 
III-deficient mutants. DNA Repair (Amst) 1, 463-482.

Paques, F., and Haber, J.E. (1999). Multiple pathways 
of recombination induced by double-strand breaks 
in Saccharomyces cerevisiae. Microbiol Mol Biol Rev 
63, 349-404.
Shi, I., Hallwyl, S.C., Seong, C., Mortensen, U., 
Rothstein, R., and Sung, P. (2009). Role of the Rad52 
amino-terminal DNA binding activity in DNA strand 
capture in homologous recombination. The Journal 
of biological chemistry 284, 33275-33284.

Shor, E., Gangloff, S., Wagner, M., Weinstein, J., 
Price, G., and Rothstein, R. (2002). Mutations in 
homologous recombination genes rescue top3 slow 
growth in Saccharomyces cerevisiae. Genetics 162, 
647-662.

Tong, A.H., and Boone, C. (2006). Synthetic genetic 
array analysis in Saccharomyces cerevisiae. Methods 
Mol Biol 313, 171-192.

Tong, A.H., Lesage, G., Bader, G.D., Ding, H., Xu, H., 
Xin, X., Young, J., Berriz, G.F., Brost, R.L., Chang, M., 
et al. (2004). Global mapping of the yeast genetic 
interaction network. Science 303, 808-813.

Xiao, W., Chow, B.L., Fontanie, T., Ma, L., Bacchetti, 
S., Hryciw, T., and Broomfield, S. (1999). Genetic 
interactions between error-prone and error-free 
postreplication repair pathways in Saccharomyces 
cerevisiae. Mutat Res 435, 1-11.





CHAPTER 6

Discussion and Future Perspectives



106

CHAPTER 6

Summary

Cancer and ageing are two major issues for the current society. One reason is that 
cancer occurrence increases with age, and over the last century, we have noticed 
an increase in the lifespan of people. On a cellular level, cancer and aged cells do 
not share striking similarity. Indeed, while cancer cells actively proliferate, aged 
cells are associated with a non-proliferating state known as senescence. However, 
genome instability is increased in both cancer and aged cells. Genome instability is 
often associated with mutations, loss of heterozygosity, duplications, translocations 
and sister chromatid exchanges (SCEs). SCEs are used as marker to measure genome 
instability, however little is known about the mechanism and types of DNA lesions 
that lead to their formation. 

A significant contribution to the field we have made is the development of 
Strand-seq to be able to measure and map spontaneous SCEs genome-wide in a single 
yeast cell. Our study also contributes to a better understanding of the mechanisms 
behind the formation of spontaneous SCEs. While it is commonly thought that 
SCEs are products of double-strand break (DSB) repair, we show that this is not the 
major pathway of generating spontaneous SCEs. Here, I will further discuss what 
other mechanisms could lead to the formation of SCEs and how we could test those 
hypotheses. In addition to the data obtained during my PhD, one major part of my 
work was to adapt Strand-seq for use with yeast cells to study SCEs. The reasons 
to use Strand-seq rather than classical genetic marker-based SCE assays have been 
discussed in Chapters 1 and 4. In this section, I will only discuss how Strand-
seq could be further improved. Moreover, I will also discuss additional applications 
for Strand-seq, especially with regards to its use to study genome instability during 
ageing.

Finally, I will close this chapter with few thoughts on how recombination 
proteins could prevent accelerated senescence.

Models for spontaneous SCEs formation 

Elevated levels of SCE are an indication of genome instability, which is a hallmark 
of both ageing and cancer. However, we still do not know how and why SCEs occur 
in these cells. It has been estimated that a cell undergo approximately 10,000 lesions 
per day (Lindahl, 1993). Some of these lesions will be efficiently repair by DNA 
repair mechanisms prior DNA replication. But if left unrepaired, or if damage occurs 
during replication, such lesions can affect replication fork passage and lead to stalled 
or collapsed replication forks. Cells exposed to DNA damaging agents known to 
affect DNA replication such as methyl methanesulfonate (MMS) show increase 
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level of SCEs (Perry and Evans, 1975; Morgan and Cleaver, 1982). Therefore, it is 
possible that spontaneous SCEs come from endogenous replication stress.

The type of DNA damage leading to the formation of SCEs during DNA 
replication is still unknown. However, studies have shown that DSBs can be repaired 
by homologous recombination (HR). In the canonical DSB repair (DSBR) pathway, 
if repair occurs via sister chromatid recombination, a double Holliday junction 
intermediate that is resolved by structure-specific endonucleases in a manner 
resulting in a crossover will lead to an SCE (review in Symington et al., 2014). 
Nonetheless, as detailed in Chapter 4, we find that DSBs cannot account for the 
majority of spontaneous SCEs. A single-strand DNA break (SSB) can also generate 
an SCE. Deletion of XRCC1 or LIG3, genes involved in base excision repair in 
mammals, leads to an increase in SCEs (Puebla-Osorio et al., 2006; Thompson et 
al., 1990). This increase can be either due to the conversion of SSBs to DSBs during 
replication or a switch in repair mechanisms from base excision repair to DNA 
damage bypass mechanisms during DNA replication. DNA damage bypass occurs 
via two main pathways: translesion synthesis (TLS) or error-free post replication 
repair (PRR). REV1, REV3 and REV7 are needed for TLS, and deletion of these 
genes increase SCEs (Simpson and Sale, 2003; Sonoda et al., 2003; Okada et al., 
2005), suggesting that in absence of TLS, repair will be mediated via the error-free 
PRR pathway. Error-free PRR involves the use of the undamaged sister chromatid 
and therefore, could lead to the formation of SCEs.

HR and error-free PRR pathways are known to use the undamaged sister 
chromatid as a template for repair. Recently, it has been shown that HR proteins, 
including Rad51 and Rad52, also act during template switching mechanisms that are 
thought to be the basis of error-free PRR (Claussin and Chang, 2016; Ball et al., 2009; 
Gangavarapu et al., 2007). Rad51 initiates HR by mediating strand invasion into 
double-stranded DNA, leading to the formation of heteroduplex DNA. In the DSBR 
model, HR continues with the formation of a double Holliday junction intermediate. 
It is possible that such an intermediate also forms during error-free PRR, although 
no evidence exists so far. Resolution of the double Holliday junction via a crossover 
would result in an SCE. 

However, we found that spontaneous SCEs were only reduced less than 
twofold in the absence of Rad51 (Chapter 4). Similarly, a previous study using 
a genetic marker-based assay found that the level of spontaneous SCEs was not 
changed in yeast lacking Rad51 (Fasullo et al., 2001), indicating that most spontaneous 
SCEs must occur via a Rad51-independent pathway. Rad51-independent HR has 
previously been observed, even in the repair of DSBs. In the absence of Rad51, the 
products of DSB repair are mostly gene conversion, and this is thought to occur by 
Rad51-independent break-induced replication (BIR) or single strand annealing (SSA) 
mechanisms (Bai and Symington, 1996; Bartsch et al., 2000; Kang and Symington, 
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2000; Pohl and Nickoloff, 2008; Signon et al., 2001). Both Rad51-independent BIR 
and SSA mechanisms require Rad52-mediated strand annealing activity. However, 
neither BIR nor SSA can generate SCEs. We found that strand-annealing activity is 
important for the formation of spontaneous SCEs (Chapter 4), but we currently do 
not have a model to explain how this activity could lead to SCEs in the absence of 
Rad51.

Strand-seq optimization

As discussed extensively in Chapter 4, Strand-seq is a powerful new assay to study 
SCE. However, the requirement of nicking the newly synthesized BrdU-substituted 
DNA before PCR amplification renders Strand-seq incompatible with whole-
genome amplification methods, making Strand-seq very technically challenging. 
Sequencing of single-cell yeast Strand-seq libraries is particularly difficult given 
the small genome size and added complication of genomic DNA isolation from cells 
with a cell wall. Consequently, a significant fraction of yeast Strand-seq libraries fail 
to provide enough mapped reads to be usable in the analysis of SCE. Considering the 
costs of library preparation and sequencing, it is imperative to improve the Strand-
seq protocol.

Any loss of DNA during library preparation will dramatically reduce the 
sequencing coverage. Therefore, reducing pipetting steps to avoid loss of genetic 
material is critical when working with low amounts of DNA. To decrease this loss, 
we combine both cell lysis and DNA digestion into the same reaction buffer. This step 
must first begin with the removal of the yeast cell wall, which can only be removed 
by specific enzymes or strong mechanical shearing (Bzducha-Wrobel et al., 2014; 
Mann and Jeffery, 1986). In our current protocol, we use zymolyase, a protease that 
mainly degrades the cell wall by hydrolysis of glucose polymers at the β-1,3-glucan 
linkages (Kitamura et al., 1971). Treating the cells with zymolyase bears the risk that 
zymolyase cleaves unspecific substrates (K. Paeschke personal communication). In 
general, mixtures of zymolyase are hard to control (due to dilution effects in the 
cell and media). For example, if zymolyase degrades histone proteins, this would 
affect DNA digestion by micrococcal nuclease (MNase), which is an essential step 
required for library preparation. Therefore, we are currently exploring alternative 
protocols that would either remove zymolyase from the digestion buffer or minimize 
its reaction time.

Additionally, we are working on different options that do not include 
zymolyase during Strand-seq library preparation. Because removal of zymolyase 
after sorting is not a realistic option, we are exploring the possibility of using 
zymolyase prior cell sorting, so instead of sorting cells with intact cell walls, we 
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would sort spheroplasts. Alternatively, we could use methods to lyse the cell wall 
without the use of zymolyase, such as by using mechanical shearing methods (e.g. 
sonication) to break apart the cell wall.

In the current Strand-seq protocol, DNA is fragmented enzymatically with 
MNase that cuts in between nucleosomes. However, MNase digestion does not 
yield a homogeneous set of DNA fragments of a precise size. While the majority 
of the DNA fragments are derived from mononucleosome, some fragments are 
di-nucleosome in size due to insufficient MNase digestion. Excluding such di-
nucleosome fragments will result in a substantial loss of DNA, especially when 
working with a single yeast cell where every DNA fragment is important. Therefore, 
expanding the size selection criteria to include di-nucleosome-sized DNA fragment 
may improve Strand-seq sequencing coverage.

Another reason for loss of DNA during Strand-seq library preparation is 
the multiple cleanup steps. Reducing these steps will potentially increase the 
overall quality the library, and this is currently being explored by the Lansdorp lab. 
Specifically, the current the idea is to combine DNA fragmentation and Illumina 
adaptor ligation in one step via transposase-catalyzed adaptor insertion, which will 
significantly reduce the number of pipetting steps and time of library preparation.

Other use for Strand-seq

 DSB repair and SCEs

Strand-seq can work in both haploid and diploid cells. In previous Chapter 4, 
we argued that using haploids makes the analysis and recognition of SCEs easier. 
However, it would be interesting to compare SCEs in haploids and diploids, a feat 
we can accomplish with yeast. First, it has been observed that the use of the sister 
chromatid is preferred over the homologous chromosome to prevent mutation or 
loss of heterozygosity. Here we could take advantage of Strand-seq to quantify and 
compare spontaneous SCEs formation in both haploid and diploid genome. 

Strand-seq could also be used to accurately measure the rate of crossovers 
versus non-crossovers during the repair of an induced-DSB. Previously, this has only 
been estimated by analyzing a few recombinants in genetic marker-based assays 
(Hartwell, 1992; Jackson and Fink, 1981). 

 Repair of DSBs can also be assessed by combining the modified version 
of Flp-nick system (Nielsen et al., 2012) and Strand-seq. The Flp-nick system uses 
the action of the Flp recombinase, which creates DNA nick similar to a type IB 
topoisomerase (Lee and Jayaram, 1997) at the Flp recognition target site (FRT) 
(Andrews et al., 1985). During DNA replication, the SSB will be converted into a 
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DSB. 

Quantification of SCEs in different conditions

SCEs can be induced by lesion created by both endogenous and exogenous sources, 
but aside from DSBs, very little is known about what these lesions could be. Strand-
seq could be used to study and compare SCE induced by different DNA damaging 
agents. For example, we have done a few preliminary experiments with MMS and 
have found that MMS strongly induces SCE.

There are many possible endogenous sources of DNA damage. We showed that 
DSBs is not the major source of spontaneous SCEs. We also argue that replication 
stress could lead to the formation of SCEs. There are many natural barriers to 
replication fork progression. These include DNA-RNA hybrids, G-quadruplex 
structures, SSBs, and ribonucleotides incorporated into DNA (Branzei and Foiani, 
2010). In yeast, we have the ability to ectopically place such barriers at specific 
genomic loci. We can then study with Strand-seq how these different replication fork 
obstacles influence SCE formation.

Other types of recombination can be visualized by Strand-seq

In theory, Strand-seq could be used in yeast for a broad range of research questions. 
In this thesis, I used Strand-seq for the quantification and mapping of SCEs in WT 
and recombination mutants. Strand-seq with mus81∆ cells has potentially identified 
another type of recombination event (Figure 1). In this library, we see that one end of 
chromosome XII did not contain any reads and one end of chromosome XV had reads 
from both the Watson and Crick strands. In haploids, having reads on both strands in 
the same genomic location can only result from chromosome fragment duplication, 
break-induced replication (BIR) or chromosome breakage and missegregation during 
mitosis (Figure 2). Lack of reads from either strand at one end of chromosome XII 
could result from telomere addition, BIR or chromosome breakage and loss during 
mitosis. Deletion of MUS81 in yeast is known to increase BIR events (Ho et al., 
2010), suggesting that the events visualized in this specific library may be due to BIR. 
However, we currently have too few mus81∆ Strand-seq libraries (five) to make any 
conclusions. Furthermore, it will be much more convincing if we can obtain Strand-
seq libraries from both mother and daughter cells from the same cell division. Unlike 
canonical DNA replication, which is semi-conservative, BIR occurs by conservative 
DNA synthesis (Donnianni and Symington, 2013; Saini et al., 2013), meaning that 
if BIR occurs between sister chromatids, one chromatid would contain both parental 
DNA strands while the other chromatid would have all newly synthesized DNA for 
the part of the chromosome synthesized by BIR. If we see this reciprocal pattern in 
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a pair of mother and daughter cells sequenced by Strand-seq, we can be much more 
confident that these events are the result of BIR.

Figure 1. A schematic showing how a BIR event would look by Strand-seq analysis.

Yeast can be micromanipulated on agar plates, which would allow the separation 
of mother and daughter cells. However, transferring single cells from an agar plate to 
individual wells of a 96-well plate, suitable for Strand-seq library preparation, may 
be difficult. Previous studies have shown that DNA can be prepped directly from 
cells embedded in low-melting point agarose for different applications (Murakami et 
al., 2009), so the idea should be possible in theory.

Recently, it has been shown that Stran-seq can also be used to visualize 
polymorphic inversions and de novo haplotyping with human cells (Porubsky et al., 
2016; Sanders et al., 2016). Similar experiment regarding inversion could also be 
done in yeast.
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Figure 2. Example of mus81∆ Strand-seq library showing potential BIR events.

DNA strand segregation asymmetry hypothesis

If Strand-seq libraries could be prepared from microdissected yeast mother-daughter 
pairs, then Strand-seq could be also be used to explore whether there is any asymmetry 
in terms of DNA strand segregation. The immortal strand hypothesis postulates that 
DNA strands may segregate in a nonrandom manner in certain cell types (e.g. stem 
cells), retaining a distinct set of template/parental DNA strands in each division 
to minimize the inheritance of mutations arising during DNA replication (Cairns, 
1975). In yeast, this is not occurring in mitotic cells (Keyes et al., 2012). However, 
such a mode of strand segregation could occur in specific situations. It has been 
shown that the mother lineage after sporulation exhibits asymmetric segregation of 
kinetochore proteins, which may be a mechanism for the selective segregation of 
sister centromeres (Thorpe et al., 2009). Strand-seq could be use to determine if 
asymmetric DNA strand segregation occurs in the mother spore lineage.

Genome instability in aged-cells

As cancer cells, aged cells are associated with genomic instability (Lopez-Otin et al., 
2013). It is not known if the increase in genome instability is due to the accumulation 
of DNA damage over time or if there is an imbalance between repair pathways during 
aging. Yeast has been used as a model to study aging. In yeast, three types of aging 
are commonly studied: telomere-attrition-induced aging (as discussed in Chapters 
2 and 3), replicative aging and chronological aging. Replicative aging refers to the 
number of times a mother cell can divide before dying, while chronological aging 
refers to the progressive decrease in viability of non-dividing cells as a function 
of time. Replicative ageing can be studied either by micromanipulation of yeast 
cells by moving the daughter cells away from a mother cell and counting how many 
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times the mother cell has divided, or by enriching for mother cells from a population 
of cells using a biotinylation method (Smeal et al., 1996). SCE events could be 
measured using Strand-seq in different aged cells. Similar experiment employing 
DNA damaging agents or mutants could also yield to a better understanding of the 
genome instability during aging. 

Recombination at telomeres

In Chapters 2 and 3, I have discussed extensively the role of Rad52 in telomere 
maintenance. In Chapter 3, we found we found that impairing the acetylation 
and deacetylation of H3K56, as well as rad52 class mutations, causes accelerated 
senescence in the absence of telomerase (Claussin and Chang, 2016). A similar link 
between H3K56 acetylation and Rad52-mediated strand annealing was observed with 
regards to sister chromatid recombination (Munoz-Galvan et al., 2013). This led us to 
hypothesize that accelerated senescence can be caused by impaired sister chromatid 
recombination. However, impaired in H3K56 acetylation also causes defects in sister 
chromatid cohesion (Thaminy et al., 2007). Therefore, sister chromatid cohesion 
may also be impaired during senescence, which can be experimentally tested in our 
system.

Concluding remarks

In this thesis, I have focus on understanding sister chromatid recombination (SCR) 
and its function in the maintenance of genome stability. The ability to detect SCEs 
with Strand-seq is very useful because elevated levels of SCE is an indication of 
genome instability, which is a hallmark of both aging and cancer. Moreover, being 
able to detect SCEs will help us better understand SCR in general. Our work has also 
highlighted the importance of SCR in telomere biology. Telomere dysfunction is also 
associated with aging and cancer, so a better understanding of SCR will likely have 
far-reaching implications for human health.
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List of abbreviations

Ac: Acetylation
ALT: Alternative lengthening of 
telomeres
APBs: ALT-assiciated PML bodies
BIR: Break-induced replication 
BrdU: Bromodeoxyuridine
CLIK: Cutoff linked to interaction 
knowledge
ConA: Concanavalin A
CST: Cdc13, Stn1 and Ten1
D-loop: Displacement loop
DBSR: Double-strand break repair
DDT: DNA damage tolerance
dHJ: Double Holliday junction
DSB: Double-strand break
dsDNA: Double-stranded DNA
FRT: Flp recognition target site
H3K56: Lysine 56 of histone H3
HDR: Homology directed repair
HR: Homologous recombination
K: Lysine
MEFs: Mouse embryonic fibroblasts
MMEJ: Microhomology-mediated end 
joining
MMS: methyl methanesulfonate
MRX: Mre11 Rad50 and Xrs2

NHEJ: Nonhomologous end joining
PML: promyelocytic leukemia
PRR: Post-replication repair
rDNA: Ribosomal DNA
RPA: Replication protein A
SCEs: Sister chromatid exchanges
SCR: Sister chromatid recombination
SDSA: Synthesis-dependent strand 
annealing
SGA: Synthetic genetic array
SSA: Single-strand annealing
SSB: Single-strand break
ssDNA: Single-stranded DNA
STR: Sgs1, Top3 and Rmi1
T-SCEs: Telomere sister chromatid 
exchanges
TERRA: Telomeric repeat containing 
RNA
TLS: Translesion synthesis
TMM: Telomere maintenance 
mechanism
TRD: Telomere rapid deletion
TS: Template switch
UV: Ultra violet
WT: Wild type
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Nederlandse samenvatting

Mensen worden steeds  ouder en als gevolg daarvan vormen kanker en veroudering 
steeds grotere problemen voor de samenleving en voor de gezondheidszorg. Het is 
echter niet duidelijk hoe kanker en veroudering onderling verbonden zijn, helemaal op 
het cellulaire niveau. Kankercellen zijn in staat tot ongelimiteerde celdeling, terwijl 
verouderde cellen juist ophouden met delen en een staat betreden die bekend staat 
als senescentie, of ze sterven zelfs af. Hogere leeftijd gaat echter gepaard met grote 
kans op kanker en kanker en veroudering hebben tenminste één gemeenschappelijke 
eigenschap: genomische instabiliteit.
 De genetische informatie die opgeslagen ligt in ons DNA raakt constant 
beschadigd door zowel interne als externe factoren. Deze DNA schade kan 
verschillende vormen aannemen, zoals bijvoorbeeld breuken in het DNA en 
chemische veranderingen van de basen die het DNA vormen. Om deze reden 
beschikken cellen over verschillende mechanismen die gebruikt worden om DNA 
schade te herkennen en te repareren. Defecten in deze mechanismen leiden vaak 
tot kanker en andere verouderingsziekten. Mutaties in het BRCA2 gen, dat een 
belangrijke rol speelt in homologe recombinatie, leiden bijvoorbeeld vaak tot 
borstkanker. Homologe recombinatie is als eerste beschreven als een mechanisme 
voor de reparatie van dubbelstrengs breuken (DSBs) in het DNA. In gistcellen 
is het Rad52 eiwit nodig voor de reparatie van zulke breuken. Rad52 heeft twee 
biochemische eigenschappen: als eerste medieert het de vervanging van Rpa door 
Rad51 op enkelstrengs DNA. De Rad51 filamenten die als gevolg hiervan vormen, 
kunnen vervolgens in duplex DNA op zoek naar homologe sequenties die als een 
sjabloon voor reparatie gebruikt kunnen worden. Als tweede medieert Rad52 ook 
het binden van een tweede, complementaire DNA streng die bedekt is met Rpa. 
Hoewel Rad52 vooral bestudeerd is in de context van DSBs, speelt het ook een 
minder goed begrepen rol in andere vormen van DNA reparatie. Voor het werk dat 
beschreven staat in dit proefschrift heb ik me geconcentreerd op de rol van homologe 
recombinatie, specifiek op Rad52, in het bewaken van genomische stabiliteit, zowel 
in het hele genoom als meer specifiek in telomeren.
 Telomeren zijn een complex van DNA en verschillende eiwitten die vormen 
aan de uiteindes van lineaire chromosomen, die helpen om de einden van chromosomen 
te kunnen onderscheiden van DSBs. Telomeren worden tijdens elke celdeling korter 
vanwege onvolledige DNA replicatie en nucleolytische beschadiging, een probleem 
dat verergerd wordt door het feit dat telomeren moeilijk te repliceren zijn. Verkorting 
van telomeren wordt geassocieerd met veroudering. Het verband tussen Rad52 en 
telomeren tijdens veroudering is al 20 jaar geleden beschreven, maar het is nog steeds 
onduidelijk hoe Rad52 veroudering kan voorkomen.  Voor hoofdstuk 3 heb ik de rol 
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van Rad52 in senescentie in gistcellen van Saccharomyces cerevisiae onderzocht. 
Ik laat zien dat recombinatie eiwitten nodig zijn om verkorting van telomeren te 
voorkomen door middel van reparatie van replicatie-geassocieerde DNA schade 
via homologe recombinatie. Deze reparatie kan gemedieerd worden door middel 
van breuk-geinduceerde replicatie of via recombinatie tussen zusterchromatiden. Ik 
stel een model voor waarin een breuk in een telomeer gerepareerd wordt via breuk-
geinduceerde replicatie, terwijl andere breuken gerepareerd worden via homologe 
recombinatie. We denken dat dit laatste afhankelijk is van de locatie van de lesie die 
de breuk veroorzaakt: als deze op leidende streng zit tijdens DNA replicatie, zal de 
breuk op een Rad51-afhankelijke manier gerepareerd worden, terwijl Rad52 nodig 
is voor reparatie van een lesie op de achterblijvende streng.
 DSBs en andere lesies in het DNA kunnen voorkomen in telomeren, maar 
ook op andere locaties in het genoom. Homologe recombinatie aan de hand van 
zusterchromatiden kan leiden tot een uitwisseling van genetisch materiaal tussen 
beide chromatiden (‘sister chromatid exchanges’, of SCEs). Verhoogde aantallen 
SCEs in cellen zijn een indicatie van verhoogde genomische instabiliteit, omdat SCEs 
gezien worden als het gevolg van reparatie van DSBs. Het is echter ook mogelijk 
dat ze gevormd worden tijdens de reparatie van andere soorten DNA schade. Voor 
hoofdstuk 4 heb  ikgebruikt gemaakt van een recent ontwikkelde techniek, genaamd 
Strand-seq, om het aantal SCEs in gistcellen te tellen en hun precieze locatie in 
het genoom te vinden in zowel wildtype gistcellen als in recombinatie mutanten. 
Zoals verwacht vond ik dat SCEs niet vormen in de afwezigheid van Rad52. Om te 
onderzoeken of dubblestrengs breuken inderdaad de voornaamste bron van SCEs 
zijn, heb ik  het aantal SCEs in wildtype cellen vergeleken met de mate van celdood 
in een rad52∆ mutant. Aangezien één enkele ongerepareerde DSB voldoende is om 
een gistcel te doden en reparatie van DSBs afhankelijk is van Rad52, kan de mate 
van celdood in de rad52∆ mutant gebruikt worden om het aantal DSBs in te schatten. 
Ik laat zien dat het aantal DSBs in cellen significant lager is dan het aantal SCEs, wat 
suggereert dat de meeste SCEs niet het gevolg zijn van DSBs.
 Mijn werk heeft sterk geleund op het gebruik van scheiding-van-functie 
klasse C mutanten. Deze mutanten hebben een defect in DSB reparatie, specifiek in 
de functie van Rad52 in het samensmelten van twee DNA strengen. Deze mutanten 
maakten het mogelijk voor mij om meer licht te werpen op de rol van Rad52 in het 
beschermen van telomeren door het voorkomen van versnelde veroudering en ook 
de rol van Rad52 in de vorming van SCEs. Voor hoofdstuk 5 heb ik gebruik gemaakt 
van deze mutanten om de verschillende functies van Rad52 verder te onderscheiden 
door de fenotypes van de rad52∆ mutant en Rad52 klasse C mutanten onderling te 
vergelijken.
 In dit proefschrift beschrijf ik mijn werk aan zusterchromatide recombinatie 
en de functie van deze vorm van reperatie in het behouden van genomische stabiliteit. 
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Aangezien SCEs een indicator zijn voor genomische instabiliteit, , is het belangrijk 
om te snappen hoe SCEs precies vormen. Mijn werk werpt ook licht op het belang 
van zusterchromatide recombinatie in telomeerbiologie. Telomeer dysfunctie is 
ook geassocieerd met veroudering en kanker, beter begrip van zusterchromatide 
recombinatie zal waarschijnlijk vergaande implicaties hebben voor menselijke 
gezondheid.
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English summary

In our current society, cancer and aging have become two major human health issues 
due to the increasing lifespan of human individuals. We do not fully understand 
how cancer and aging are interconnected, especially when you look at the cellular 
level. Cancer cells have the capacity to proliferate indefinitely, while aged cells are 
prone to enter an arrested state, known as senescence, or trigger cell death. However, 
cancer is an age-associated disease, and cancer and aged cells share at least one 
common hallmark: genome instability. 
 The genetic information stored in our DNA is challenged every day by 
both internal and external stresses, causing DNA damage. There are different types 
of DNA damage, including DNA breaks and chemical modifications of the DNA 
nucleotides. Consequently, cells have evolved DNA damage response pathways to 
sense and repair damaged DNA. Defects in these pathways can lead to cancer or 
other age-associated diseases. For example, breast cancer is often associated with 
mutations in BRAC2, a gene involved in homologous recombination, a DNA repair 
pathway. Homologous recombination was first described as a pathway to repair 
DNA double-strand breaks (DSBs). In budding yeast, repair of such a break requires 
the Rad52 recombination protein. Rad52 has two biochemical activities: the first one 
is the ability to mediate the replacement of RPA by Rad51 on single-stranded DNA 
(ssDNA). The resulting Rad51 nucleoprotein filaments can invade duplex DNA to 
search for homologous sequences to use as a template for repair. Second, Rad52 can 
also mediate the annealing of complementary, RPA-coated ssDNA. While Rad52 
has mainly been studied with respect to DSB repair, Rad52 is also important to 
repair other types of DNA damage, although these other functions of Rad52 are not 
well characterized. In this thesis, I focused on understanding the role of homologous 
recombination, especially the Rad52 protein, in safeguarding genome integrity, both 
generally throughout the entire genome and specifically at telomeres.
 Telomeres are nucleoprotein structure located at the ends of linear 
chromosomes that help cells distinguish chromosome ends from DSBs. Telomeres 
shorten due to incomplete DNA replication and nucleolytic degradation, a problem 
that is exacerbated by the fact that telomere sequences are naturally difficult to 
replicate. Telomere shortening is also associated with aging. The link between Rad52 
and telomeres during aging has been described over 20 years ago, however the exact 
role of this protein in preventing accelerated aging, remains unclear. In Chapter 3, 
we have investigated the role of Rad52 during senescence using the budding yeast 
Saccharomyces cerevisiae as a model organism. We found that recombination 
proteins are needed at the ends of chromosomes to prevent telomere shortening 
by repairing replication-associated DNA damage via homologous recombination 
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pathways. We found that repair can be mediated by break-induced replication or via 
sister chromatid recombination. We proposed a model where a DSB in a telomere 
will be repaired via break-induced replication, while other types of DNA damage are 
fixed using repair involving sister chromatids. We believe that the latter depends on 
the location of the lesion: if the lesion is located on the template for leading strand 
replication, the repair will be mediated via a Rad5-dependent repair pathway, while 
if the lesion is located on the lagging strand template, repair will be dependent on 
Rad52.
 DSBs and other DNA lesions can occur at telomeres but also all over the 
genome. Homologous recombination involving sister chromatids can lead to sister 
chromatid exchange (SCE) events. Elevated levels of SCE are an indication of 
genome instability. SCEs are often thought to be the product of DSB repair. However, 
it is also possible that they could originate from the repair of other types of DNA 
damage. In Chapter 4, we used a recently developed technique, known as Strand-seq, 
to measure and map SCEs in wild-type yeast cells and in recombination mutants. As 
expected, we found that spontaneous SCEs do not occur in the absence of Rad52. To 
investigate if DSBs are the main source of spontaneous SCEs in yeast, we compared 
the rate of SCEs measured in wild-type cells with the rate of cell death of a rad52∆ 
mutant. Since a single unrepaired DSB is sufficient to kill a yeast cell, and repair of 
DSBs is dependent on Rad52, the rate of rad52∆ cell death can be used to estimate 
the rate of DSBs. We found that the DSB rate is significantly lower than the SCE 
rate, indicating that most SCEs do not originate from a DSB.
 My work has greatly benefitted from the use of the rad52 separation-of-
function class C mutants. These mutants are defective for DSB repair, and specifically 
for the strand-annealing activity of Rad52, but they are still proficient for Rad51-
mediated activities. These mutants allowed me to shed light on the role of Rad52 in 
protecting telomeres by preventing accelerated senescence, as well as to study the 
role of Rad52 in the formation of SCEs. In Chapter 5, I used these mutants to further 
dissect the functions of Rad52 by comparing the phenotype of the rad52∆ mutant 
with the phenotype of the rad52 class C mutants. 
 In summary, in this thesis, I have described my work on understanding sister 
chromatid recombination and its function in the maintenance of genome stability. 
Because SCE is an indicator of genome instability, which is a hallmark of both 
aging and cancer, it is important to understand how SCEs are formed. Our work 
has also highlighted the importance of sister chromatid recombination in telomere 
biology. Telomere dysfunction is also associated with aging and cancer, so a better 
understanding of sister chromatid recombination will likely have far-reaching 
implications for human health.  
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French summary

En France, « Ageing » est un terme anglais utilisé pour définir le vieillissement d’un 
individu, ou des cellules qui le composent. Ageing est souvent associé aux maladies 
qui surviennent chez les personnes âgées. 
 Les cancers et les maladies associées au vieillissement sont en accroissement 
depuis plusieurs années en raison de l’augmentation de l’espérance de vie. Dans notre 
société, cancers et maladies associées au vieillissement sont devenus des problèmes 
majeurs de santé publique. En effet, ces maladies touchent un grand nombre de 
personnes âgées et leur incidence accroit avec l’âge. La relation entre cancer et 
vieillissement reste de nos jours assez floue, notamment au niveau cellulaire. Les 
cellules cancéreuses ont la capacité de se diviser un nombre illimité de fois et vont 
former des masses cellulaires connues sous le nom de tumeurs.  A l’inverse, les 
cellules âgées, aussi appelées cellules en sénescence, sont destinées à entrer dans un 
état de dormance, où les cellules arrêtent de se diviser, puis à la mort. Malgré ces 
différences, le cancer est aussi une maladie associé au vieillissement, et les cellules 
cancéreuses et sénescentes partagent au moins une caractéristique commune: 
l’instabilité génétique. 
 Les informations génétiques essentielles à la vie, et au bon fonctionnement 
de nos cellules sont stockées dans notre ADN. Cependant, l’intégrité de notre ADN 
est perturbée tous les jours par des agressions de sources internes ou externes à nos 
cellules, telles que les espèces réactives à l’oxygène, les rayons ultra-violets, et les 
agents génotoxiques. Il existe plusieurs types de lésions qui peuvent endommager 
notre ADN comme des cassures (simple ou double brin) et des modifications 
chimiques dans la structure de notre ADN. Par conséquent, nos cellules ont développé 
des mécanismes de détection et de réparation. Un défaut dans ces mécanismes de 
réparation peut entraîner des cancers ou des maladies associées au vieillissement. Par 
exemple, le cancer du sein est souvent associé à des mutations dans le gène BRCA2. 
BRCA2 est un gène impliqué dans la recombinaison homologue, un des mécanismes 
de réparation de l’ADN. La recombinaison homologue a premièrement été décrite 
comme un voie de réparation des cassures double-brin de l’ADN. Chez la levure 
de boulanger, ce type de réparation requière la présence de Rad52, une protéine 
impliquée dans la recombinaison homologue. Rad52 à deux fonctions biochimiques, 
la première en tant que  médiateur de la protéine Rad51, permettant le remplacement 
de la protéine RPA par Rad51 sur l’ADN simple brin généré au niveau de la cassure. 
Ce changement permet la formation d’un filament nucléoprotéique capable d’envahir 
un ADN double brin et de trouver des séquences homologues qui seront utilisées 
comme modèle lors de la réparation.  La deuxième fonction de Rad52 est associée à 
sa capacité d’aligner deux ADN simple brin ayant des séquences complémentaires 
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lorsque ceux-ci sont liés par RPA. Cette fonction est utilisée pendant la réparation 
des cassures double-brin de l’ADN, spécialement en l’absence de la protéine Rad51. 
Principalement étudié pour son rôle dans la réparation de cassure double-brin de 
l’ADN, Rad52 est aussi associé à d’autres types de réparation, qui sont moins 
bien caractérisées. Dans cette thèse, j’ai ainsi étudié le rôle de la recombinaison 
homologue, et plus particulièrement le rôle de la protéine Rad52, comme gardien 
de l’intégrité du génome, au niveau de la globalité du génome mais aussi plus 
spécifiquement au niveau des télomères.
 Les télomères sont des structures nucléoprotéiques localisées au bout des 
chromosomes linéaires. Ces structures sont souvent comparées aux petits morceaux 
de plastique qui composent le bout de nos lacets et qui les protègent de l’effilement. 
Les télomères ont aussi un rôle de protection et permettent de différencier les 
extrémités des chromosomes des cassures d’ADN double-brins. La longueur de 
nos télomères diminue avec le temps, suite à des dégradations protéolytiques ou 
simplement comme le résultat d’une réplication incomplète. La diminution (de la 
longueur) des télomères est aussi associée au vieillissement. Le lien entre Rad52 et 
les télomères est connue depuis plusieurs années, mais son rôle exact reste imprécis. 
Dans le chapitre 3, j’ai étudié le rôle de Rad52 pendant la sénescence chez la 
levure Saccharomyces cerevisiae. Nous avons trouvé que Rad52, ainsi que d’autres 
protéines importantes pour la recombinaison, sont impliquées dans la réparation des 
télomères pendant la sénescence. Cette réparation est médiée par plusieurs types de 
recombinaison homologue comme le « Break-induced replication », ou par des voies 
de réparation liées à la réplication de l’ADN. 
 La recombinaison homologue à été principalement décrite comme 
permettant la réparation de cassure d’ADN double-brin, mais elle est aussi utilisé 
pour réparer d’autres lésions. Dans tous les cas, la recombinaison homologue utilise 
(préférentiellement) la chromatide sœur comme modèle pendant la réparation, ce qui 
peut entrainer un échange d’ADN entre les deux chromatides sœurs aussi connue 
sous le nom de « sister chromatid exchanges » (SCEs). Le niveau de SCEs dans les 
cellules est une indication de l’instabilité génomique. Plus le taux de SCEs est élevé, 
plus la cellule est considérée comme « instable ». Parce que souvent étudié comme 
un produit de la réparation des cassures d’ADN double-brin, les SCEs sont souvent 
seulement pensé comme un produit de réparation de ces cassures. Ici, nous avons 
montré que les SCEs peuvent provenir de sources autres que les cassures d’ADN 
double-brin. Nous avons aussi montré que les cassures d’ADN double-brin ne sont 
pas à l’origine de la majorité des SCEs spontanées.
 En résumé, pendant ma thèse j’ai principalement étudié les diverses fonctions 
de la protéine Rad52, nécessaire à la protection de notre patrimoine génétique. J’ai 
également pu montrer l’importance de la recombinaison entre chromatide sœurs au 
niveau des télomères pendant le vieillissement. 
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When baking met science. Photography by Justine Claussin. 


