
 

Not Restricted to the Ends: Yeast Telomere Proteins Rif1 and Cdc13 Function in Double-Strand 

Break Repair Pathways with Implications for Genome Stability 

 

By 

 

Udochukwu Chinyere Obodo 

 

Dissertation 

Submitted to the Faculty of the 

Graduate School of Vanderbilt University 

in partial fulfillment of the requirements  

for the degree of 

 

DOCTOR OF PHILOSOPHY 

in 

 

Biological Sciences 

August, 2016 

Nashville, Tennessee 

 

Approved: 

Katherine L. Friedman, Ph.D. 

Todd R. Graham, Ph.D. 

Kathleen L. Gould, Ph.D. 

P. Anthony Weil, Ph.D. 

Donna J. Webb, Ph.D. 

 

 

 

 
 



 ii 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

DEDICATION 
 

I dedicate this work to the memories of my beloved uncles, Ferdinand Obodo and Felix Obodo. They 

were unwavering champions for education of both the men and women alike of our family. I know 

they are resting in eternal peace with the Lord Almighty and that they would be incredibly proud, not 

just of my accomplishment, but of how much we have achieved as a family. 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 iii 

 
 

ACKNOWLEDGEMENTS 
 

 
Never in my wildest dream could I have imagined the journey that would bring me here, to this 

point in my life. I left my home in Nigeria as a teenager, excited for the opportunities that awaited me. 

It has been exhilarating to say the least. I have met so many amazing people along the way who have 

welcomed me with open arms into their homes and their lives and given me the wonderful gift of a 

home away from home. To Laureen and Dan Evans especially, I would like to say thank you for 

showing me true kindness. You may not know it, but I think of you always. 

 I want to thank the Vanderbilt International Scholar Program (VISP) for providing me with 

support in my first few years of graduate school. My gratitude also goes to Vanderbilt Department of 

Biological Sciences and the Gisela Mosig Fund for providing me with all forms of support (stipend, 

travel, and more) that have helped shaped my growth as a scientist.  

 On that note, I would like to thank my thesis advisor, Dr. Katherine Friedman, for her support 

through the years. She is a truly gifted scientist and I am emerging from her lab confident that I have a 

great foundation to build on for my own scientific career. Thank you to my committee members for all 

of your advice and support through the years. It was great to get your different perspectives on my 

projects and it has taught me the value of always keeping an open mind when it comes to scientific 

work. 

 To my family, it feels like I have been in school forever, and I thank you for sticking with me 

through it all. To Daddy and Mummy, thank you for all your love. You two are the most resilient people 

I know and I trust that I can always find strength in you if I need it. Daddy, thank you for teaching all 

of us, your kids, the value of faith and trust in God. You have always been a champion for everyone, 

especially the women, in your life. Thank you for teaching me the value of using one’s success to bring 



 iv 

others up. Everything I have done and will continue to do is in the hopes that I can have the privilege 

of doing just that. Mummy, you are a force of nature. I always marvel at the way you juggled so many 

responsibilities while raising us. Thank you for teaching us the value of hard work and to always keep 

going even when things get rough. If I can be even half as resilient as you are, I know I will be a great 

mother too. And to my dear brothers Moses, Onos, and my gorgeous sister Nneoma, thank you for all 

the good times and the laughs. Our bond will be forever, no matter what.  

To the rest of my big extended family, I could not possibly mention everyone here. But, I would 

like to thank you all for all of your love and support. We have worked so hard as a whole to get to 

where we are today. I sincerely hope that we continue to pass on, to our young ones and to successive 

generations, the values of hard work, a passion for education, and compassion for others, so that we 

can continue to progress as a family and make lasting positive impacts in this world.  

Thank you to the true friends that I have made over the years. Thank you for taking the time to 

understand me in all my complicated glory. No matter where we are or will be, I will always appreciate 

your friendship. Last, but not least, I thank my heavenly father to whom I owe everything that I am and 

everything that I have accomplished, and whose blessings and unconditional love have guided me to 

where I am today.       

   

 
 

 
 
 
 
 
 
 
 
 

 



 v 

TABLE OF CONTENTS  
 

Page 
 
DEDICATION…………………………………………………………………………………………ii 
 
ACKNOWLEDGEMENTS…………………………………………………………………………...iii 
 
LIST OF TABLES………..…………………………………………………………………………..vii 
 
LIST OF FIGURES………..…………………………………………………………………………viii 
 
LIST OF ABBREVIATIONS………..………………………………………………………………..ix 
 
Chapter 
 
I. INTRODUCTION: DNA DAMAGE AND REPAIR………..……………………………………...1 

Overview………..……………………………………………………………………………...1 
 Sources and Types of DNA Damage………..…………………………………………………2 
 Repair of DNA Damage ............................................................................................................4 
 Resection is a Major Factor that Regulates DSB Repair Pathway Choice…………………...26 
 Role of Rif1 in DSB Resection and Repair………………………………………………......31 
 Significance…………………………………………………………………………………..33 
   
II. SACCHAROMYCES CEREVISIAE RIF1 REGULATES THE FIDELITY OF NHEJ REPAIR 
 Introduction…………………………………………………………………………………...35 

Results………………………………………………………………………………………...38 
Conclusions and Future Directions…………………………………………………………....53  
 

III. INTRODUCTION: TELOMERES, TELOMERASE, AND DSB REPAIR BY DE NOVO 
      TELOMERE ADDITION...............................................................................................................60 
 Overview………..…………………………………………………………………………….60 
 The Discovery of Telomeres, Structures that Distinguish Natural Chromosome Ends from 
   Broken Ends…………………………………………………………………………………..60 
 The End-replication Problem…………………………………………………………………61 
 Elucidation of Telomere Structure and Discovery of Telomerase: A  Microscopic Ciliate 
  Reveals Big Secrets…………………………………………………………………………...63 

Telomeres and Telomerase in S. cerevisiae…………………………………………………..66 
Structure and Function of Human Telomeres………………………………………………...77 

    Human Diseases Associated with Dysfunctional Telomeres……………………………..….79 
    De Novo Telomere Addition………………………………………………………………... 82 
    Significance………………………………………………………..…………………………89 
 



 vi 

IV. ENDOGENOUS HOTSPOTS OF DE NOVO TELOMERE ADDITION IN THE YEAST 
      GENOME CONTAIN PROXIMAL ENHANCERS THAT BIND CDC13 
 Introduction……………………………………………………………………………………..91 
 Results…………………………………………………………………………………………..94 
 Discussion……………………………………………………………………………………..121 
         Materials and Methods……………………………………………………………….………..125 
 
V. CONCLUSIONS AND FUTURE DIRECTIONS……………………………………………….136 
 
REFERENCES………………………………………………………………………………………146 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 



 vii 

LIST OF TABLES 
 

Table 1. List of Strains………………………………………………………………………………121 
 
Table II. List of Primers……………………………………………………………………………..123 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 



 viii 

LIST OF FIGURES 
 

Figure            Page 
 

1. DNA repair by BER, NER, and MMR……………………………………………………………...5 
2. DNA damage checkpoint activation in S. cerevisiae………………………………………………..9 
3. Commonly used DSB repair assays in S. cerevisiae……………………………………………….11 
4. Homologous recombination pathways of DSB repair……………………………………………   12 
5. DSB repair by NHEJ………………………………………………………………………………. 18 
6. DSB repair by MMEJ………………………………………………………………………………24 
7. Initiation and Progression of DSB resection in S. cerevisiae……………………………………....29 
8. Rif1 regulates the fidelity of NHEJ repair. ……………………………………...………………....40 
9. Rif1 functions in the NHEJ pathway of DSB repair. ……………………………………................42 
10. DSB repair junction insertions that occur in the absence of Rif1 are Pol4-dependent. …………..45  
11. End-processing factors Srs2 and Tdp1 do not affect DSB survival of a Cas9-induced DSB…….46  
12. Rad9 and Rif1 have partially overlapping functions in the regulation of NHEJ fidelity…………48  
13. Regulation of NHEJ fidelity by Rif1 is independent of its telomere functions…………………..50 
14. Regulation of NHEJ fidelity by Rif1 is mediated by its PP1-interacting domain…………………52 
15. The revised end-replication problem..………………………………..…………………………...62  
16. S. cerevisiae telomeres. ……………………………………...…………………………………....68 
17. The human shelterin complex. ……………………………………...…………………………….78 
18. De novo telomere addition assay systems……………………………………................................84 
19. SiRTA 5L-35 incurs a high frequency of de novo telomere addition relative to flanking  
      sequences. ……………………………………...……………………………………....................95 
20. Multiplex PCR analysis of spontaneous GCR events. ……………………………………............96 
21. Multiplex PCR analysis of GCR events……………………………………..................................98 
22. De novo telomere addition at SiRTA 5L-35 is RAD52-independent………………………………99 
23. High rates of telomere addition at SiRTA 5L-35 require two separable sequences……………...101 
24. De novo telomere addition events within SiRTA 5L-35 are non-clonal………………………….102 
25. Mutations of the Core and Stim sequences affect the fraction of total GCR events that occur 
      within SiRTA 5L-35……………………………………...……………………………………...103 
26. The SiRTA Stim and Core sequences are sufficient to stimulate de novo telomere addition at an 
      ectopic location……………………………………....……………………………………..........104 
27. The Stim sequence of SiRTA 5L-35 binds Cdc13 and Rap1 in vitro and can be functionally 
      replaced with a sequence that binds both proteins…………………………………….................108 
28. Most de novo telomere addition events occur telomere-proximal to the Stim sequence…………110  
29. The rate of de novo telomere addition at SiRTA 5L-35 correlates with the ability of the SiRTA 
      Stim sequence to bind Cdc13……………………………………...…………………………….112 
30. Artificial recruitment of Cdc13 to the SiRTA 5L-35 stimulatory site increases the rate of GCR 
      formation……………………………………...……………………………………....................115 
31. A site at which de novo telomere addition occurs at high frequency on chromosome IX………117  
     (SiRTA 9L-44) has a similar organization to SiRTA 5L-35 
32. Southern blot analysis of GCR events in or near SiRTA 9L-44………………………………....120 
33. De novo telomere addition at internal sites in the genome requires cleavage to reveal the free 3’ 
     end for priming telomere synthesis……………………..............…………………………...…...144 



 ix 

LIST OF ABBREVIATIONS 
 

5-FOA - 5-Fluoroorotic acid 

α-aa - alpha-aminoadipate 

ALT - Alternative Lengthening of Telomeres 

AP  - Abasic (Apurinic or apyrimidinic) 

APC - Anaphase-promoting complex  

ARP - Autonomously replicating piece 

ARS - Autonomously replicating sequence 

BIR - Break-induced replication 

BER - Base excision repair 

BrdU - 5-bromo-2′-deoxyuridine 

BS - Bloom syndrome 

ChIP - Chromatin immunoprecipitation 

C-NHEJ - Classical NHEJ 

CO - Crossover 

DBD - DNA-binding domain 

dHJ - Double Holliday junction 

DKC - Dyskeratosis congenita 

D-loop - Displacement loop 

DSB - Double-strand break 

dsDNA - Double-stranded DNA 

EMS - Ethyl methanesulfonate 

EST - Ever shorter telomere 



 x 

G1 - Gap phase 1 

G2 - Gap phase 2 

GC - Gene conversion 

GCR - Gross chromosomal rearrangement 

H1 - Histone 1 

H2A - Histone 2A 

H2B - Histone 2B 

H3 - Histone 3 

H4 - Histone 4 

H5 - Histone 5 

HO endonuclease - HOmothallic switching endonuclease 

HR - Homologous recombination 

IPF - Idiopathic pulmonary fibrosis 

IR - Ionizing radiation 

IRIF - Ionizing radiation-induced foci 

M - Mitosis phase 

MMEJ - Microhomology-mediated end joining 

MMR - Mismatch repair 

MMS - Methyl methanesulphonate 

NCO - Non-crossover 

NER - Nucleotide excision repair 

NHEJ - Non-homologous end joining 

ORC - Origin recognition complex 



 xi 

PARPi - poly(ADP-ribose) polymerase inhibitor 

PP1 - Protein phosphatase-1 

RAP - Repeat addition processivity 

RT-PCR - Reverse transcription-polymerase chain reaction 

S phase - Synthesis phase 

SDSA - Synthesis-dependent strand annealing 

SSA - Single-strand annealing 

SSB - Single-strand break 

TEN domain - Telomerase essential N-terminus domain 

T loop - Telomere loop 

ssDNA - Single-stranded DNA 

TPE - Telomere position effect 

WS - Werner Syndrome 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



1 

CHAPTER I 
 
 

INTRODUCTION: DNA DAMAGE AND REPAIR 

 

Overview 

  Linear eukaryotic chromosomes consist of chromatin, nucleoprotein structures containing 

DNA and its associated proteins. The basic unit, and the best understood scale, of chromatin structure 

is the nucleosome, a compact, ~10-nm thick structure containing 160-200 base pairs of DNA wrapped 

approximately 1.7 times around a core histone octamer comprised of two copies each of the core histone 

proteins, H2A, H2B, H3, and H4 (reviewed in refs. (1-3)). Linker DNA sequences, each about 30-60 

base pairs in length and bound by a single molecule of linker histone (H1 or H5), connect nucleosomes 

and aid in further compaction of the DNA molecule (reviewed in (2)). Beyond the nucleosomal scale, 

eukaryotic DNA undergoes orders of magnitude more folding to form the highly condensed 

chromosomes that are typical of metaphase chromosomes, although this larger scale folding of 

chromatin is less understood (reviewed in (2, 3)). 

 DNA is constantly subjected to various insults from both endogenous and exogenous sources. 

To ensure genome integrity and cell survival, any DNA damage must be repaired within the context of 

tightly packed chromatin. Eukaryotic cells possess an arsenal of non-histone proteins that recognize 

and repair DNA damage, and histones themselves, which constitute the bulk of proteins in chromatin, 

also play important roles in DNA repair. Though important, the role of histones in DNA double-strand 

break (DSB) repair is not extensively discussed in this thesis, but has been reviewed elsewhere (4).  

 In this introductory chapter, I present an extensive review of DNA damage and repair in 

eukaryotic cells, with a particular focus on the recognition and repair of DNA lesions in the model 

eukaryotic organism Saccharomyces cerevisiae. I discuss various sources and types of DNA damage, 
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followed by a review of the processes that recognize and repair DNA damage. The two main pathways 

of DSB repair in eukaryotes, homologous recombination (HR) and non-homologous end joining 

(NHEJ), are extensively discussed. I also discuss DSB resection as a key factor that determines whether 

DSBs are repaired by HR or NHEJ, before delving into the role of Rif1 in the regulation of HR and 

NHEJ.  

   

1.1 Sources and Types of DNA Damage 

DNA damage arises from endogenous and exogenous sources. One source of endogenous DNA 

damage is spontaneous hydrolysis of the N-glycosidic bond between a base and a sugar. This process 

creates an abasic (apurinic or apyrimidic) or AP site. Other endogenous sources of DNA damage 

include free radical species and spontaneous deamination. Free radical species, often generated as 

metabolic by-products, cause oxidative DNA lesions. Amine-containing bases can undergo 

spontaneous deamination: examples include the deamination of adenine to hypoxanthine or of cytosine 

to uracil. Oxidized or deaminated bases may be excised by enzymatic hydrolysis of the N-glycosidic 

bonds, also resulting in AP site formation. DNA replication errors, resulting in mismatched base pairs, 

represent another source of endogenous DNA damage. 

 Exogenous sources of DNA damage include ultraviolet radiation, ionizing radiation (IR), and 

chemical compounds. Ultraviolet radiation induces the formation of pyrimidine dimers by covalently 

linking neighboring pyrimidines. IR represents another source of oxidative free radical species. 

Chemical compounds covalently modify DNA to form DNA adducts: DNA alkylating agents, such as 

methyl methanesulphonate (MMS), attach alkyl groups to bases, while larger chemical compounds 

covalently attach to DNA, resulting in the formation of so-called “bulky adducts.” The sources and 

types of DNA damage discussed above are reviewed in (5). 
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 Two other types of DNA damage that can arise both from endogenous and exogenous sources 

are single-strand breaks (SSBs) and DSBs. SSBs arise directly by free radical species-induced 

disintegration of deoxyribose, or indirectly, as intermediates during the repair of modified bases (6) 

(see below). SSBs can also result from topoisomerase I activity. Topoisomerase I (Top1), as part of its 

DNA unwinding activity, creates and reseals a nick in one strand of the double helix. However, in 

certain situations, such as when the transcription machinery runs into Top1, the SSB can be uncoupled 

from Top1 (7), presumably because the transcription bubble displaces the free 5′ end and prevents 

DNA religation (8). In these cases, the stalled Top1 remains covalently attached to the 3′ end, forming 

a Top1-SSB.  

 DSBs can also be induced directly by IR (so-called Prompt DSBs) (9), as well as by the 

attempted repair of other kinds of DNA lesions. IR produces isolated, as well as clustered DNA lesions 

(lesions spaced 1-10 bp apart) (reviewed in (9)). Because SSBs form as intermediates during repair of 

damaged bases (below), simultaneous repair, on both DNA strands, of damaged bases within clustered 

DNA lesions can result in DSBs (9). Another source of DSBs is programmed DSBs that are induced 

during a number of physiological and developmental processes, the most prevalent example of which 

is meiotic recombination. DSBs are also created and repaired in developing lymphocytes (B and T 

cells) during a process known as V(D)J recombination that generates the diverse repertoire of antigen-

recognizing cell surface receptors on those cells (reviewed in (10)). Another immunological process 

that involves the formation and repair of DSBs is immunoglobulin/antibody class switching, a process 

by which mature B cells switch antibody production from one class to another (reviewed in (10)). 

Finally, DSBs are induced and repaired during mating-type switching in S. cerevisiae. The two S. 

cerevisiae haploid mating types (a and α) are regulated by proteins encoded by the MATa and MATα 

genes, respectively. Each haploid cell contains one MAT gene, as well as two silent copies of the 
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mating-type sequences (HMLα and HMRa). HMLα and HMRa serve as donors for switching to the 

opposite mating-type when they are used as template for repair of a DSB induced at the MAT locus 

(reviewed in (11)).  

 

1.2 Repair of DNA Damage 

 

1.2.1 Repair of non-DSB Lesions 

With the exception of DSBs, the other DNA lesions discussed previously are repaired by three 

main pathways: base excision repair, nucleotide excision repair, and mismatch repair. These pathways 

are described here in general terms, as they are not the primary focus of this thesis. Base excision repair 

(BER) typically repairs single-base modifications. The modified base is recognized and excised by a 

DNA glycosylase, generating an AP site. Processing of the sugar-phosphate backbone by a series of 

endonuclease, and in some cases exonuclease, activities (reviewed in (12)) generates a single-

nucleotide gap (SSB), which is filled by a DNA polymerase and then ligated (Figure 1A). 

 Nucleotide excision repair (NER) removes bulky DNA adducts, as well as the DNA lesions 

induced by ultraviolet radiation. During NER, the damage-containing strand is cleaved by 

endonucleases on both sides of the damage, resulting in excision of a short segment of single-stranded 

DNA (ssDNA) (~ 25 nucleotides) containing the lesion. Like in BER, the resulting single-stranded gap 

is filled in by a DNA polymerase, then ligated (Figure 1B) (reviewed in (12)). 

 Mismatch repair (MMR) removes mismatched bases erroneously incorporated during DNA 

replication. As in NER, a short segment of ssDNA is excised. However, in contrast to NER, this 

excision is achieved by way of exonucleolytic degradation initiated from a nick introduced a short 
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distance away on either the 5′ or 3′ side of the lesion (Figure 1C). Finally, the resulting gap is filled in 

by a polymerase and ligated (reviewed in (12)).   

 As demonstrated above, single-strand nicks or gaps that arise as intermediates during excision 

repair and mismatch repair are simply repaired as those pathways progress. Top1-SSBs, however, must 

first be processed by Tdp1 (tyrosyl-DNA phosphodiesterase). Tdp1 removes Top1 from the 3′ 

terminus, allowing repair to proceed (7). 

 

 
 
Figure 1. DNA repair by BER, NER, and MMR. (A) The BER pathway repairs single-base 
modifications. The modified base is removed by a glycosylase. Nucleases remove the 
deoxyribosephosphate, creating a single-nucleotide gap/nick. The gap is filled in and ligated. (B) The 
NER pathway handles “bulky” lesions. A lesion recognition protein (red oval) binds the lesion first. 
Endonucleases recruited to the lesion excise a short (~25-nucleotide) segment containing the lesion. 
The resulting gap is filled in and ligated. (C) The MMR pathway repairs mismatched bases. A lesion 
recognition protein complex (purple oval) binds to the lesion and creates a nick a short distance away 
from it. An exonuclease recruited by the recognition complex removes a short segment of DNA 
starting from the nick and ending just past the lesion. The resulting gap is filled in and ligated. Figure 
modified from (13).  
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1.2.2 Cellular Response to DSBs: The DNA Damage Checkpoint 

 DSBs are the most dangerous type of DNA lesions, as even one unrepaired DSB can have lethal 

consequences. In eukaryotes, DSBs that are not immediately repaired trigger the activation of a DNA 

damage checkpoint, an evolutionarily conserved, highly coordinated and complex signal transduction 

cascade. The process of checkpoint activation can be viewed as consisting of four general steps: the 

“sensing” or recognition of the DSB, recruitment and activation of the apical checkpoint kinases (Mec1 

and Tel1), recruitment and activation of effector kinases (Rad53 and Chk1), and finally, modulation of 

downstream targets by Rad53 and Chk1. Downstream targets include, among others, proteins involved 

in cell cycle control and in DNA repair. 

 In S. cerevisiae, the first proteins to arrive at a DSB are the Ku70-Ku80 heterodimer and the 

Mre11-Rad50-Xrs2 (MRX) complex (14, 15), although MRX is the major DSB sensor (16) (Figure 

2B). The MRX complex plays a critical role in the initiation of the DNA damage checkpoint by 

facilitating recruitment of the apical kinases Mec1 and Tel1. In contrast to a tel1∆ mutant, a mec1∆ 

mutant displays significant sensitivity to DSB-inducing agents (17), indicating that Mec1 is the primary 

apical kinase of the DNA damage checkpoint. Tel1 is, however, not completely dispensable for 

checkpoint activation since deletion of TEL1 in a mec1∆ background causes enhanced sensitivity to 

DNA damaging agents (17).  

 While Tel1 is recruited to the DSB via a direct interaction with the C-terminus of Xrs2 (18), 

Mec1 localization to the break is contingent on MRX-mediated resection of the break. The details of 

DSB resection are discussed in Section 1.3.1 in the context of the role of resection in DSB repair. As 

resection proceeds, the ensuing ssDNA is bound by replication protein A (RPA) (Figure 2D). This 

RPA-coated ssDNA is then bound by three distinct complexes: “a checkpoint clamp loader” Rad24-

Rfc2-5, a “checkpoint clamp” Rad17-Ddc1-Mec3, and the kinase complex Mec1-Ddc2 (Figure 2E). 
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As its name implies, the checkpoint clamp loader facilitates loading of the checkpoint clamp to the 

DNA end. The Mec1-Ddc2 complex, on the other hand, is recruited to RPA-coated ssDNA 

independently of either of the other two complexes (19, 20), although Ddc1 does stimulate Mec1 kinase 

activity (21).  

The ability of Mec1 to phosphorylate and thereby activate the effector kinases Rad53 and Chk1 

is promoted by mediator (or adaptor) proteins such as Rad9. There are three modes of recruitment for 

the S. cerevisiae checkpoint adaptor protein Rad9 to DSBs. Two of these modes involve histone 

modifications by the Mec1 and Tel1 kinases, and the histone methyltransferase Dot1. Mec1 and Tel1 

both phosphorylate H2A on serine 129 (γ-H2A) (22), while Dot1 methylates H3 on lysine 79 (23). 

Rad9 interacts with these modified sites (Figure 2E) via its tandem BRCT domain (24) and Tudor 

domain (25), respectively. The third mode of Rad9 localization to DSBs is Mec1-dependent and 

involves the replication protein Dpb11. This function of Dpb11 requires two pairs of BRCT domains 

in the protein, one in its N-terminal region and one in its C-terminal region. Mec1 phosphorylates the 

checkpoint clamp protein Ddc1 (26, 27), and consequently, Dpb11 interacts with phosphorylated Ddc1 

via its C-terminal tandem BRCT domain (28). Rad9 is normally phosphorylated by Cdk1 (29) and 

therefore exists in a partially phosphorylated state even in the absence of DNA damage. Cdk1-

dependent phosphorylation of Rad9 at multiple serine and threonine residues in its C terminus (29) 

facilitates the interaction between Dpb11 and Rad9 (Figure 2E), bringing Rad9 into the vicinity of the 

break for its hyperphosphorylation by Mec1 and Tel1. 

 Hyperphosphorylated Rad9 serves as an adaptor or scaffold for activation of the effector kinase 

Rad53 (Figure 2F). The adaptor function of hyperphosphorylated Rad9 in Rad53 activation is two-

fold: i) it brings Rad53, which interacts with hyperphosphorylated Rad9 via its FHA domains (30, 31), 
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into the vicinity of Mec1 for phosphorylation, and ii) it facilitates in trans autophosphorylation of 

Rad53 by bringing Rad53 molecules into close proximity with each other (32) (Figure 2F). 

 Activation of the second effector kinase Chk1, while also dependent on Rad9, proceeds by a 

slightly different mechanism than that of Rad53. In contrast to Rad53, which interacts only with Mec1-

phosphorylated Rad9, Chk1 forms a constitutive DNA damage-independent complex with Rad9 (33). 

Phosphorylation of Rad9 at threonine 143 promotes this damage-independent interaction between Rad9 

and Chk1 (33). Following DNA damage, the Rad9-Chk1 complex is recruited to the damage site, where 

Chk1 is then activated both by Mec1 phosphorylation and by autophosphorylation (34). 

 Once activated, the effector kinases are released from damage sites to mediate their effector 

functions. In response to a DSB, S. cerevisiae cells activate the G2/M checkpoint. The G2/M 

checkpoint prevents entry into mitosis in mammalian cells. In contrast, in S. cerevisiae, the G2/M 

checkpoint prevents the metaphase-to-anaphase transition (35). The Rad53 and Chk1 effector kinases 

inhibit the degradation of the securin Pds1 by the anaphase-promoting complex (36), thereby inhibiting 

sister chromatid separation. Cell cycle arrest provides time for DSB repair, after which the checkpoint 

is “turned off”, allowing cells to re-enter the cell cycle.   
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Figure 2. DNA damage checkpoint activation in S. cerevisiae. Following a DSB (A), DNA 
damage sensors Ku (not shown) and MRX arrive at the DSB (B). MRX directly recruits the 
checkpoint kinase Tel1 (C) and initiates DSB resection (D). Mec1, the primary checkpoint kinase in 
S. cerevisiae, binds to the RPA-coated ssDNA generated by resection (E). The adaptor protein Rad9, 
recruited to the DSB by both Tel1- and Mec1-dependent mechanisms, is phosphorylated by Mec1 
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(E). Mec1-dependent phosphorylation of Rad9 promotes its interaction with the primary effector 
kinase in S. cerevisiae Rad53 (F). The second effector kinase Chk1 is recruited to DSBs (F) via an 
interaction (not depicted here) with Rad9. The effector kinases are activated by Mec1 and by 
autophosphorylation (F) and activated effector kinases are released from the damage sites to mediate 
their effector functions. See text for detailed description of DNA damage checkpoint activation. 
Figure modified from (37).  
 

 

1.2.3 DSB Repair 

 DSBs are repaired by two major pathways in S. cerevisiae: homologous recombination (HR) 

and non-homologous end joining (NHEJ). The HR pathway utilizes homologous sequences, preferably 

a sister chromatid in S. cerevisiae, as template for DSB repair. NHEJ, in contrast, repairs DSBs in the 

absence of any extensive homologous sequence, although short microhomologies flanking the DSB 

ends may be utilized. DSB repair by HR may proceed by one of four subpathways: double Holliday 

junction, synthesis-dependent strand annealing, break-induced replication, and single-strand annealing. 

Likewise, NHEJ consists of two subpathways: classical NHEJ (C-NHEJ) and microhomology-

mediated end joining (MMEJ). These pathways have been studied and characterized using mainly two 

types of assays: plasmid end-joining assays (Figure 3A), and chromosomal DSB repair assays in which 

endonucleases are employed to create DSBs at specific sites in the genome (Figure 3B). In the 

following sections, I present a review of the DSB repair pathways in S. cerevisiae, including the factors 

involved in each pathway, and additionally discuss how some of these factors regulate the choice 

between HR and NHEJ in S. cerevisiae. 
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Figure 3. Commonly used DSB repair assays in S. cerevisiae. (A) Plasmid recircularization assay 
for analysis of NHEJ. A single-copy plasmid, containing an autonomously replicating sequence 
(ARS) (not shown) and a nutritional marker, is linearized with a restriction enzyme and transformed 
into yeast cells. In parallel, circular (uncut) plasmid is also transformed into yeast cells. Transformed 
cells are plated on media lacking the desired amino acid, and on which only cells expressing the 
marker gene can survive, to select for plasmid retention. Of the cells transformed with cut plasmid, 
only those that rejoin the plasmid by NHEJ survive on selective media. The frequency of NHEJ is 
expressed as the proportion of transformants recovered with cut plasmid relative to uncut plasmid. 
(B) Chromosomal DSB repair assay. Typically haploid strains utilized for this assay contain a gene 
for an endonuclease placed under the control of a galactose-inducible promoter (not shown). Plating 
to medium containing galactose induces expression of the endonuclease, which subsequently 
introduces a DSB at a unique recognition sequence (black rectangle). Constitutive expression of the 
endonuclease imposes the restriction that only cells that mutate or lose the recognition sequence 
survive the DSB. An NHEJ repair outcome involving mutations (red rectangle) in the cleavage site is 
shown here, although this assay has other iterations, for assaying homologous recombination, that 
usually involve the addition of regions of homology to mediate repair.  
 

HR 

Single-strand Annealing 

 All forms of homologous recombination repair are initiated by, and require, extensive resection 

of the 5′ strands of the DSB to generate long 3′ ssDNA tails and expose the homologous sequences 

needed for repair (reviewed in (38)). In cases where the homologous sequences utilized for repair are 

located on the same chromatid as the break, flanking the DSB ends, repair proceeds by the single-strand 
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annealing (SSA) pathway. During SSA, the homologous sequences anneal, followed by nucleolytic 

removal of the intervening non-homologous sequences. Finally, any gaps are filled in by DNA 

polymerase(s) and then sealed by ligase(s) (Figure 4A) (reviewed in (38)).  
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Figure 4. Homologous recombination pathways of DSB repair. (A) During SSA, long homologies 
(≥ 29 bp) that are exposed after resection anneal, and the intervening non-homologous sequences are 
removed. Repair is completed by fill-in synthesis and ligation. Figure modified from (39). (B-E) HR 
pathways involving strand invasion. (B)  Following resection, the 3ʹ ssDNA tail invades the donor 
chromosome forming a D-loop structure. (C) The SDSA pathway. Following strand invasion and D-
loop formation, DNA synthesis initiates from the invading 3ʹ end. The newly synthesized strand is 
unwound from the donor template and anneals to the ssDNA on the non-invading end of the break 
and serves as template for fill-in synthesis of its complementary strand. SDSA always results in a 
non-crossover (NCO) outcome. (D) The dHJ pathway involves strand invasion and D-loop formation, 
DNA synthesis from the invading 3ʹ end, and invasion of the other 3ʹ end (second-end capture). 
These processes result in the formation of a double Holliday junction (dHJ) structure that is either 
dissolved or resolved to generate the repair products. dHJ dissolution results in a NCO outcome, 
while resolution produces both NCO and CO products. (E) One-ended DSBs are channeled into the 
BIR pathway. DNA synthesis initiates from the invading 3ʹ end and proceeds to the end of the donor 
chromosome. The newly synthesized strand is extruded and serves as template for synthesis of its 
complementary strand. Figure modified from (40). 
 
 

The recombination protein Rad52, required for all forms of homologous recombination repair, 

promotes SSA by facilitating strand annealing of the homologous sequences (reviewed in (38)). As 

little as 29 bp of homologous sequence is sufficient to stimulate SSA in S. cerevisiae, although the 

efficiency of SSA rises as the length of homology increases (41). Additionally, the role of Rad52 in 

strand annealing becomes less important with increasing homology length (42), possibly reflecting the 

ability of longer sequences to spontaneously form more stable DNA duplexes and therefore compensate 

for absence of Rad52 activity.  

 Cleavage of the non-homologous sequences is mediated by Rad1-Rad10, a structure-specific 3′ 

flap endonuclease (43, 44). Although Rad1-Rad10 is ultimately directly responsible for flap cleavage, 

several other proteins (Msh2, Msh3, Saw1, Slx4) are important for flap cleavage as well (45, 46). The 

mismatch repair proteins Msh2 and Msh3 form a heterodimer that binds to a variety of branched DNA 

structures, including dsDNA-ssDNA junctions (47). During SSA, the Msh2-Msh3 heterodimer is 

thought to stabilize the dsDNA-ssDNA junctions formed after the homologous sequences anneal, 

thereby allowing the recruitment and function of the other proteins involved in flap cleavage (45). 
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Saw1, identified in a screen for yeast mutants defective in SSA (46), interacts with Rad1 and promotes 

Rad1-Rad10 recruitment to the 3′ flaps (46). Flap cleavage by Rad1-Rad10 is also stimulated by the 

Slx4 protein (48, 49). Slx4 typically interacts with Slx1, a structure-specific endonuclease, to form a 

complex with a preference for cleaving branched DNA structures (50) such as those that arise during 

homologous recombination. However, an slx1∆ mutant is not defective in SSA, indicating that Slx4 

plays a role in 3′ flap cleavage during SSA that is distinct from its shared functions with Slx1 (46). 

Slx4 is targeted to 3′ flaps by an as yet unknown mechanism, where it interacts with Rad1-Rad10 to 

stimulate flap cleavage (46). Furthermore, this stimulatory function requires the DNA damage-

dependent phosphorylation of Slx4  by Mec1 and Tel1 (49). How Slx4 stimulates flap cleavage by 

Rad1-Rad10 remains to be determined. It has been proposed that Slx4 may regulate the catalytic 

activity or substrate specificity of Rad1-Rad10, or could modify DNA substrates to render them more 

accessible for efficient cleavage (49).  

 

Strand Invasion by the 3′ ssDNA Tail Precedes Other Forms of HR Repair  

 When the homologous sequence utilized as the template or donor for repair is located on a 

separate chromosome, the 3′ ssDNA tail invades the donor chromosome (Figure 4B) in a process 

dependent on Rad52 and on the Rad51 recombinase, a protein with DNA-dependent ATPase activity 

(reviewed in (38)). Following resection, the 3′ ssDNA tail is bound by the replication protein A (RPA) 

complex. RPA is thought to stabilize the ssDNA, preventing the formation of secondary structures that 

could inhibit the subsequent steps of repair (38). Subsequently, Rad52 (51, 52), aided by two other 

recombination proteins (Rad55 and Rad57) (53), facilitates the replacement of RPA with the Rad51 

recombinase. Rad51 binds along the ssDNA, forming a nucleoprotein filament that then catalyzes the 

homology search and strand invasion (54, 55). Rad54, a homolog of the Swi2/Snf2 family of ATP-
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dependent translocases, is required for successful recombination and functions at the postsynaptic stage 

(after strand invasion by the Rad51 nucleofilament) (56). In vitro assays demonstrate that the Rad54 

ATPase activity stimulates the dissociation of Rad51 from dsDNA, leading to the suggestion that 

Rad54 promotes Rad51 turnover during the postsynaptic stage so as to allow subsequent repair steps 

to occur. Rad51, in an ATPase-dependent manner, also self-regulates its postsynaptic dissociation, 

although to a lesser extent than Rad54 (57).  

 During strand invasion, the Rad51-ssDNA nucleofilament anneals with the complementary 

strand of the donor chromosome, while displacing the non-complementary strand. The resulting 

structure, consisting of a region of heteroduplex DNA and displaced ssDNA, is termed a displacement 

loop (D-loop) (Figure 4B), and the events that occur after D-loop formation define three different types 

of HR pathways (reviewed in (38)). When both ends of the DSB contain sequences with homology to 

the donor chromosome, repair proceeds by the double Holliday junction (dHJ) or synthesis-dependent 

strand annealing (SDSA) pathways (38). When only one end of the DSB contains sequences with 

homology to the donor chromosome, repair proceeds by the break-induced replication (BIR) pathway 

(38). 

 

Double Holliday Junction (dHJ) and Synthesis-dependent Strand Annealing (SDSA) 

 The dHJ and SDSA pathways employ either a homologous chromosome or a sister chromatid 

as the template for repair. These pathways may be accompanied by gene conversion (GC) (reviewed 

in (38)), a non-reciprocal transfer of genetic information from a donor to a recipient allele such that 

both loci become identical (58). GC is, in theory, more possible when a homologous chromosome is 

used as the repair template due to the likelihood that sequence polymorphisms exist near the site of 

recombination. Although much less likely, a sister chromatid may also contain a different allele at the 
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repair locus if for example, any mismatched base pairs that occur during DNA replication are 

inaccurately repaired by the MMR machinery. S. cerevisiae preferentially employs a sister chromatid 

as the repair template (59), a choice thought to be regulated by cohesins (60). The acetylation state of 

H3 also seems to regulate template choice in S. cerevisiae (61). 

 In the dHJ and SDSA pathways, strand invasion is followed by the initiation of DNA synthesis 

using the invading 3′ end as primer (reviewed in (38)). The replicative polymerases Polδ and Polɛ 

function in DNA synthesis during these modes of repair (reviewed in (38)). However, because dHJ and 

SDSA involve synthesis of relatively short regions of DNA, none of the other components of the 

replisome, including the processivity factor PCNA, are involved in DNA synthesis in these pathways 

(reviewed in (38)). A distinguishing feature of the dHJ pathway, in comparison to the SDSA pathway 

(Figure 4C), is that the 3′ ssDNA from the other end of the DSB also invades the donor template, a 

process known as second-end capture (reviewed in (38)) (Figure 4D). Upon completion of DNA 

synthesis, the free ends are ligated resulting in the formation of a double Holliday junction (dHJ) 

structure (reviewed in (38)). Once formed, the dHJ may be dissolved or resolved (Figure 4D). 

Dissolution is catalyzed by a “dissolvasome”, consisting of a helicase and a topoisomerase. The 

helicase (Sgs1 in S. cerevisiae) acts by convergently migrating the HJs until they fuse into a 

hemicatenane (62). The topoisomerase (Top3 in S. cerevisiae), aided by a third protein Rmi1, unwinds 

the hemicatenane resulting in the formation of non-crossover (NCO) products (62). Resolution of dHJs 

in budding yeast is catalyzed by the Mus81-Mms4 endonuclease (63). Resolution produces both NCO 

and CO products, depending on which pair of strands is cleaved (64). 

 As previously noted, the SDSA pathway does not involve second-end capture. Instead, the 

newly synthesized strand is unwound from the donor template, and anneals to the ssDNA on the non-

invading end of the DSB (Figure 4C). Gap fill-in synthesis and ligation complete the repair process. In 
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contrast to dHJ, SDSA always results in an NCO outcome (reviewed in (38)). In S. cerevisiae, HR 

intermediates accumulate in vivo only in an rmi1 mutant and these intermediates are processed by 

Mus81-Mms4 (63). In the absence of Sgs1 or of another helicase Srs2, crossover frequencies, measured 

in an an interchromosomal HR assay, increase 2- to 3-fold (65). Taken together with the observations 

made in different organisms that crossovers associated with mitotic recombination are rare (66-68), 

these findings indicate that the SDSA and/or dHJ dissolution pathways process the majority of HR 

intermediates.   

  

Break-induced Replication (BIR) 

 One-ended DSBs (Figure 4E) are channeled into the BIR pathway, wherein DNA synthesis 

from the invading 3′ end proceeds all the way to the end of the donor chromosome (Figure 4E). 

Replication fork assembly (69), to accommodate long-range synthesis, distinguishes BIR from other 

HR pathways. While proteins present at an active replication fork are required, mutations affecting two 

components of the pre-replication complex (the origin recognition complex (ORC) and Cdc6) do not 

impair BIR in S. cerevisiae (69). A fundamental difference between conventional DNA replication and 

BIR is that the latter involves conservative DNA synthesis, as determined by analysis of incorporation 

of the thymidine analog 5-bromo-2′-deoxyuridine (BrdU) into newly synthesized DNA during BIR 

(70, 71). BrdU is preferentially incorporated into both strands of the recipient chromosome, supporting 

a model in which, following extension of the original replication fork to the end of the chromosome, 

the invading strand is extruded and subsequently serves as template for synthesis of its complementary 

strand (70, 71) (Figure 4E). 
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C-NHEJ 

 The classical NHEJ pathway, henceforth referred to simply as NHEJ, involves synapsis of the 

DSB ends, end-processing (in cases where the DSB ends are incompatible and cannot be directly 

religated), and end-ligation (Figure 5A and 5B). Three main complexes, homologs of which are found 

 

Figure 5. DSB repair by NHEJ. (A) Yku and MRX arrive first at a DSB. The MRX complex 
bridges the DSB ends, and both Yku and MRX promote recruitment of the ligase complex to the 
DSB. Figure modified from (37). (B) An example of NHEJ repair involving end-processing of two 
incompatible ends and showing all of the three possible steps that can occur during end-processing: 
alignment, flap cleavage, and fill-in synthesis. The nucleotides on both sides of the break are 
represented by different colors (red and green). The ends align by base pairing between 
complementary nucleotides and the intervening non-homologous sequences (flaps) are removed. 
Repair is completed by gap fill-in synthesis and ligation. Dashed red arrows indicate the 3′ ends from 
which fill-in synthesis initiates. Bold, underlined nucleotides represent filled-in nucleotides. (C) For 
ends with 3′ overhangs, fill-in synthesis initiates from 3′ ends with relatively unstable template-
primer hybrids (dashed red arrow/black rectangle). Such ends are not optimal substrates for 
replicative polymerases and demonstrate a strong requirement for Pol4 for fill-in synthesis. In 
comparison, for ends with 5′ overhangs, fill-in synthesis initiates from 3′ ends with relatively stable 
template-primer hybrids (dashed red arrow in B). As a result, such ends are markedly less dependent 
on Pol4 for fill-in synthesis than ends with 3′ overhangs.  
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in mammalian cells, are required for NHEJ in S. cerevisiae: the Yku70-Yku80 heterodimer, the MRX 

complex, and the DNA ligase IV complex (Dnl4-Lif1). Recruitment of these complexes to DSBs is 

temporally regulated, with Yku70-Yku80 and MRX arriving at approximately the same time, followed 

by Dnl4-Lif1 (14). As discussed below, interactions among members of each complex facilitate the 

recruitment and stable retention of the complete NHEJ complex at DSBs.  

 The yeast Yku70-Yku80 (Yku) heterodimer is a multifunctional complex, with roles in NHEJ 

(72, 73), telomere length maintenance (72, 74, 75), and telomeric silencing (75). Yku70 and Yku80 

were both identified after their mammalian counterparts had already been described (72, 76), and given 

the established role of mammalian Ku in DSB repair during V(D)J recombination (77, 78) (Section 

1.1), several groups sought to examine the role of Yku70 and/or Yku80 in DSB repair. A potential role 

for Yku70 in NHEJ was uncovered when it was demonstrated that the IR and MMS sensitivities of a 

rad52∆ mutant were further exacerbated by deletion of YKU70 or YKU80 (72, 79). yku mutants by 

themselves were not sensitive to the DNA-damaging agents, indicating that Yku functioned in an 

alternate Rad52-independent pathway for DSB repair (72, 79). Several laboratories, using a plasmid 

recircularization assay (Figure 3A), demonstrated that this pathway was indeed NHEJ, as deletion of 

YKU70 or of YKU80 resulted in severe (8- to 400-fold) defects in recircularization of linearized 

plasmids with complementary overhangs (72, 73). A role for Yku in NHEJ was also demonstrated for 

chromosomal DSBs induced by HOmothallic switching (HO) endonuclease. Cell survival following 

induction of a DSB (at the MATα locus) by HO endonuclease in a strain lacking RAD52 (to eliminate 

the HR pathways) was reduced by 8-to 13-fold after deletion of YKU70 or YKU80 (73).  

 Analysis of the repair junctions in plasmids recovered from WT cells revealed that the majority 

of plasmids (upwards of 90%) were precisely joined, as evidenced by the ability to recleave the plasmid 

using the restriction enzyme that was originally employed for plasmid linearization (72, 73). In 
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contrast, the majority of plasmids recovered from ku70∆ or ku80∆ mutants were imprecisely ligated. 

These imprecisely joined plasmids contained deletions (ranging in size from 6 to 811 bp) and had been 

rejoined at short, direct repeats (i.e. microhomologies) of 3-16 bp (72, 73). These findings suggested 

that Yku protected DSB ends from an error-prone repair mechanism (later classified as 

microhomology-mediated end joining), possibly by protecting DSB ends from resection. Much more 

is now known about the role of Yku in NHEJ. Yku does indeed prevent resection at DSB ends (80), 

favoring NHEJ over HR. Yku, through interactions between the C terminus of Yku80 and Dnl4, 

facilitates DNA ligase IV recruitment to DSBs (81), and also stimulates ligase activity (82). 

Interestingly, Yku70 is largely responsible for the NHEJ functions of the Yku heterodimer, whereas 

Yku80 is largely responsible for its functions in telomere maintenance and telomeric silencing (83, 84). 

In support of these findings, it has been demonstrated that Ku slides onto DNA ends as a preformed 

ring, with the Ku70 side facing the DNA terminus when bound to a DNA end, and the Ku80 side facing 

inward, toward the telomere, when bound to telomeric DNA (85).   

 A role for the MRX complex in NHEJ was first uncovered using a chromosomal DSB repair 

assay. NHEJ repair of a DSB, induced at MATα by HO endonuclease, was assayed in a strain in which 

the HMLα and HMRa loci (Section 1.1) were deleted to eliminate HR repair by gene conversion (86). 

In this context, DSB survival was reduced by approximately 70-fold in mre11∆, rad50∆, and xrs2∆ 

mutants (86). A constraint imposed on this assay is that DSB survival is contingent on elimination of 

the HO endonuclease recognition site. As a result, only imprecise repair events are recovered from this 

assay. In the WT strain, 78% of the events contained a 2 bp insertion (+CA) near the HO cleavage site, 

while 11% contained a 3 bp deletion (-ACA) near the cleavage site (86). Interestingly, deletion of 

MRE11, RAD50, and XRS2 decreased the +CA events by 5- to 78-fold, whereas the -ACA events were 

increased by approximately 7-fold, suggesting a role for MRX in promoting insertional events (86).  
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 Although Mre11 possesses nuclease activities, these activities are dispensable for NHEJ. The 

mre11-D16A, mre11-D56N, and mre11-H125N mutants, all of which lack detectable nuclease activity 

in vitro (87, 88), are not impaired in plasmid recircularization by NHEJ (89). The MRX complex is 

now believed to facilitate synapsis/end-bridging by keeping the DSB ends in proper alignment for 

religation by the DNA ligase IV complex (90). A crystal structure of the human Mre11-Rad50 dimer 

provides the evidence to support this proposed role of the MRX complex. The N and C termini of each 

Rad50 molecule, which together form a globular DNA-binding “head”, are separated by long 

antiparallel coiled-coil domains. Zinc-hook motifs at the tips of the coiled-coil domains in Rad50 

monomers interlock through coordinated binding of a Zn2+ ion to facilitate Rad50 dimerization (91). 

This finding supports a model in which Rad50 molecules bound to both DSB ends interact to bridge 

the ends and promote NHEJ (Figure 5A).  

 Mre11 and Xrs2 perform additional functions in NHEJ besides facilitating end-bridging. Mre11 

stimulates the ligase activity of Dnl4 (82). Xrs2 promotes recruitment of Dnl4-Lif1 via interactions 

between residues R32, S47, R48, and K75 in its N-terminal FHA domain, and residues T417 and T387 

in the C terminus of Lif1. Mutations of the Xrs2 FHA residues reduce NHEJ by 14- to 27-fold, and 

mutations of the Lif1 C terminal residues reduce NHEJ by 4- to 10-fold (81). Paradoxically, mutations 

in MRX also impair DSB repair by homologous recombination (92), suggesting that the DSB repair 

defects in these mutants may reflect a general function for the complex in checkpoint activation 

(Section 1.2.2), rather than a specific role in NHEJ or HR.  On the other hand, purified MRX stimulates 

intermolecular ligation by Dnl4-Lif1 in vitro (82), suggesting that MRX plays a direct role in NHEJ. 

Nonetheless, the NHEJ deficiency in MRX mutants could be due in part to a defective checkpoint and 

also in part to a direct defect in NHEJ. 
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 The Dnl4-Lif1 complex catalyzes the final religation step of NHEJ. Interactions with Yku80 

and Xrs2 (see above) promote Dnl4-Lif1 recruitment to DSBs (81, 93), although Dnl4 conversely 

stabilizes Yku80 at DSBs . Yku binding, assayed by a variant of chromatin immunoprecipitation (ChIP) 

conducted without the formaldehyde-crosslinking step, was significantly reduced in the absence of 

DNL4 or of LIF1 (15). Like Yku, Dnl4-Lif1 also inhibits DSB resection, thereby suppressing HR (15). 

Dnl4-Lif1 also promotes the recruitment of the end-processing factors Pol4 and Rad27 (see below) to 

DSBs and additionally stimulates their end-processing activities (94).  

 The three complexes discussed above are sufficient for rejoining of DSBs with compatible ends. 

However, where non-cohesive ends are generated, the ends must be processed before religation can 

occur, resulting in insertions and/or deletions (1-4 base pairs). End-processing is typically initiated via 

base pairing between extremely short (0-4 nucleotides) microhomologies on both sides of the break 

(reviewed in (39)). This “alignment” step generates intermediates that require gap filling and/or flap 

cleavage (Figure 5B) to generate a ligatable structure. In S. cerevisiae, DNA polymerase IV (Pol4), a 

member of the X family of DNA polymerases that also includes mammalian terminal transferase, Polβ, 

Polλ, and Polµ, fulfills the gap fill-in function during processing of non-cohesive ends (95, 96). Purified 

Pol4 does not exhibit nuclease activity in vitro, however, suggesting that its activity could be coupled 

to that of an unidentified nuclease (96).  

 Two nuclease(s) involved in end-processing during NHEJ have been characterized. The 5′ flap 

nuclease Rad27 processes most, but not all, 5′ flap joins, suggesting the existence of additional 5′ flap 

nucleases in S. cerevisiae (97). The proofreading 3′-5′ exonuclease activity of Pol2, the catalytic subunit 

of Polɛ, processes some of the 3′ flap joins in S. cerevisiae, again suggesting the existence of additional 

3′ flap nuclease(s) (98). Despite its involvement in 3′ flap cleavage during SSA, the Rad1-Rad10 
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endonuclease does not appear to be involved in NHEJ, since its absence does not affect the recovery 

of ligation products resulting from 3′ flap joins (96). 

 Another factor required for NHEJ in S. cerevisiae is Nej1. Nej1 was originally identified as a 

haploid-specific regulator of NHEJ (99, 100). In haploid cells, Nej1 participates in multiple steps 

during NHEJ. Nej1 promotes stable binding of Yku to DSBs in vivo and stimulates intermolecular 

ligation by Dnl4-Lif1 in vitro (101). Additionally, Nej1 interacts with Pol4 and Rad27, recruiting them 

to DSBs, and stimulating their end-processing activities (94).    

 Studies of repair of DSB ends with varying structures (ends with 3′ or 5′ overhangs, or blunt 

ends) have identified differential requirements for some of the factors discussed above at these ends. 

Rad27, by virtue of being a structure-specific 5′ flap endonuclease, only processes joins with 5′ flaps. 

DSBs with 3′ overhangs are strongly dependent on Pol4 for repair, while the absence of Pol4 does not 

significantly impact NHEJ repair of DSBs with 5′ overhangs (95). Pol4 and other X family DNA 

polymerases are unique in their ability to successfully prime DNA synthesis from a short, unstable 

primer-template hybrid, explaining the larger requirement for Pol4 at 3′ versus 5′ overhangs (95) 

(Figures 5B and C).  

  
MMEJ 

 DSB repair by MMEJ proceeds via annealing of microhomologies (5-25 nucleotides) (39) 

flanking the DSB ends (Figure 6A). Often referred to interchangeably with the term alternative non-

homologous end joining, MMEJ is genetically distinguishable from NHEJ in that it is Yku-

independent. Resection is a requisite for MMEJ since it exposes the microhomologies required for 

MMEJ (reviewed in (39)). After the homologous sequences anneal, the intervening non-homologous 

flap sequences are removed by a nuclease. Hence, deletions, the size of which depends on the distance 
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of the microhomologies from the DSB ends, are a hallmark of MMEJ. Following flap cleavage, gap 

fill-in (by a DNA polymerase) and ligation complete the repair process (reviewed in (39)) (Figure 6A). 

 The genetic requirements for MMEJ in S. cerevisiae were elucidated using a variation of the 

HO endonuclease-induced chromosomal DSB repair assay described in Figure 3B (Figure 6B; (102)). 

The WT strain for this assay contained two inversely oriented HO endonuclease recognition sites 

separated by a URA3 marker. Cleavage by HO endonuclease generated a URA3-containing fragment  

 

 

Figure 6. DSB repair by MMEJ. (A) The MMEJ repair pathway. As in SSA, the steps involved in 
MMEJ are DSB resection, microhomology annealing, flap cleavage, fill-in synthesis, and ligation. In 
contrast to SSA however, MMEJ utilizes shorter homologies and whether or not Rad52 stimulates the 
annealing step is still controversial. Figure modified from (39). (B) MMEJ repair assay utilized in S. 
cerevisiae. HO endonuclease introduces DSBs at two inverted HO recognition sites resulting in the 
generation of ends with incompatible overhangs. In this assay, ~85% of cells repair the breaks by 
MMEJ. Figure modified from (102). 
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and overhangs with non-complementary sequences. Of the cells that survived the DSBs, 16% retained 

the URA3 marker, presumably by imprecise NHEJ of both HO cleavage sites or from rare instances of 

non-cleavage by HO endonuclease. The remaining 84% of survivors were ura-, and contained deletions 

of up to 302 bp. Additionally, 80% of the ura- survivors (thirty-seven of 46 total) had utilized perfect 

or imperfect microhomologies of 8-10 nucleotides for repair. Given that the majority of survivors 

repaired the DSBs by MMEJ, this assay system proved extremely useful for dissecting the genetic 

requirements for MMEJ in S. cerevisiae. 

 MMEJ in S. cerevisiae is Yku-independent. In fact, the frequency of MMEJ increases in a 

yku70∆ mutant, with all survivors repairing the DSBs by MMEJ (102). These findings suggest that 

Yku actually inhibits MMEJ, very likely by its ability to restrict 5′ strand resection at DSBs. In contrast, 

deletion of either MRE11 or RAD50 in the Yku-deficient background severely impaired MMEJ, 

implicating the MRX complex as an important factor for MMEJ in S. cerevisiae (102). In a subsequent 

study, the requirement for the MRX complex in MMEJ was attributed to the nuclease activity of Mre11 

(103). MMEJ was severely compromised in strains expressing the mre11-H125N allele that is nuclease-

defective but retains the ability to form an intact MRX complex (103). Ku and MRX therefore function 

antagonistically to regulate the resection step of MMEJ. 

 In S. cerevisiae, the role of Rad52 in the strand-annealing step of MMEJ remains controversial. 

Whereas some studies demonstrated that MMEJ was not impaired in a rad52∆ mutant, other studies 

revealed a dependence on Rad52 for MMEJ. Interestingly, microhomology length appears to be a 

contributing factor in whether or not Rad52 is required for MMEJ. Rad52 is required for MMEJ events 

that utilize ≥ 15 bp of microhomology, but inhibits events utilizing < 15 bp of microhomology (104). 

These findings suggest that Rad52 plays a complex role in MMEJ, depending on the availability and 

length of microhomology at DSBs. 
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 As in SSA, flap cleavage during MMEJ is carried out by the Rad1-Rad10 nuclease. MMEJ is 

strongly impeded, but not completely abolished, in the absence of Rad1 and/or Rad10, indicating that 

one or more nucleases can catalyze flap cleavage in the absence of Rad1-Rad10 (103). Similarly, gap 

fill-in synthesis during MMEJ appears to be carried out by several functionally redundant polymerases. 

Deletion of POL32 (encoding a subunit of the replicative polymerase Polδ), POL4, RAD30 (encoding 

the translesion polymerase Polη), and REV3 (encoding the catalytic subunit of Polζ translesion 

polymerase) all result in reduced MMEJ efficiency. Moreover, strains carrying deletions of three of 

these genes exhibit an even greater reduction in MMEJ compared to the single mutants, suggesting 

functional redundancy among these polymerases in promoting gap fill-in synthesis during MMEJ 

(103). Finally, the ligation step of MMEJ is only partially dependent on Dnl4-Lif1 indicating that some 

other ligase, most likely the replicative ligase Cdc9, also functions in MMEJ (103). 

 In summary, although the MMEJ pathway has several components in common with the NHEJ 

and HR pathways, MMEJ can be distinguished from NHEJ by its lack of dependence on Ku, and in 

some cases, from HR, by its lack of dependence on Rad52. Given that MMEJ repair only occurs with 

considerable frequency in the absence of Ku and/or using assay systems designed to specifically study 

MMEJ, it may be tempting to speculate that MMEJ, especially given its highly error-prone nature, is a 

backup mechanism for DSB repair. However, MMEJ is active even in the presence of unperturbed HR 

and NHEJ pathways, suggesting that MMEJ may be a bona fide, though less used, repair pathway (105, 

106).  

 
 
1.3 Resection is a Major Factor that Regulates DSB Repair Pathway Choice 

 NHEJ and HR have different repair outcomes: simplistically, the NHEJ pathways are typically 

referred to as error-prone, whereas HR, specifically by the gene conversion pathway, is typically 
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referred to as error-free. Complicating this view, however, is the fact that large mammalian genomes 

contain significant amounts of repetitive sequences. For example, repetitive sequences comprise an 

estimated 45-50% of the human genome, although this number may be as large as 66-69% (107, 108). 

For mammalian cells then, DSB repair by HR presents numerous possibilities for the generation of 

mutations, like translocations and large deletions, if ectopic sequences, rather than the homologous 

sequences on a sister chromatid or homologous chromosome, are utilized for repair (109). Therefore, 

for organisms with larger genomes, NHEJ, with its small (1-4 bp) deletions, may be preferred, whereas 

for organisms with smaller, less repetitive genomes, HR may be the more advantageous choice for 

repair. Still, the NHEJ and HR repair pathways can co-exist in a cell, begging the question: how does 

a cell decide between NHEJ and HR?  

 Several factors have been reported or suggested to contribute to repair pathway choice. Donor 

availability for HR could be a regulating factor in pathway choice. Yeasts like S. cerevisiae 

preferentially utilize HR for repair , while the repair pathway of choice in mammalian cells is NHEJ. 

Since S. cerevisiae cells actively proliferate under typical laboratory conditions, the homologous 

templates needed for repair can become available in the S, G2, and M phases of the cell cycle. Most 

somatic mammalian cells, on the other hand, spend a majority of their time in the G0 and G1 phases of 

the cell cycle (110) where resection is limited (discussed below), thereby leaving NHEJ as the most 

likely option for DSB repair. In mammalian cells, repair kinetics have been proposed as another factor 

regulating pathway choice. The proposed model suggests that NHEJ factors are active at DSBs first, 

even in G2 cells (111). Any persistent DSBs then undergo resection and are channeled into the HR 

pathway (111). Cell type (haploid versus diploid in yeast) (99, 100) and the acetylation/deacetylation 

state of H3 have been reported to influence pathway choice (61). The structure of the DSB ends also 

seems to influence pathway choice. A recent publication demonstrated that DSBs with “clean” ends 
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are preferentially directed to NHEJ, whereas ones with chemically modified “dirty” ends are channeled 

to HR (112).     

 Arguably, no other topic has received more attention, especially in recent years, than DSB 

resection. DSB resection is a complexly regulated process. Nevertheless, a point of consensus is that 

the NHEJ pathway is favored by little to no resection, while the MMEJ and HR pathways are favored 

by intermediate and extensive resection, respectively. Next, I review resection and its regulation in S. 

cerevisiae, highlighting along the way the names of the mammalian orthologs of the S. cerevisiae 

proteins. I conclude this section with a review of the fairly recently discovered function of the Rif1 

protein in DSB resection and repair.   

 
 
1.3.1 DSB Resection  

 DSB resection is a cell cycle-regulated process that occurs to a limited extent in the G1 phase 

of the cell cycle when Cdk1 (the master cell cycle regulator in S. cerevisiae) activity is low, but occurs 

more extensively in the S and G2/M phases when Cdk1 activity is high (113, 114). DSB resection in S. 

cerevisiae is initiated by Sae2 (CtIP in mammalian cells) and MRX (MRN in mammalian cells). 

Together with Sae2, MRX initiates short-range resection of the 5′ strands (Figure 7). Interestingly, 

though an endonuclease itself, the role of Sae2 in the initiation of resection at DSBs appears to be 

stimulation of Mre11 endonuclease activity (115). The Mre11 endonuclease nicks the 5′ strand 

approximately 300 nucleotides from the DSB end and then its exonuclease activity removes nucleotides 

in the 3′ to 5′ direction, toward the DSB end (Figure 7) (116). Long-range resection is achieved by the 

concerted action of two highly processive nucleases Exo1 (EXO1 in mammalian cells) and Sgs1-Dna2 

(BLM-DNA2 in mammalian cells), which continue resection from the free 5′ ends generated by the 

Mre11 endonuclease (Figure 7) (116-118).  
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Figure 7. Initiation and Progression of DSB resection in S. cerevisiae. Cdk1-phosphorylated Sae2, 
activates MRX, stimulating its endonucleolytic activity and resulting in the introduction of nicks on 
the 5′ strand at ~300 nucleotides away from the DSB ends. Resection proceeds by bidirectional 
processing away from the nicks, with MRX proceeding in the 3′ to 5′ direction towards the DSB 
ends, and Sgs1/Dna2 and Exo1 proceeding in the 5′ to 3′ direction.  
 
 
Several proteins regulate DSB resection both at the initiation (short-range) and extension (long-range) 

stages. Phosphorylation of Sae2 by Cdk1, the master cell cycle regulator in S. cerevisiae, promotes 

DSB resection in G2/M (119, 120). However, DSB resection is not completely repressed during G1; 

ssDNA is still generated during G1 albeit at much lower levels than during G2/M . More resection 

products accumulate in the immediate vicinity of a DSB when YKU70 or YKU80 is deleted in G1-

arrested cells, indicating that Yku normally inhibits the initiation of resection (80, 121). Moreover, 

yku70∆ cells exhibit a significantly more pronounced accumulation of Exo1, than of Dna2 at DSBs, 

indicating that Yku primarily inhibits the Exo1-dependent pathway of extensive DSB resection (122).  

 In the absence of a functional MRX complex, Sgs1-Dna2 becomes essential for the initiation 

of resection. Mimitou and Symington (2010) (123) measured resection in rad51∆, rad51∆ mre11-nd, 

and rad51∆ mre11-nd sgs1∆ strains. These measurements were made in a rad51∆ background to 

prevent the strand invasion step of HR, thereby stabilizing the 3′ ssDNA and improving its detection. 

They observed, consistent with a previous report (124), that expression of the nuclease-defective 

mre11-nd (H125N) allele did not significantly impair the initiation of resection at the endonuclease-
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induced break (123). However, the mre11-nd mutant was highly sensitive to IR, suggesting a higher 

requirement for MRX in the processing of DSBs with “dirty” chemically modified ends such as those 

generated by IR, versus DSBs with “clean” ends (123). Compared to the rad51∆ and rad51∆ mre11-

nd strains, the rad51∆ mre11-nd sgs1∆ strain exhibited an approximately 2-fold decrease in the 

accumulation of resection products in the immediate vicinity of the DSB. This finding, combined with 

their observation that an mre11-nd exo1∆ strain was much more resistant to IR than the mre11-nd 

sgs1∆ strain, indicated that Sgs1-Dna2, but not Exo1, can partially fulfill the resection initiation 

function of the Mre11 nuclease (123). Likewise, Sgs1-Dna2 becomes essential for the initiation of 

resection when Sae2, which initiates resection together with MRX, is absent (125). 

 Reflecting yet another level of regulation of resection, Yku (Ku in mammalian cells) and MRX 

reciprocally antagonize each other’s presence at DSBs. Yku reduces the association of MRX with 

DSBs in G1 phase and when overexpressed in G2 phase (80). Conversely, MRX limits Yku association 

with DSBs (122). However, the dual role for MRX in both NHEJ and HR precludes a model wherein 

mutually exclusive binding of Yku and MRX to DSBs channels them to either NHEJ or HR.  

 The checkpoint protein Rad9 (53BP1 in mammalian cells) is another important regulator of 

DSB resection in S. cerevisiae. A role for Rad9 in limiting resection was first reported in 2008 (126). 

Using a Southern blot approach for measuring the accumulation of resection products, the authors 

demonstrated that resection products accumulated faster, and at further distances from the DSB, in the 

absence of RAD9. This study therefore implicated Rad9 as an inhibitor of long-range resection. 

Furthermore, Exo1 was ruled out in this study as the nuclease(s) regulated by Rad9 (126). Seven years 

later, a role for Rad9 in limiting short-range resection was uncovered (125). The authors used a more 

sensitive technique, quantitative PCR (qPCR), to measure the kinetics of resection near the DSB. 

Taking advantage of an RsaI restriction enzyme site located at ~ 150 bp from one end of the DSB, the 
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authors quantified the production of a PCR product generated with primers flanking the RsaI site. 

Resection past the RsaI site converts it to ssDNA, rendering it resistant to cleavage and leaving an 

intact template for PCR amplification with the flanking primers. The converse is the case for when 

resection is impaired. Short-range resection was impaired, as expected, in a sae∆ mutant relative to the 

WT strain, and this defect was partially alleviated in a sae2∆ rad9∆ mutant. Importantly, a sae2∆ rad9∆ 

sgs1∆ strain exhibited resection levels similar to the sae2∆ strain (125). Taken together, the findings 

from both of these studies indicate that Rad9 limits short-range and long-range resection by inhibiting 

the Sgs1-Dna2-dependent resection pathway. 

 
  
1.4 Role of Rif1 in DSB Resection and Repair  

 Rif1 was first discovered in S. cerevisiae in a screen designed to identify interacting partners 

for the telomere-binding protein Rap1, and was characterized in the same study as a negative telomere 

length regulatory factor (discussed further in Section 3.4) (127). A little over ten years later, human 

RIF1 (hRIF1) was identified based on sequence similarity to yeast Rif1 (128). Surprisingly, unlike its 

yeast ortholog, hRIF1 did not colocalize with telomeres by immunofluorescence, and was not detected 

in immunoprecipitates of known telomere-binding proteins, including Rap1. hRIF1 did, however, 

colocalize with damaged telomeres, and also formed foci at IR-induced DSBs (128). This finding was 

the first indication of a role for hRIF1 in DSB signaling and/or repair. In 2013, almost a decade after 

yeast RIF1 was identified, publications from several laboratories elaborated on the role of RIF1 in DSB 

repair. Prior to these studies, the BRCA1 and 53BP1 proteins were reported to promote HR and NHEJ, 

respectively (129-132). Moreover, several lines of evidence suggested an antagonistic relationship 

between BRCA1 and 53BP1. BRCA1 excludes 53BP1 from ionizing radiation-induced foci (IRIF), 

sites of accumulation of DNA damage response proteins, formed in the S phase of the cell cycle (133). 
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Furthermore, 53BP1 deficiency suppresses the resection and HR defects of BRCA1-deficient cells 

(134, 135). These findings raised the possibility that 53BP1 inhibits resection, and by extension HR, 

so as to favor NHEJ. Importantly, expression of a mutant BRCA1 protein containing N-terminal 

mutations of 28 potential S/TQ phosphorylation sites for the ataxia-telangiectasia mutated (ATM) 

kinase also suppressed HR defects of BRCA1-deficient cells (136), suggesting additional involvement 

of one or more 53BP1-interacting proteins in NHEJ. Given that hRIF1 localization to IR-induced DSBs 

had been previously shown to be dependent on 53BP1 (128), hRIF1 emerged as a likely candidate for 

a 53BP1-interacting protein with a function in NHEJ. The major findings from the publications that 

described a role for hRIF1 as an effector for 53BP1 in NHEJ are described below. 

 In agreement with previous reports, hRIF1 localized to IRIF in an ATM- and 53BP1-dependent 

manner, as mutation of the S/TQ sites in 53BP1 impaired hRIF1 localization to IRIF. Importantly, 

these mutations did not impair the formation of 53BP1 IRIF, indicating that hRIF1 was recruited to 

DSBs via interactions with phosphorylated residues in 53BP1. Furthermore, hRIF1 depletion did not 

impair 53BP1 IRIF, suggesting that hRIF1 functioned as a downstream effector of 53BP1 (137-141). 

 To determine whether hRIF1 functioned in NHEJ, several assays were employed, all yielding 

the same conclusion. hRIF1 depletion reduced antibody class switching (Section 1.1), an NHEJ-

dependent process, both in vivo in mice and ex vivo in a B cell lymphoma cell line (137, 138). NHEJ 

of deprotected telomeres was also reduced upon hRIF1 depletion (137, 141). Finally, hRIF1-deficient 

cells exhibited increased sensitivity to bleomycin, similarly to cells lacking the NHEJ factor Ku70 

(139).    

 As had been demonstrated for 53BP1, hRIF1 depletion attenuated the resection defect of 

BRCA1-deficient cells, as evidenced by increased RPA accumulation at DSBs (137, 140, 141). 
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Consistent with the increased resection upon hRIF1 depletion, gene conversion, SSA, and MMEJ, 

processes dependent on resection, were increased upon hRIF1 depletion (139).       

 Finally, the antagonism between 53BP1 and BRCA1 was shown to be cell cycle-regulated. 

BRCA1 had been previously reported to exclude 53BP1 from S-phase IRIF. Reciprocal experiments 

demonstrated that BRCA1 did not form IRIF in G1 cells (137, 140). However, upon 53BP1 depletion, 

BRCA1 IRIF formed in G1 cells (139, 140). Like 53BP1, hRIF1 did not form IRIF in G2/S cells. 

However, ectopic hRIF1 IRIF arose in G2/S cells when BRCA1 or its interacting partner CtIP was 

depleted (137). The results from these studies led to the development of a model wherein 53BP1/hRIF1 

excludes BRCA1/CtIP from DSBs in G1, thereby inhibiting resection and favoring NHEJ. In G2/S, 

BRCA1/CtIP exclude 53BP1/hRIF1 from DSBs, allowing for resection, and consequently HR, to occur 

(137-141).    

 Rad9, the S. cerevisiae ortholog of 53BP1, also inhibits DSB resection (Section 1.3.1). A point 

of divergence, however, is that S. cerevisiae Rif1, unlike its mammalian counterpart, promotes DSB 

resection by reducing Rad9 accumulation at DSBs (142). When tested in a SSA assay, a Scrif1∆ mutant 

was defective in SSA repair using two direct repeats located 25 kb apart. ScRIF1 deletion had no effect, 

however, when the repeats were located 5 kb apart (142). This observation suggests that ScRif1 

promotes DSB repair by HR by promoting resection, and raises the possibility of ScRif1 having a 

converse role in NHEJ regulation. Whether or not Rif1 regulates NHEJ in S. cerevisiae has not yet 

been addressed up prior to the work presented in this thesis. 

 
 
1.5 Significance 

Rif1 was originally identified in S. cerevisiae as a telomere length regulatory protein (127), but 

in the 25 years since its discovery, additional functions, in DSB repair and DNA replication, have been 
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attributed to Rif1. In yeast, mice, and humans, Rif1 functions in the temporal regulation of DNA 

replication (143-145). As discussed above, Rif1 regulates DSB repair pathway choice in mammalian 

cells, favoring NHEJ over HR. A common thread among these functions of Rif1⎯telomere regulation, 

DSB repair, and DNA replication ⎯is that these processes influence genome maintenance, thereby 

positioning Rif1 as an important regulator of genome maintenance.      

While several laboratories have independently reported on the role of mammalian Rif1 in DSB 

repair (137-141), the role of ScRif1 in DSB repair has not been explored extensively. In 2014, the 

Longhese lab provided evidence that ScRif1 promotes resection, suggesting that ScRif1 favors HR 

over NHEJ (142). Our laboratory has undertaken the task of further exploring the role of ScRif1 in 

DSB repair, and the findings from our studies thus far are presented in Chapter II. I demonstrate that 

imprecise NHEJ events in WT and rif1∆ cells have different mutation signatures, suggesting a role for 

ScRif1 in regulating the fidelity of NHEJ repair. I also provide evidence that this function of Rif1 is 

dependent on its protein phosphatase-1 (PP1)-interacting domain. This PP1-interacting domain has also 

been implicated in replication timing regulation by ScRif1 (146-148), and is seemingly involved in 

telomere length regulation by ScRif1 (my data, as well as unpublished results from the Shore lab 

described in a review article published from his lab (149)). It is not yet known whether or not this 

domain is involved in the regulation of DNA replication timing or DSB repair by mammalian Rif1. 

Therefore, in addition to revealing an important role for ScRif1 in regulating the fidelity of NHEJ 

repair, these findings also contribute to our understanding of how Rif1 accomplishes its diverse 

functions, by revealing, for the first time, an involvement of the PP1-interacting domain in a DSB repair 

function of Rif1.   
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CHAPTER II 
 
 

SACCHAROMYCES CEREVISIAE RIF1 REGULATES THE FIDELITY OF NHEJ REPAIR1 
 
 
 

2.1 Introduction 
 

 
 Cellular DNA is constantly exposed to genotoxic agents both from endogenous and exogenous 

sources, resulting in the formation of DNA lesions. Among the numerous types of DNA lesions are 

base oxidations and deaminations, bulky DNA adducts, interstrand crosslinks, mismatched bases, 

single-strand breaks, and double-strand breaks (DSBs) (5). DSBs are the most cytotoxic lesions: just 

one unrepaired DSB can have lethal consequences for a cell (150). Aberrant DSB repair gives rise to 

mutations and/or gross chromosomal rearrangements (GCRs), the consequences of which can include 

genomic instability and carcinogenesis (151). Therefore, to ensure genomic integrity and cell survival, 

DSBs must be repaired in a timely manner and with high fidelity. 

 Eukaryotic cells have evolved two main pathways for DSB repair: homologous recombination 

(HR) and non-homologous end joining (NHEJ). Homologous recombination uses a homologous 

sequence as template for DSB repair. Nucleolytic resection of the 5′ strands of the DSB is crucial to 

the success of HR since it exposes the 3′-ended single-stranded DNA required to initiate homology 

search and subsequently complete repair. There are four subtypes of homology-dependent repair 

(HDR), all dependent on the protein Rad52: the error-free double Holliday junction (dHJ) and 

synthesis-dependent strand annealing (SDSA) pathways, and the less conservative break-induced 

replication (BIR) and single-strand annealing (SSA) pathways (38).  

                                                
1 The work presented in this chapter are my contributions towards ongoing work in our lab aimed at 
elucidating the role of yeast Rif1 in DSB repair.    
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 In contrast to HDR, classical NHEJ (c-NHEJ) involves religation of the DSB ends, with little to 

no end processing. A second subtype of NHEJ known as alternative non-homologous end joining (alt-

NHEJ) or microhomology-mediated end joining (MMEJ) involves base pairing between 5-25 

nucleotides of microhomology, exposed by resection, on each side of the break. Consequently, MMEJ 

results in deletions of up to a few hundred base pairs (39). These pathways are genetically distinct: c-

NHEJ requires the Ku70/Ku80 (Ku) heterodimer (72, 73), whereas MMEJ is Ku-independent (102, 

103). The fidelity of NHEJ depends on the kinds of DSB ends generated. DSBs with cohesive 

overhangs require no modifications prior to religation, whereas incompatible ends must be processed 

first to generate ligatable structures (152). Numerous studies indicate that the requirements for factors 

involved in end-processing may differ depending on the structure of the DSB ends (95, 96, 153-155). 

Some of these studies have, however, yielded contradictory findings that were suggested to arise from 

differences in the types of assays used (plasmid-based versus chromosomal-based NHEJ assays) (153-

155). 

 Although the HR and NHEJ pathways both operate in eukaryotic cells, one pathway is 

preferentially used over the other. For instance, HR is the predominant pathway in the budding yeast 

Saccharomyces cerevisiae, whereas NHEJ is typically the pathway of choice in mammalian cells. Sister 

chromatids are the preferred templates for HR repair (59), and as such, HR is largely confined to the S 

and G2 phases of the cell cycle during which sister chromatids are available for repair. Much attention 

has been paid to how eukaryotic cells regulate DSB repair pathway choice. In mammalian cells, RIF1 

has emerged as a critical factor that regulates the choice between HR and NHEJ. RIF1 is recruited to 

DSBs via an interaction with 53BP1, and in a manner dependent on ATM-mediated phosphorylation 

of 53BP1 (137-141). RIF1 and 53BP1, acting in the same pathway, limit accumulation of the resection- 

and HR-promoting factors BRCA1/CtIP at DSBs in the G1 phase of the cell cycle, and consequently 
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limit DSB resection (137-141). Analogously, BRCA1/CtIP inhibit RIF1/53BP1 accumulation at DSBs 

in the S and G2 phases of the cell cycle, supporting a model in which competition for DSB ends by 

53BP1/RIF1 and BRCA1/CtIP determines which pathway, HR or NHEJ, is used to repair the break 

(137-141). 

 In stark contrast to its mammalian homologue, S. cerevisiae Rif1 promotes resection, 

interestingly by limiting the accumulation of the 53BP1 homolog Rad9 (142). DSB resection is a two-

step process in which Mre11-Rad50-Xrs2 (MRX) and Sae2 initiate resection, removing approximately 

300 nucleotides from the 5′ strand (short-range resection) (115, 116), followed by further (long-range) 

resection mediated by the Exo1 and Sgs1-Rmi1-Top3-Dna2 nucleases (116-118). In S. cerevisiae, 

Rad9 inhibits both short- and long-range resection by forming a physical barrier, via oligomerization, 

that blocks nucleolytic resection (125, 126, 156). Consistent with its role in antagonizing Rad9 

recruitment to DSBs, S. cerevisiae Rif1 promotes DSB repair by the SSA pathway (142). An inference 

that could be made from the finding that S. cerevisiae Rif1 promotes homology-dependent DSB repair 

is that it conversely inhibits NHEJ. This hypothesis has not, however, been directly tested.  

 In yeast and mammalian cells, Rif1 regulates the temporal pattern of replication initiation. In 

budding yeast (144), fission yeast (157), and mammalian cells (143, 145), Rif1 exerts a global, genome-

wide effect on replication timing, with late-replicating origins firing earlier and early-replicating 

origins firing later in rif1 cells. In S. cerevisiae, Rif1 inhibits DNA replication initiation by interacting 

with and directing protein phosphatase-1 to reverse Cdc7-Dbf4 (DDK)-mediated phosphorylation of 

Mcm4, a component of the pre-replication complex (146, 147).  

 In both yeast and mammalian cells, Rif1 is also involved in chromatin organization at the nuclear 

periphery (145, 158, 159). In S. cerevisiae, this function of Rif1 is independent of its role in replication 

timing (144). In mammalian cells, however, Rif1 controls replication timing through regulation of 
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chromatin organization (145, 159). In human cells, whereas Rif1-bound replication domains are 

resistant to DNase I digestion, consistent with co-locolization of these replication domains with the 

nuclear membrane, Rif1-bound ionizing radiation-induced foci (IRIF), formed after DSBs, are DNase 

I-sensitive and therefore not associated with the nuclear membrane (145). Therefore, Rif1 appears to 

play distinct roles in DNA replication and DSB repair.  

 Here, we have investigated a role for S. cerevisiae Rif1 in DSB repair by NHEJ. We provide 

evidence that Rif1 regulates the fidelity of NHEJ repair of a DSB induced by the CRISPR/Cas9 

nuclease. Whereas WT repair junctions only consist of deletions (median = 7 nucleotides), rif1∆ 

junctions contain both deletions (median = 2 nucleotides) and Pol4-dependent insertions, most 

commonly of a T nucleotide. Finally, we present evidence that this function of Rif1 is mediated by its 

protein phosphatase 1-interacting domain, but does not require its interaction with Rap1 or Rif2.  

 

2.2 Results 

 

2.2.1 The fidelity of NHEJ is altered in the absence of S. cerevisiae Rif1 

 To address the role of S. cerevisiae Rif1 in DSB repair, we utilized the CRISPR/Cas9 system to 

induce a DSB at the CAN1 locus and measured the frequency of survival following DSB induction. 

Strains utilized in this assay contain two plasmids, one carrying the Cas9 gene under control of a 

galactose-inducible promoter (160), and the other constitutively expressing the guide RNA targeting 

CAN1 (gRNA CAN1.Y) (160). Growth on media containing galactose induces expression of the Cas9 

nuclease, which in turn creates a blunt-ended DSB at the CAN1 locus. When plated to media containing 

galactose, 3.00±0.95% of WT cells survived the Cas9-induced DSB (Figure 8A). This value is 

significantly lower than the previously reported value of ~80% (160). The reason for this discrepancy 
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is currently unknown, but differences in strain background may account for the observed differences 

in DSB survival frequencies.   

 Deletion of RIF1 reduced survival modestly (by about 3-fold), but reproducibly among four 

independent rif1∆ isolates (Figure 8A). The frequency of survival in the rif1∆ strains ranged from 0.78-

1.01%, but these minor differences were not statistically significant (p=0.90) by ANOVA with post-

hoc Tukey HSD (Figure 8A). Next, we sequenced the region spanning the predicted Cas9 cleavage site 

(henceforth referred to as the repair junction) from fifteen galactose-resistant survivors of the WT 

(RIF1) strain and fifteen survivors of a rif1∆ strain. All of the WT repair junctions contained deletions 

ranging from 3 to 216 bp, with a median deletion size of 7 bp (Figure 8B). Mutations at the repair 

junction were expected because only those cells that incur a mutation at the target site become resistant 

to persistent cleavage by Cas9. Furthermore, the observation that 15/15 survivors contained mutations 

and that none of the clones appeared to contain mixed sequences is consistent with efficient cleavage 

that prevents the growth of “escapers.” Sequencing of the repair junctions from rif1∆ isolates revealed 

a dramatically different repair signature from that observed in WT cells. Eight of 15 rif1∆ repair 

junctions contained deletions of only 1-3 bp, with a median deletion size of 2 bp (Figure 8B). 

Additionally, 40% of the repair junctions (six out of 15) contained insertions, mostly of a T nucleotide 

(Figure 8B), unaccompanied by deletion. 

 In the WT strain, most survivors contained deletions of 25 bp or fewer, with microhomologies of 

1-5 nucleotides evident at the site of repair (Figure 8B), observations consistent with repair by NHEJ. 

To verify that the Cas9-induced DSB was repaired primarily by NHEJ, we assayed DSB repair in 

strains lacking Yku80 and Lif1 (required for NHEJ), Rad1 (required for MMEJ), and Rad52 (required 
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Figure 8. Rif1 regulates the fidelity of NHEJ repair. 
(A). DSB survival rates in WT and rif1∆ cells. Data represent the average of 3 independent 
experiments and error bars represent standard deviations. **The indicated mutants are significantly 
different from WT (p<0.01) by ANOVA with post-hoc Tukey HSD. 
(B). Repair junctions from the WT and rif1 strains. The top sequence shows the original WT 
sequence with a gap representing the Cas9 cleavage site. The boxed sequences show the mutagenic 
repair junctions in WT and rif1∆ cells. Dashes represent deletions and staggered, bolded nucleotides 
represent insertions. For repair junctions that had multiple occurrences, the number of times that 
junction was isolated is indicated to the right of the sequence. Underlined sequences represent 
microhomology that was likely utilized for repair. There was no discernible microhomology for the 
WT isolate in which no nucleotide is underlined. For the sequence underlined in red, there is an 
additional nucleotide of microhomology that is not shown.   
 
 
 

** ** ** **
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for all forms of HR). Deletion of RAD52 (p=0.86) or RAD1 (p=0.78) did not significantly change the 

frequency of survival following DSB induction (Figure 9A and B). In contrast, deletion of YKU80 

reduced survival by 63-fold (Figure 9C), indicating that the majority of survivors repaired the DSB by 

NHEJ. Deletion of LIF1, which encodes for a component of the primary NHEJ ligase machinery 

(Dnl4/Lif1) recapitulated our finding with yku80∆, reducing survival by 17-fold (Figure 9D). However, 

the smaller fold reduction in the lif1∆ mutant compared to the yku80∆ mutant suggests that during 

NHEJ repair of DSBs that require end-processing, another ligase can catalyze the final ligation step in 

the absence of Dnl4/Lif1. 

 Deletion of RIF1 caused a further reduction in survival in the rad52∆ and rad1∆ backgrounds 

(Figure 9A and B) (2.4 fold and 2.8 fold, respectively), but not in the absence of YKU80 or LIF1 (Figure 

9C and D), placing Rif1 in the NHEJ pathway of DSB repair. Taken together, these data indicate that  

Rif1 regulates the fidelity of NHEJ in S. cerevisiae.  
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Figure 9. Rif1 functions in the NHEJ pathway of DSB repair. 
 (A-D) DSB survival frequencies in HR (RAD52 and RAD1) and NHEJ (KU80 and LIF1) mutants. 
Data represent the averages of 3 independent experiments and error bars represent standard 
deviations. Insets are included for the NHEJ mutants (C and D) because the scales used in the larger 
images do not permit proper visualization of the extent of survival in those strains. A-B: **p<0.01 by 
ANOVA with post-hoc Tukey HSD. C-D: Given the clear lack of an effect following deletion of 
RIF1 in the NHEJ mutant strains, statistical comparisons were made only between the WT and ku80∆ 
or lif1∆ strains. *p<0.05, **p<0.01 by Student’s t-test.  
 
 
 
2.2.2 Repair junction insertions that occur in the absence of Rif1 are Pol4-dependent 

 Given the unique insertional signature of the rif1∆ mutant compared to the WT strain, we tested 

for a potential involvement of DNA polymerase IV (Pol4), an end-processing factor known to 

participate in gap-filling during NHEJ (95, 96). Consistent with its known function in NHEJ, deletion 

 



 43 

of POL4 led to a 4-fold reduction in survival after DSB induction (Figure 10A). The repair junctions 

in the pol4∆ mutant contained larger deletions compared to the WT strain and this difference was 

significant (Figure 10B). Similar to fission yeast (161), the pol4∆ strain exhibited slightly increased 

use of microhomology, in particular, of imperfect microhomology, compared to the WT strain (Figure 

10C and D).  

 Deletion of RIF1 in the pol4∆ background did not cause further change in DSB survival (p=0.63, 

by ANOVA with post-hoc Tukey HSD) (Figure 10A), suggesting an involvement of Pol4 in the Rif1 

pathway of NHEJ repair. Pol4 was absolutely required for the insertions that we observed in the rif1∆ 

mutant (Figure 8B) as insertions were never observed in the pol4∆ rif1∆ repair junctions (Figure 10B). 

However, the “small deletion” (1-3 bp) phenotype characteristic of the rif1∆ mutant persisted in the 

pol4∆ rif1∆ strain (Figure 10B), indicating the involvement of other factor(s) in generating this 

phenotype in the absence of Rif1. As the pol4∆ rif1∆ strain did not exhibit a similar mutation signature 

compared to the pol4∆ strain (Figure 10B), these data indicate that Rif1’s function in regulating NHEJ 

fidelity is only partially dependent on Pol4. 

 
 

2.2.3 The end-processing factors Rad27, Tdp1, and Srs2 are not involved in the Rif1-dependent 

NHEJ pathway 

 Next, we tested whether several factors implicated in end-processing during DNA repair affect 

the deletion size generated after Cas9 cleavage in the RIF1 or rif1Δ backgrounds. Rad27 is a 5′ flap 

endonuclease that has been reported to catalyze 5′ flap cleavage during NHEJ (97). Another protein of 

interest, Tdp1, has differing roles during NHEJ depending on the nature of the DSB ends. Tdp1 affects 

neither the frequency nor the fidelity of NHEJ at DSB ends with 3′  overhangs (153). In the absence of 

TDP1, more insertions occur at ends with 5′ overhangs, but the frequency of end-joining is unchanged 
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(153). TDP1 deletion improves the frequency of joining of blunt ends, but does not affect the fidelity 

of joining at those ends. In our assay, deletion of RAD27 decreased survival after DSB induction only 

by 1.6-fold (p=0.03 by ANOVA with post-hoc Tukey HSD), whereas deletion of TDP1 had no effect 

on DSB survival (p=0.90 by ANOVA with post-hoc Tukey HSD) (Figure 11A and B). The rad27∆ 

rif1∆ and tdp1∆ rif1∆ double mutants exhibited reduced survival after DSB induction compared to the 

rad27∆ and tdp1∆ single mutants respectively (Figure 11A and B), suggesting that neither Rad27 nor 

Tdp1 functions in the Rif1-dependent NHEJ pathway. The lack of strong involvement of Rad27 

strongly suggests that repair of the Cas9-induced DSB primarily proceeds by way of intermediates 

containing 3′ overhangs or 3′ flaps expected to be generated after 5′ strand resection from an initial 

blunt break.  

   The Rad1-Rad10 endonucleases, together with the Srs2 helicase, cleave the long 3′ flaps 

generated during SSA (43, 44, 162), and are candidates for the end-processing factors that cleave the 

shorter 3′ flaps generated during NHEJ. However, consistent with a previous report (163) and with our 

finding that Rad1 does not play a significant role in repair of the Cas9-induced DSB (Figure 9B), 

deletion of SRS2 did not significantly change cell survival after DSB induction (p=0.12 by ANOVA 

with post-hoc Tukey HSD) (Figure 11C).    
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Figure 10. DSB repair junction insertions that occur in the absence of Rif1 are Pol4-dependent.   
(A) DSB survival frequencies in WT, rif1∆, pol4∆, and pol4∆ rif1 strains. Data represent averages 
from 3 independent experiments and error bars represent standard deviations. **p<0.01 by ANOVA 
with post-hoc Tukey HSD. NS = not significant. 
(B) Mutation signatures in WT, rif1∆, pol4∆, and pol4∆ rif1 strains. Each triangle represents an 
independent repair event. The type of event (deletion or insertion) is indicated by the position relative 
to the central axis. Deletions are indicated to the left and insertions to the right. The numbers on the 
X-axis indicate the sizes of the insertions and deletions. The Kolmogorov-Smirnov test was used for 
pair-wise comparisons among the four strains and a Bonferroni correction was performed to account 
for the multiple comparisons. Except for the rif1∆ and pol4 rif1∆ pairing, the mutation signatures of 
all other strain pairs were significantly different (for each pair-wise comparison, p was < the 
Bonferroni-adjusted alpha level of 0.0083).  
(C) Average lengths of microhomologies (MH) in WT and pol4∆ strains. For each strain, the same data 
set (13 WT isolates and 14 pol4∆ isolates) were analyzed to determine the average MH length, either 
without the inclusion of uncomplementary nucleotides (Perfect MH) or allowing for only one mismatch 
(imperfect MH). Error bars represent standard deviations. Data were analyzed by unpaired Student’s T 
test. 
(D) Imperfect microhomologies utilized in the pol4∆ strain. The underlined and bolded nucleotides 
represent the mismatches. 
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Figure 11. End-processing factors Srs2 and Tdp1 do not affect DSB survival of a Cas9-induced 
DSB. DSB survival frequencies in strains carrying deletions of genes with known roles in end-
processing (RAD27, TDP1, and SRS2). Data represent averages from 3 independent experiments and 
error bars represent standard deviations. *p<0.05, **p<0.01 by ANOVA with post-hoc Tukey HSD. 
 
 
 
2.2.4 Rif1 and Rad9 have partially overlapping functions in the regulation of NHEJ fidelity 

 S. cerevisiae Rif1 promotes DSB resection by limiting the accumulation of the checkpoint protein 

Rad9, an inhibitor of both short- and long-range resection (125, 126), at DSBs (142). Given that the 

deletions in the rif1∆ strain were smaller than in the WT strain, as would be expected if more Rad9 
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accumulated at the DSB in the absence of Rif1, we addressed a possible role for the checkpoint protein 

Rad9 in promoting these small deletions. In a rad9∆ strain, survival was reduced 4.5-fold after DSB 

induction (p<0.01), and deletion of RIF1 did not cause a further change in survival in the rad9∆ strain 

(p=0.85), suggesting a potential involvement of Rad9 in the Rif1-dependent NHEJ pathway (Figure 

12A). We sequenced the repair junctions from thirty-six rad9∆ and thirty-six rad9∆ rif1∆ survivors. In 

twenty-two out of 36 rad9∆ isolates, resection proceeded past at least one of the primers utilized for 

amplification of the repair junction (data not shown). This result is consistent with increased long-range 

resection expected in a rad9∆ strain. The remaining fourteen rad9∆ isolates exhibited a phenotype 

similar to the rif1∆ strain (Figure 12B). Nine junctions contained small (2-3 bp) deletions, three 

contained an insertion, and the last two were mixed (insertion and deletion) junctions that resulted in 

net insertions of 1 bp (Figure 12B). The rad9∆ rif1∆ mutant had a similar mutation signature as the 

rad9∆ mutant: fourteen out of 36 junctions were unamplifiable, indicative of extensive resection. Of 

the remaining twenty-two isolates, eleven contained small (1-3 bp) deletions, and eleven contained 1-

2 bp insertions (Figure 12B). Although the rif1∆ mutant does not fully recapitulate the repair defects 

of the rad9∆ mutant, deletion of RIF1 in the rad9∆ background does not cause any considerable 

changes in repair (Figure 12A and B), suggesting that Rif1 and Rad9 have partially overlapping 

functions in end-processing during DSB repair.  
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Figure 12. Rad9 and Rif1 have partially overlapping functions in the regulation of NHEJ 
fidelity. 
(A) DSB survival frequencies in WT, rif1∆, rad9∆, and rad9∆ rif1 strains. Data represent averages 
from 3 independent experiments and error bars represent standard deviations. *p<0.05, **p<0.01 by 
ANOVA with post-hoc Tukey HSD. NS = not significant. 
(B) Mutation signatures in WT, rif1∆, rad9∆, and rad9∆ rif1∆ strains. Each triangle represents an 
independent repair event. The type of event (deletion or insertion) is indicated by the position relative 
to the central axis. Deletions are indicated to the left and insertions to the right. The numbers on the 
X-axis indicate the sizes of the insertions and deletions. WT and rif1∆ data are the same as those 
shown in Figure 10B. The Kolmogorov-Smirnov test was used for pair-wise comparisons among the 
four strains, and a Bonferroni correction was performed to account for the multiple comparisons. 
Each of the mutant strains exhibited a significantly different mutation signature compared to the WT 
strain (for each pair-wise comparison, p was < than the Bonferroni-adjusted alpha level of 0.0083). 
Excluding the larger deletions that occur in the rad9∆ strains (data not shown), the mutant strains did 
not differ significantly from each other in their mutation signatures (for each pair-wise comparison, p 
was > than the Bonferroni-adjusted alpha level of 0.0083). 
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2.2.5 Rif1’s function in NHEJ is independent of its role in telomere maintenance  

 We next addressed whether Rif1’s function in NHEJ is separable from its function in telomere 

maintenance. Rif1 executes its role in telomere length regulation as part of a complex containing two 

other proteins, Rif2 and the telomere-binding protein Rap1 (127, 164). At telomeres, Rap1, Rif1, and 

Rif2 form a protective array that caps the chromosome ends and that is stabilized by multiple 

interactions among the three proteins (165). Deletion of RIF2 did not affect survival following DSB 

induction (Figure 13B), suggesting that Rif1’s function in NHEJ is independent of its function in 

telomere maintenance. We took a more direct approach to verify that Rif1 plays a role in NHEJ 

independent of its role in telomere maintenance by assaying DSB repair in a strain in which the last 

565 amino acids of Rif1, containing its Rap1-interacting motifs (Figure 13A), were deleted (rif1-C∆). 

Deletion of the Rif1 C terminus reduced survival after DSB induction, although the decrease was less 

pronounced than typically seen in the rif1∆ strain (compare WT vs rif1-C∆ in Figure 13B to WT vs 

rif1∆ in preceding figures). Sequencing of the repair junctions in the rif1-C∆ strain also revealed a 

modest, but insignificant, change in the repair signature, compared to the WT strain, with the 

appearance of slightly smaller deletions and a few insertions (p=0.048, higher than the Bonferroni-

adjusted alpha level of 0.0083) (Figure 13C).  

 The Rif1 C terminus contains a tetramerization domain (CTD), in addition to the Rap1-binding 

motif (RBM) (Figure 13A) (165). To address more specifically whether the Rap1-binding motif or the 

tetramerization domain contribute to the rif1-C∆ phenotype, we mutated the RBM and CTD separately. 

Mutation of the RBM did not cause a significant change in either cell survival after DSB induction 

(Figure 13B) or in the repair signature (p=0.883, compared to WT) (Figure 13C), indicating that Rif1’s 

function in NHEJ is independent of its interaction with Rap1, and therefore of its function in telomere 



 50 

length regulation. Mutation of the CTD did, however, reduce DSB survival significantly (Figure 13B) 

and caused a modest, though insignificant, change in repair signature compared to WT cells (p=0.051, 

higher than the Bonferroni-adjusted alpha level of 0.0083) (Figure 13C), indicating that this domain 

plays at least a partial role in mediating Rif1’s functions in DSB repair.  
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Figure 13. Regulation of NHEJ fidelity by Rif1 is independent of its telomere functions. 
(A) Schematic representation of S. cerevisiae Rif1, showing the RBM and CTD mutations. In the rif1-
C∆ strain, the last 565 amino acids (1353-1917, shown in red) are deleted.  
(B) DSB survival frequencies in WT, rif2∆, rif1C∆, rif1RBM, and rif1CTD strains. Data represent 
averages from 3 independent experiments and error bars represent standard deviations. *p<0.05, 
**p<0.01 by ANOVA with post-hoc Tukey HSD. NS = not significant. 
 (C) Mutation signatures in WT, rif1∆, rif1C∆, rif1RBM, and rif1CTD strains. Each triangle represents 
an independent repair event. The type of event (deletion or insertion) is indicated by the position 
relative to the central axis. Deletions are indicated to the left and insertions to the right. The numbers 
on the X-axis indicate the sizes of the insertions and deletions. WT data are the same as those shown 
in Figure 10B. The Kolmogorov-Smirnov test was used for pair-wise comparisons among the four 
strains and a Bonferroni correction was performed to account for the multiple comparisons. Of note, 
the p value for the WT vs rif1-C∆ comparison was 0.048, and p value for the WT vs rif1 CTD 
comparison was 0.051. Following the Bonferroni correction, however, none of the strains differed 
significantly from each other in their mutation signatures (for each pair-wise comparison, p was > the 
Bonferroni-adjusted alpha level of 0.0083). See text for more details.  
 
 
 
2.2.6 The role of Rif1 in NHEJ repair is mediated by its phosphatase-interacting domain 

 To determine which other domain(s) of Rif1 are involved in its NHEJ function, we constructed 

strains in which either the Rif1 HEAT domain or Rif1 protein phosphatase 1-interacting domain was 

deleted. Similar to the rif1∆ strain (see WT vs rif1∆ in preceding figures), deletion of either the HEAT 

or the protein phosphatase 1-interacting domains decreased DSB survival and changed the repair 

signatures compared to WT cells (Figure 14A and C). The Rif1 HEAT domain is predicted to contain 

the DNA binding domain of Rif1, although the specific residues involved in DNA binding are yet to 

be mapped (149). Protein phosphatase 1-interacting domains bind to and recruit protein phosphatase 1 

(PP1) for the targeted dephosphorylation of specific substrates. The specific residues in Rif1 that 

mediate binding to PP1 have been mapped in S. cerevisiae (147). To verify the role of the PP1-

interacting domain of Rif1 in NHEJ, we mutated the residues in Rif1 responsible for PP1 binding. The 

resulting strain, rif1-pp1bs (147), exhibited reduced DSB survival (Figure 14C), and a similar repair 

signature as the rif1∆ strain (compare rif1 pp1bs in Figure 14C to rif1∆ in Figure 10B). These findings 

implicate the Rif1 PP1-interacting domain as the domain of Rif1 that mediates its role in NHEJ.      
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Figure 14. Regulation of NHEJ fidelity by Rif1 is mediated by its PP1-interacting domain. 
(A-B) DSB survival frequencies in WT, rif1 heat∆, rif1 pp1∆, and rif1 pp1bs strains. Data represent 
averages from 3 independent experiments and error bars represent standard deviations. The amino 
acid changes in the rif1 pp1bs strain are: K114A, V116A, I147A, I148A, I223A, L224A, V318A, and 
W320A (147). A: *p<0.05, **p<0.01 by ANOVA with post-hoc Tukey HSD. B: *p<0.05 by 
unpaired Student’s T test. 
(C) Mutation signatures in WT, rif1 heat∆, rif1 pp1∆, and rif1 pp1bs strains. Each triangle represents 
an independent repair event. The type of event (deletion or insertion) is indicated by the position 
relative to the central axis. Deletions are indicated to the left and insertions to the right. The numbers 
on the X-axis indicate the sizes of the insertions and deletions. WT data are the same as those shown 
in Figure 10B. The Kolmogorov-Smirnov test was used for pair-wise comparisons among the four 
strains and a Bonferroni correction was performed to account for the multiple comparisons. Each of 
the mutant strains exhibited a significantly different mutation signature compared to the WT strain 
(for each pair-wise comparison, p was < the Bonferroni-adjusted alpha level of 0.0083). The mutant 
strains did not differ from each other in their mutation signatures (for each pair-wise comparison, p 
was > the Bonferroni-adjusted alpha level of 0.0083). 

**
* *



 53 

 
 
 
2.3 Conclusions and Future Directions 

 Rif1 was initially identified in S. cerevisiae and characterized as a negative regulator of telomere 

length homeostasis (127). However, the telomere function of Rif1 does not appear to be conserved as 

mammalian RIF1 does not play a role in telomere maintenance. Mammalian RIF1 does, however, have 

a clearly established role in DSB repair. At DSBs, RIF1 inhibits resection by acting as a downstream 

effector of 53BP1, thereby channeling breaks into the NHEJ pathway of DSB repair (137-141). In 

contrast to its mammalian counterpart, S. cerevisiae Rif1 has been reported to promote resection and 

DSB repair by SSA (142). However, whether or not ScRif1, by virtue of promoting resection, 

conversely inhibits NHEJ has yet to be determined. The goal of this study was to address whether or 

not ScRif1 plays a role in NHEJ.  

 We show here that WT and rif1∆ cells exhibit different mutation signatures following imprecise 

NHEJ repair of a Cas9-induced DSB (Figure 8B). In our assay conditions, the Cas9 nuclease is under 

control of a galactose-inducible promoter, and cells are grown continuously on media containing 

galactose. Therefore, a restriction imposed by the conditions of our assay is that cells must incur 

mutations in the guide RNA target site so as to prevent further cleavage by Cas9. Consequently, the 

survival frequencies in our assay reflect the rate at which cells experience mutations during repair, 

although cells that survive under our assay conditions may undergo one or more rounds of precise 

repair that cannot be detected prior to acquiring mutations. The majority of DSBs generated in cells 

have chemically modified “dirty” ends that require end-processing before repair. In fact, in human 

cells, an estimated 60% of NHEJ events proceed by way of intermediates that use 1-2 bp 

microhomologies flanking the break site (166). Therefore, although our assay does not address whether 

Rif1 regulates error-free NHEJ, it may better reflect the conditions under which cellular DSBs are 
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repaired.  

 Previous reports indicated that Yku has no effect on, or may even inhibit, rejoining of blunt-

ended linearized plasmids (153, 167). In stark contrast, we observed a strong reduction (63-fold) in 

survival of a Cas9-generated DSB in a yku80∆ strain (Figure 9C). Similarly, while Tdp1 has been 

previously reported to increase the frequency of end-joining of blunt-ended linearized plasmids (153), 

we did not observe any changes in DSB survival in a tdp1∆ strain compared to WT (Figure 11B). One 

possible reason for these disparities may be that in contrast to the plasmid recircularization assay, in 

which the survival frequencies reflect both precise and imprecise repair, the survival frequencies in our 

assay reflects the rate at which cells incur mutations. However, cells may make multiple attempts at 

repair and/or successfully undergo precise repair before incurring mutations. Although these processes 

cannot be detected in our assay, the rates at which they occur may influence the frequency with which 

cells acquire mutations and survive the DSB. In S. cerevisiae, Yku recruits Nej1 and Dnl4-Lif1 to DSBs 

(81, 101). In turn, Nej1 and Dnl4-Lif1 form a complex that recruits the end-processing factors Pol4 

and Rad27 to DSBs (94). In the absence of Yku and therefore of Nej1 and Dnl4-Lif1 at DSBs, Cdc9, 

the only other ligase in S. cerevisiae, may substitute, albeit at low frequency, for the ligase activity of 

Dnl4, but not for its role in recruitment of end-processing factors. In this context, Cdc9 is expected to 

stimulate precise ligation of the DSB, resulting immediately in cell survival in a plasmid-based 

experimental context. In our assay, however, the repair-cleavage cycle that occurs as a result of precise 

repair, combined with the reduced recruitment of end-processing factors, would effectively decrease 

DSB survival. Since we observe a 63-fold reduction in DSB survival in a yku80 mutant (Figure 9C), 

compared to a 4-fold and 1.6-fold decrease, respectively, for a pol4∆ mutant (Figure 10B) and a rad27∆ 

mutant (Figure 11A), it is tempting to speculate that Yku, with Nej1, and Dnl4-Lif1 may function as a 

scaffold for recruitment of Pol4, Rad27, and additional factors involved in end-processing.    
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 In the absence of Rif1, we observed smaller deletions at repair junctions (Figure 8B), compared 

to WT cells. A second phenotype of the rif1∆ strain was the appearance of repair junctions containing 

insertions (Figure 8B). These insertions were Pol4-dependent as they completely disappeared in the 

absence of Pol4 (Figure 10B). How might these Pol4-dependent insertions arise in the absence of Rif1? 

Pol4 is phosphorylated by the Tel1 kinase in a damage-dependent manner and this phosphorylation 

modulates its function in NHEJ (168). One possibility to address in future experiments is that Rif1, 

through protein phopshatase-1, modulates Pol4 phosphorylation status, affecting its function at DSBs 

during NHEJ. An alternative possibility is that the decreased rate of resection in the rif1∆ strain (142) 

allows Pol4 to quickly gain access to the DSB ends, even before resection begins, and to incorporate 

nucleotide(s). Analysis of the phosphorylation status of Pol4 in WT versus rif1∆ strains, and ChIP to 

measure Pol4 recruitment to DSBs in WT versus rif1∆ strains should distinguish between the two 

scenarios above.  

In an attempt to elucidate the cause of the “small deletion” phenotype seen in the rif1∆ strain, 

we tested the effect of deletion of RAD9 on NHEJ repair. Rif1 has been reported to promote resection 

in S. cerevisiae by limiting the accumulation of the resection inhibitor Rad9 at DSBs (142). Rad9 

inhibits both short- and long-range resection of the 5′ strands at DSBs (125, 126). We hypothesized 

that deletion of RAD9 would result in deletions similar to or larger than those found in WT cells (Figure 

8B) and that this phenotype would be epistatic to the rif1∆ phenotype. In both the rad9∆ and rad9∆ 

rif1∆ strains, we recovered two types of events: unamplifiable junctions (data not shown) that are 

presumably the consequence of extensive resection, as expected to occur in the absence of Rad9 (126), 

and amplifiable junctions containing smaller insertions and deletions (Figure 12B). In the rad9∆ strain, 

the unamplifiable junctions constitute 38.9% of the junctions recovered, compared to 61.1% in the 

rad9∆ rif1∆ strain. This difference is on the threshold of significance (chi-squared contingency test, 
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p=0.059), suggesting that Rif1 may inhibit this class of events, independently of Rad9. More repair 

junctions from the rad9∆ and rad9∆ rif1∆ strains should be obtained and statistically analyzed to reach 

a more definitive conclusion. Furthermore, it will be interesting to elucidate the nature of these events, 

which could fall into one or more of three classes: MMEJ/SSA events that retain the chromosome 

terminus, and de novo telomere additions or translocations that result in loss of the chromosome 

terminus. The location of the junction breakpoints can be mapped by PCR using primers starting from 

the cleavage site and extending outward. This analysis should distinguish the MMEJ/SSA events from 

the de novo telomere addition and translocation events. For events involving loss of the chromosome 

terminus, Southern blotting can be employed to determine whether they are telomere additions or 

translocations. 

When we analyzed the amplifiable junctions (repaired by NHEJ) in the rad9∆ strain, we found 

that contrary to our prediction that the deletions in this strain would be similar in size to or larger than 

those in the WT strain, the rad9∆ strain, like the rif1∆ strain, contained smaller deletions (2-3 bp) and 

even insertions (1 bp), suggestive of those ends having undergone limited resection (Figure 12B). In 

the rad9∆ background, absence of Rif1 appeared to partially suppress the deletion events, leading to 

the appearance of more insertions (Figure 12B), although more junctions will need to be analyzed to 

justifiably make this conclusion. These findings suggest that Rif1 and Rad9 may have partially 

overlapping functions in regulating the fidelity of NHEJ repair.  

We also performed experiments to address which domain(s) of Rif1 mediate its NHEJ repair 

function. Deletion of the protein phosphatase-1-interacting domain phenocopies the rif1∆ mutant 

(Figure 14), indicating that this region is important for Rif1’s function in DSB repair. We have not 

determined yet whether Pol4 catalyzes the insertions that occur in the rad9∆ strain. Pol4-dependency, 

despite the presence of RIF1, would favor the hypothesis (discussed above) that Pol4 has increased 
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access to the DSB ends in the absence of RIF1, rather than the alternative hypothesis that Rif1 directly 

inhibits Pol4 function by regulating its phosphorylation status.  

 Deletion of a C-terminal region of Rif1 (rif1-C∆), containing a Rap1-binding motif and a 

tetramerization domain (165), caused a significant decrease in DSB survival (Figure 13A). The 

mutation signature in the rif1-C∆ strain (Figure 13B),  consisting mostly of deletions ranging from 1-

7 bp and a few insertions, may be different from that in the WT strain (p=0.048, although this value is 

higher than the Bonferroni-adjusted alpha level of 0.0083). Mutation of the Rap1-binding motif in the 

Rif1 C terminus had no significant effect on DSB survival (p=0.086) or on the mutation signature 

(p=0.883) compared to WT cells (Figure 13; rif1 RBM), indicating that Rif1’s function in NHEJ is 

independent of its interaction with Rap1, and therefore separable from its function in telomere 

maintenance. Interestingly, mutation of the Rif1 tetramerization domain (Figure 13; rif1 CTD) 

significantly reduced DSB survival compared to the WT strain. The mutation signature in the rif1 CTD 

strain also may be different from that of the WT strain (p=0.051, although this value is higher than the 

Bonferroni-adjusted alpha level of 0.0083). More specifically, the median deletion size in the rif1 CTD 

strain was 3 nucleotides compared to 7 nucleotides for the WT strain. This phenotype is not identical 

to that of a rif1∆ strain (see Figure 10B), however, suggesting that Rif1’s function in DSB repair by 

NHEJ is partly dependent on its tetramerization domain.  

 In pair-wise comparisons to the WT strain, the mutation signature of either the rif1-C∆ strain or 

rif1 CTD strain was significantly different from WT or on the threshold of significance (p=0.048 and 

p=0.051 for rif1-C∆ and rif1 CTD respectively). However, because Bonferroni corrections were 

performed to account for the repeated use of the same WT repair junction dataset for comparisons to 

multiple strains, these p values were higher than the Bonferroni-adjusted alpha level. These 

experiments may need to be repeated so as to obtain independent WT datasets for comparison to each 
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of these strains, so as to increase statistical power and allow for making a more definitive conclusion 

on the role of the Rif1 C-terminal region, specifically of the tetramerization domain, in NHEJ repair. 

 The Rif1 C-terminus contains partially overlapping binding domains for Rap1 and Dbf4, a 

component of the Dbf4-dependent kinase (Cdc7-Dbf4) complex (147). Dbf4 binds to and 

phosphorylates Rif1, preventing its interaction with protein phosphatase-1 (PP1) (147). Preliminary 

data from our laboratory indicates that the rif1 CTD mutation compromises both Rif1 tetramerization 

and its interaction with Dbf4 (Friedman KL; unpublished data). Accordingly, in the context of DSB 

repair, in which the Rif1 PP1-interacting domain plays an important role (Figure 14), deletion of the 

Rif1 C-terminus or mutation of the Rif1 CTD might be expected to increase the interaction between 

Rif1 and PP1, causing a more “WT-like” phenotype. However, in those strains, we observed 

phenotypes more indicative of reduced Rif1 function (Figure 13C). A possible explanation for this 

finding is that the protein(s) targeted by Rif1-PP1 during DSB repair requires dynamic regulation of 

its phosphorylation status for proper function, and that either constitutive phosphorylation or 

dephosphorylation causes a deviation from its normal function.  

 During DNA replication, Rif1 prevents the initiation of DNA replication by directing protein 

phosphatase-1 to dephosphorylate and inactivate Mcm4, a component of the pre-replication complex 

(146, 147). In contrast to DSB repair, where deletion of the Rif1 C-terminus causes a phenotype 

indicative of reduced Rif1 function (Figure 13), deletion of the Rif1 C-terminus causes a more “WT-

like” phenotype in the context of DNA replication (147), suggesting that Rif1-PP1 may have distinct 

mechanisms of action during DSB repair and DNA replication. This interpretation is based on the 

assumption that the Db4-interacting motif of Rif1 does indeed affect the interaction between Rif1 and 

protein phosphatase-1 in the context of DSB repair. The residues on Rif1 that are targeted for 

phosphorylation by Dbf4 have been mapped (147) and can be mutated to determine whether there is a 
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functional interaction between the Rif1 CTD and protein phosphatase-1-interacting domains during 

DSB repair.    
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CHAPTER III 
 
 

INTRODUCTION: TELOMERES, TELOMERASE, AND DSB REPAIR BY DE NOVO 

TELOMERE ADDITION 

 

Overview 

In this chapter, I present an in-depth review of telomeres and telomerase as a prelude to the next section 

on DSB repair by de novo telomere addition. Seminal works that contributed to our current 

understanding of the structure and function of telomeres and telomerase are discussed, culminating in 

a review of the structure and function of telomeres and telomerase in Saccharomyces cerevisiae. In 

section three, I review de novo telomere addition, a DSB repair pathway that is rarely utilized, but 

nonetheless has serious implications for genome stability and human health. I discuss our current 

understanding, prior to the work in this thesis, of the factors that regulate de novo telomere addition in 

S. cerevisiae. 

 

3.1 The Discovery of Telomeres, Structures that Distinguish Natural Chromosome Ends from 

Broken Ends 

 In the 1920’s, Dr. Hermann Muller treated fruit flies with X-rays to gain insight into the 

hereditary unit, the gene. Among the repair products of the broken chromosomes were inversions, 

translocations, and deficiencies (deletions). He noted, however, that terminal deficiencies, deletions in 

chromosomes that extended all the way to the chromosome terminus, rarely occurred. Dr. Muller 

postulated that the repaired chromosomes resulted from the rejoining of broken ends and that rejoining 

never occurred between “originally free ends.” He coined the term “telomere”, a combination of the 

Greek words telos (end) and meros (part), for the “free ends” (169).  
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 Prior to Dr. Muller’s publication, the idea that natural chromosome ends were structurally and 

functionally distinct from broken DNA ends had already been put forth by Dr. Barbara McClintock. 

While studying X-ray-induced mutagenesis in Zea mays, she made similar observations as Muller, 

noting the absence of rejoining between “a piece of one chromosome” and “the end of another [intact 

chromosome]” (170). In later experiments, Dr. McClintock would go on to recover chromosomes with 

terminal deletions, but only after she irradiated young maize embryos soon after the first zygotic 

division (171). Her findings indicated that some broken ends could be “healed” and stabilized, leading 

her to propose, in 1939, the existence of a regulated mechanism for the maintenance of chromosome 

ends (172).  

 

3.2 The End-replication Problem 

 The elucidation, in the 1950s and 1960s, of the linear nature of eukaryotic chromosomes and 

of the mechanism of DNA replication suggested a new problem, the end-replication problem, which in 

turn spurred models of the process by which telomeres were replicated. The original concept of the 

end-replication problem, independently proposed by Dr. Alexey Olovinkov and Dr. James Watson in 

the early 1970s (173, 174), was based on the knowledge that DNA replication proceeds only in the 5′ 

to 3′ direction and requires primed synthesis from a short RNA oligonucleotide. It posits that removal 

of the terminal RNA primer on the lagging strand creates an unreplicated 5′ gap that traditional 

replicative DNA polymerases cannot fill. 
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Figure 15. The revised end-replication problem. The original end-replication problem posits that 
telomere shortening is a consequence of removal of the last RNA primer from the lagging strand after 
DNA replication. In the revised model, removal of the last primer from the lagging strand simply 
regenerates the telomeric 3’ overhang present on the parental chromosome (a). Leading strand 
replication (b) generates a blunt-ended intermediate (c) that must be processed by nucleolytic 
resection of the C-rich strand in an effort to generate a 3’ overhang (d). The lagging strand machinery 
fills in the resected C-strand, and removal of the last primer (represented by the distance between the 
first and second vertical dashed lines) results in telomere shortening (e). Figure modified from (175). 
 

The implication was that unless another mechanism existed to fill in this gap, subsequent cycles of cell 

division would lead to loss of a substantial portion of the chromosome ends.  
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 The end-replication problem would be revised later to accommodate the discovery that 

telomeres terminate in 3′ overhangs (Figure 15). On the lagging (3′) strand, removal of the terminal 

RNA primer would simply regenerate the 3′ overhang. On the leading (5′) strand, however, replication 

would proceed to the terminus, generating a blunt-ended intermediate. To create a 3′ overhang, the 5′ 

strand would need to be nucleolytically resected, resulting in loss of terminal telomere sequences 

(Figure 15). The revised end-replication problem therefore posits a leading, rather than a lagging, strand 

problem (reviewed in (176, 177)), and experimental evidence in support of this hypothesis was obtained 

only fairly recently (175). 

 In the following section, I review key studies that contributed to our current knowledge of how 

telomeres solve the end-replication problem. These studies, performed in Tetrahymena thermophila, 

provided significant insight into the structure of telomeric DNA and revealed the existence of an 

enzymatic activity, telomerase, responsible for telomere maintenance.  

  

3.3 Elucidation of Telomere Structure and Discovery of Telomerase: A  Microscopic Ciliate 

Reveals Big Secrets 

 In 1978, Drs. Elizabeth Blackburn and Joseph Gall reported the structure of telomeric DNA in 

Tetrahymena thermophila (178). The single-celled ciliate has two nuclei: a mitotically dividing 

micronucleus, and a polyploid, amitotically dividing macronucleus, the latter of which facilitated the 

purification of telomeres. The macronucleus contains multiple copies of each of approximately 270 

acentromeric, autonomously replicating pieces (ARPs) or minichromosomes generated from 

fragmentation of the micronuclear genome. The smallest minichromosome, at 21 kb, contains the 

ribosomal RNA gene, and is maintained at approximately 10,000 copies per macronucleus (reviewed 

in (179)). The relatively small size and abundance of the rDNA minichromosomes facilitated the 
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purification and analysis of their telomeres at a time when DNA sequencing technology was in its 

infancy. 

 The key findings presented by Drs. Blackburn and Gall are as follows: the terminal fragments 

of T. thermophila rDNA molecules contain a variable number (between 20 and 70) of repeats of the 

hexanucleotide sequence CCCCAA/TTGGGG, and are heterogeneous in length, ranging in size from 

360 bp to 520 bp. Additionally, the CA-rich strand was determined to be oriented 5′ to 3′ toward the 

center of the molecule (178). Still, the question remained: how were these telomeres maintained? 

 In 1983, Dr. Blackburn received a letter in which Dr. McClintock reported that she had isolated 

a maize mutant that was defective in telomere healing at broken chromosome ends (180). Reasoning 

that a mutant meant the existence of a gene possibly encoding an enzymatic activity that maintained 

telomeres, Dr. Blackburn sought to identify this activity in T. thermophila. In 1985, Dr. Blackburn and 

Dr. Carol Greider, then a graduate student in the Blackburn laboratory at the University of California, 

Berkeley, published their discovery of this activity in T. thermophila (181). This finding would 

galvanize the field of telomere biology and ultimately garner them (and Dr. Jack Szostak, for his 

independent studies) the 2009 Nobel Prize in Physiology or Medicine.   

Using an in vitro primer extension assay that entailed incubation of cell-free extract from T. 

thermophila with a synthetic primer containing Tetrahymena telomeric sequence (TTGGGG)4, Drs. 

Blackburn and Greider demonstrated that an enzymatic activity in T. thermophila elongated the primer, 

adding nucleotides in a recurring six-base pattern. This activity was specific to telomeric DNA and was 

independent of DNA polymerase Polα, since treatment of the extract with aphidocolin, an inhibitor of 

Polα, did not inhibit primer elongation. The enzyme also appeared to be DNA template-independent, 

as treatment of the extract with micrococcal nuclease (to digest endogenous Tetrahymena DNA) did 

not inhibit primer elongation. Moreover, the telomere terminal transferase, so-called because its 
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apparent template-independence was reminiscent of the terminal transferase enzyme, added 

Tetrahymena telomeric repeats onto a primer containing yeast telomeric sequence. The reciprocal 

finding, that Tetrahymena telomeres could be maintained in yeast cells and that yeast telomeres were 

added onto the Tetrahymena telomeres, was made the previous year (182). These findings pointed to a 

conservation of at least some aspects of telomere biology among eukaryotes.  

 Two years after their discovery, Drs. Greider and Blackburn reported purification of the enzyme 

(183). They renamed the enzyme telomerase and demonstrated that telomerase was a 

ribonucleoprotein, as treatment of the enzyme with proteinase K or with RNaseA eliminated enzymatic 

activity (183). By 1989, the telomerase RNA was partially purified and sequenced (184). The purified 

RNA contained the sequence CAACCCCAA, which was complementary to the Tetrahymena 

TTGGGG repeats and could therefore serve as a template for telomere synthesis. To verify that this 

was the case, purified telomerase was co-incubated with a 20-nucleotide antisense oligonucleotide that 

was complementary to a region of the telomerase RNA adjacent to and including the CAACCCCAA 

sequence, and with RNaseH, a ribonuclease that specifically degrades the RNA strand within RNA-

DNA hybrids. Analysis of telomerase post-incubation revealed that the telomerase RNA was cleaved 

by RNaseH at several positions within the CAACCCCAA sequence, resulting in inhibition of 

telomerase activity (184). Furthermore, in another study from the Blackburn laboratory, published in 

1990, mutation of the CAACCCCAA sequence resulted in corresponding changes in the sequences of 

newly synthesized telomeric DNA in vivo (185). These studies therefore established telomerase as a 

reverse transcriptase, and this finding would hold true for other eukaryotic species including S. 

cerevisiae.      

In Section 3.4 below, I present an extensive review of the structure and function of telomeres 

and telomerase in S. cerevisiae. The functions attributed to telomeres, protection of chromosome ends 
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from nucleases and distinguishing chromosome ends from DSBs, are mediated by telomere-binding 

proteins. I discuss the telomeric functions of telomere-binding proteins in S. cerevisiae, as well as the 

discoveries and functions of telomerase components in S. cerevisiae. I conclude the section with a 

review of the regulation of both telomere-binding proteins and telomerase in S. cerevisiae as a means 

of controlling telomere replication. Furthermore, to illustrate the conservation of telomere biology in 

eukaryotes, I present a brief review of the structure and function of human telomeres in Section 3.5. 

   

3.4 Telomeres and Telomerase in S. cerevisiae 

 

3.4.1 Telomere Structure and Function 

 Telomeres have several important functions. Telomere-binding proteins form a “telomere cap” 

that protects chromosome ends from nucleolytic degradation, and serves to distinguish natural 

chromosome ends from internal DSBs (186). Telomeres also control gene expression by the silencing 

of nearby genes, a phenomenon known as telomeric silencing or telomere position effect (TPE) (187). 

S. cerevisiae telomeric DNA contains 300 ± 75 bp of TG1-3/AC1-3 repeats, and terminates in a short 3ʹ 

overhang, a 12 to 15-nucleotide G-rich tail (188). Telomere-binding proteins, rather than the telomeres 

themselves, mediate the telomere functions described above. 

 The major telomere-binding protein in S. cerevisiae is the sequence-specific dsDNA-binding 

protein Rap1 (Figure 16). Rap1 is a multifunctional protein, so much so that it was “identified” several 

times (189, 190) and acquired many names before the name Rap1 was adopted. The name was proposed 

by Dr. David Shore and Kim Nasmyth who showed that Rap1 could bind to both silencer and activator 

sequences and named it Repressor/Activator Site Binding Protein (189). At non-telomeric sites in the 

genome, Rap1 functions as a transcriptional regulator, mostly of ribosomal protein genes (191, 192).  
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Telomeric DNA contains high affinity Rap1 binding sites, on average, one every 20 bp (188). 

Rap1 binds to telomeric DNA in vivo as demonstrated by chromatin immunoprecipitation and by 

fluorescence microscopy experiments that provided evidence of Rap1 co-localization with telomeric 

DNA (193-195). Several attempts have been made to define the consensus binding sequence for Rap1 

(191, 192, 196, 197), although Lieb et al. and Rhee et al. took a more comprehensive approach by 

utilizing a ChIP-seq and ChIP-exo approach, respectively, for genome-wide analysis of Rap1 binding 

sites. From their analysis, Lieb et al. derived a 13 bp Rap1 consensus sequence (5ʹ-

ACACCCRYACAYM-3ʹ) consisting of two hemi-sites (ACACC and ACAYM) separated by a 3 bp 

spacer sequence (191). However, thermodynamic mapping of Rap1 binding sites revealed that Rap1 

makes contacts with three additional bases immediately 5ʹ to the consensus sequence (198). Further 

demonstrating the complexity of Rap1 binding to its sequences, Rhee et al. identified four consensus 

sequences for Rap1, one of which is utilized exclusively at telomeres, while another is selectively 

utilized at ribosomal protein genes, which form the majority of non-telomeric Rap1-binding sites (192).  

The double-Myb DNA binding domain of Rap1, located in the central region of Rap1, is 

required for all functions of the protein (199). An N-terminal region, containing a BRCT domain, can 

be deleted without generating any obvious phenotypes (199, 200), while the C-terminal domain of 

Rap1 mediates its telomeric functions, through interactions with the silencing proteins Sir3 and Sir4 

(200) and with the telomere length regulatory proteins Rif1 and Rif2 (127, 164) (Figure 16).  
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Figure 16. S. cerevisiae telomeres. Rap1 bound to the double-stranded telomeric repeats recruits the 
silencing proteins Sir2, Sir3, and Sir4, and the telomere length regulatory proteins Rif1 and Rif2 to 
telomeres. Cdc13 interacts with the single-stranded 3’ overhang. The association of Yku with 
telomeres occurs both through direct end-binding by Yku and by Sir4-mediated recruitment. Figure 
modified from (188).  
 
 

The C terminus of Rap1 interacts with the silencing protein Sir4 to mediate telomeric silencing 

or TPE (200). TPE is initiated by Rap1-mediated recruitment of Sir4 to telomeres (201). Sir4, in turn, 

recruits other silencing proteins Sir2 and Sir3 to facilitate the spreading of TPE, up to 2-4 kb from the 

telomere. Sir2, a histone deacetylase, is purported to play a major role in TPE spreading by 

deacetylation of the amino terminal tails of histones H3 and H4, thereby allowing Sir3 and Sir4 to bind 

to neighboring nucleosomes (188, 201).    

The Rap1 C terminus also contains four binding surfaces, three of which are non-overlapping, 

for the telomere length regulatory proteins Rif1 and Rif2. Multiple interactions between Rap1 and Rif1, 

and between Rap1 and Rif2 facilitate the formation of a higher-order “velcro-like” structure (165) that 

regulates telomere length (127, 164), prevents telomeric fusions (202, 203), and protects telomeres 

from nucleolytic degradation (121, 204). Telomere length in S. cerevisiae is inversely proportional to 

the number of Rap1-bound Rif1 and Rif2 molecules present at telomeres⎯when targeted adjacent to 
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telomeres, the Rap1 C terminus, Rif1, and Rif2 molecules are “counted” together with the endogenous 

telomeres and telomere length decreases proportionately to the number of targeted molecules (205, 

206). One mechanism by which Rif1 and Rif2 restrain telomere lengthening involves inhibition of a 

Yku80-Sir4 telomere lengthening pathway (207). Yku80 had been shown to interact with Sir4 (bound 

to telomeres through Rap1), as shown by yeast two-hybrid experiments (83). Hass et al. proposed that 

Rif1 and Rif2 inhibit the Yku80-Sir4 telomere lengthening pathway by competitive inhibition of Sir4 

binding to Rap1 (207). Rif2 additionally inhibits telomere lengthening by reducing the accumulation 

of the checkpoint kinase Tel1 at telomeres (208). Tel1 is recruited to telomeres by the MRX complex 

(18), although Tel1 in turn appears to promote the stable binding of MRX at telomeres (208). MRX 

and Tel1 function in the same pathway for telomere maintenance (209) and are required for efficient 

recruitment of telomerase to telomeres (210). Deletion of RIF1 and/or RIF2 also results in increased 

TPE, suggesting that the Rif proteins compete with the Sir proteins for Rap1 binding (127, 164).  

 Rap1 also inhibits NHEJ at telomeres by three pathways, one involving Rif2, a second involving 

Sir4, and a third independent pathway (202). Taking advantage of the shortened, deprotected telomeres 

in a tel1∆ strain, Marcand et al. found that fusions between the deprotected tel1∆ telomeres increased 

in the absence of Rif2 and Sir4, and in cells expressing a conditional allele of Rap1 [rap1-(∆)] that 

reduces Rap1 levels. Telomere fusions were higher in tel1∆ rif2∆ sir4∆ cells than in either tel1∆ rif2∆ 

or tel1∆ sir4∆ cells, indicating that Rif2 and Sir4 inhibit NHEJ independently. Likewise, telomere 

fusions occurred with higher frequency in tel1∆ rif2∆ sir4∆ rap1-(∆) cells than in tel1∆ rif2∆ sir4∆ 

cells, indicating that Rap1 additionally inhibits telomere fusions in a Rif2- and Sir4-independent 

manner (202).  

 Rif1 and Rif2 also function in limiting telomere resection, albeit by different mechanisms. Rif2 

limits telomere resection by inhibiting MRX/Tel1 accumulation at telomere (208), whereas Rif1 limits 
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Exo1-dependent resection specifically at telomeres in which the capping function of Cdc13 (see below) 

is compromised (204).     

The Yku heterodimer, which is required for NHEJ (Section 1.2.3: C-NHEJ), is paradoxically, 

also present at telomeres (Figure 16), structures at which the DNA damage checkpoint and NHEJ are 

inhibited. There are at least two modes of recruitment of Yku to telomeric DNA. Yku associates directly 

with the terminal telomeric region in a Sir4-independent  and sequence-independent manner (211), and 

with the internal subtelomeric region in a Sir4-dependent manner (83). Yku promotes telomere 

lengthening, as deletion of either YKU70 or YKU80 results in telomere shortening (75) and protects 

telomeres from exonucleolytic degradation by Exo1 (121). Lastly, Yku promotes TPE, as yeast cells 

lacking Yku70 or Yku80 are severely defective in TPE (75). Deletion of RIF1 and/or RIF2 restores 

TPE in yku mutant cells, suggesting that Yku regulates TPE by affecting the competition between the 

Rif and the Sir proteins for the Rap1 C terminus (212).    

 A third DNA-binding protein, Cdc13, binds to the terminal G-rich tail of telomeres (Figure 16). 

Cdc13 plays a large role in telomere capping and this capping function is essential for cell viability. 

Cdc13 forms a protein complex, with two other essential proteins Stn1 and Ten1, that protects 

telomeres from nucleolytic degradation (213-215). In addition to its capping function, Cdc13 also 

recruits telomerase to telomeres. The telomerase recruitment function of Cdc13 is further elaborated in 

Section 3.4.2 below.  

  

3.4.2 Telomerase Structure and Function 

 S. cerevisiae telomerase consists minimally of a reverse transcriptase Est2, the telomerase RNA 

TLC1, and the accessory subunits Est1 and Est3. Est1, the first component to be described, was 

identified using a genetic screen designed to identify yeast mutants that were defective in telomere 



 71 

function (216). The screen was based on the ability of yeast cells to convert, at a low frequency, a 

circular plasmid containing inverted repeats of Tetrahymena telomeres into a linear plasmid, stabilized 

by the addition of yeast telomere repeats onto the Tetrahymena telomeres. The two telomeric repeats 

were separated by a URA3 gene that would be lost as a consequence of linearization of the plasmid and 

elongation of the Tetrahymena telomeres. Cells carrying the stabilized linear plasmid could be 

identified by their ability to grow on medium containing 5-Fluoroorotic acid (5-FOA), a drug that is 

toxic to URA3-expressing cells. Therefore, mutants that were defective in plasmid linearization, 

telomere elongation, or telomere protection would display a reduced frequency of 5-FOA resistance. 

 To conduct the screen, yeast cells containing the plasmid described above were mutagenized 

with ethyl methansulfonate (EMS). From the seven thousand colonies that were screened, 32 mutants 

were identified that exhibited reduced 5-FOA resistance and one of these had shortened chromosomal 

telomeres. The affected gene was cloned and sequenced, and named EST1 (Ever Shorter Telomere 1) 

because est1 mutants exhibited progressively shorter telomeres when cultured for many generations. 

In addition to the shortened telomere phenotype, est1 mutants also exhibited increased chromosome 

loss and a progressive reduction in viability termed senescence (216).   

Five years after this report, the telomerase RNA TLC1 (Telomerase Component 1) was 

identified (217). This discovery, coupled with the fact that nuclear extract prepared from est1∆ cells 

still had telomerase activity in vitro, suggested that there were more gene(s) to be identified that were 

involved in telomere elongation. Capitalizing on the chromosome loss phenotype displayed by est1 

mutants (above), Lendvay et al. performed another genetic screen to identify additional activities 

responsible for telomere elongation in S. cerevisiae (218). The authors first screened for mutations with 

increased chromosome loss rates, as observed for the original est1 strain. This approach allowed the 

researchers to screen through a total of 350,000 colonies. Mutants with increased chromosome loss 



 72 

were then subjected to the plasmid linearization assay (above) to identify 19 mutants that displayed 

chromosomal telomere shortening and senescence. These mutants mapped to four genes: the previously 

identified EST1, EST2, EST3, and EST4. The sole est4 mutant turned out to be allelic to the gene 

encoding the telomere-binding protein CDC13 (218). 

Studies published in 1997 began to shed some light on the functions of the S. cerevisiae 

telomerase protein components. Using reverse genetics techniques, Lingner et al. cloned and sequenced 

the gene encoding the p123 subunit of Euplotes aediculatus telomerase (219). By conducting a BLAST 

search of protein databases, Lingner et al. demonstrated that p123 was homologous to yeast Est2. Est2 

had been previously cloned and sequenced (218), although at the time its sequence gave no immediate 

insight into its function. Furthermore, given the fact that both T. thermophila and S. cerevisiae 

telomerases utilized RNA templates for the synthesis of telomeric DNA (184, 217) and that both p123 

and Est2 co-purified with their respective telomerase RNAs (219, 220), Lingner et al. tested the 

possibility that p123 and Est2 provided the reverse transcriptase activities in their respective 

telomerases. Indeed, alignment of the amino acid sequences of p123 and Est2 with those from known 

reverse transcriptases revealed the presence of reverse transcriptase motifs in both Est2 and p123 (219). 

Mutations of conserved residues within these motifs, including three absolutely conserved aspartate 

residues, resulted in phenotypes (telomere shortening and senescence) that were indistinguishable from 

those of an est2∆ strain, thereby identifying Est2 as the S. cerevisiae telomerase reverse transcriptase.  

Another report from 1997 demonstrated that Est1 and Est3, though required for telomere 

lengthening in vivo, were dispensable for telomerase activity in vitro, suggesting that they played 

regulatory roles in vivo (221). Work done in the lab of Dr. Victoria Lundblad provided the first 

indication that Est1 plays a regulatory role in telomerase recruitment (222). In this study, expression 

of Est2 as a fusion protein with the the DNA binding domain (DBD) of the telomeric 3’ overhang-
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binding protein Cdc13 (Est2-Cdc13DBD) in est1∆ cells allowed for stable telomere maintenance. 

Because the Est2-Cdc13DBD fusion, expected to be constitutively bound at telomeres, bypasses the 

requirement for Est1 in telomere maintenance, these results suggest that Est1 plays an important role 

in telomerase recruitment, possibly via an interaction with Cdc13 (222).  

In support of an interaction between Est1 and Cdc13, and a role for this interaction in telomere 

maintenance, the in vivo telomere replication defects of a charge-swap mutant of Cdc13 (Cdc13E252K) 

are suppressed by a charge-swap mutation in Est1 (Est1K444E), suggesting a role for glutamate-252 of 

Cdc13 and lysine-444 of Est1 in mediating a physical interaction between Cdc13 and Est1 (223). In 

vitro binding assays have confirmed a direct physical interaction between Cdc13 and Est1 (224). 

Furthermore, while Est1 does not bind efficiently to telomeric ssDNA in gel shift assays, it binds to, 

and forms a tertiary complex, with a Cdc13-telomeric ssDNA complex (224). The glutamate-252 

residue that mediates the interaction with Est1 (223) is not situated within the Cdc13DBD (see paragraph 

above). Importantly, Est1 is unable to form a tertiary complex with a Cdc13DBD-telomeric ssDNA 

complex confirming the importance of the Cdc13-Est1 interaction for recruiting Est1 to telomeric 

ssDNA (224). While, as expected, the Cdc13E252K mutation reduces telomerase recruitment in vivo 

(225), Est1, unexpectedly, interacts equally well with WT Cdc13E252 and with mutant Cdc13E252K in 

vitro (224). To reconcile these findings, it has been proposed that the Est1-Cdc13E252K complex may 

be defective in vivo, such that Est1 cannot interact stably with other telomerase subunits at telomeres 

leading to telomerase dissociation (224).   

Expression of Est2 as a fusion protein with Cdc13DBD does not bypass the requirement for Est3 

in telomere maintenance in est3∆ cells, suggesting that Est3’s primary role in telomere maintenance is 

unrelated to telomerase recruitment (222). Est3 may, however, have a role in stimulating telomerase 

activity via a direct interaction with the Est2 reverse transcriptase (226).    
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3.4.3. Regulation of Telomere Replication  

 

Cell cycle regulation of telomerase 

 In an effort to understand how telomerase function is regulated, Diede et al. devised an 

ingenious assay for this purpose (227). The WT strain for this assay contained an ectopic construct, 

consisting of an HO endonuclease recognition sequence inserted immediately adjacent to an 81 bp 

telomeric “seed” sequence, integrated on chromosome VII in S.cerevisiae. The HO endonuclease gene 

was placed under the control of a galactose-inducible promoter, allowing for temporal control of HO 

endonuclease induction. HO endonuclease expression was induced by exposing cells to galactose, 

resulting in cleavage and exposure of the telomeric seed. The researchers monitored the telomeric seed 

by Southern blotting and found that the seed was efficiently elongated; by 4 hours after HO 

endonuclease induction, approximately 90% of cells had added a new telomere to the end of the 

telomeric seed. Importantly, telomere elongation was dependent on telomerase, as cells lacking the 

telomerase RNA TLC1 were profoundly defective in elongating the telomeric seed. 

 To address whether telomerase function was cell cycle-regulated, they performed this assay in 

synchronized cells. Whereas G2/M-arrested cells efficiently elongated the telomeric seed, G1-arrested 

cells did not. Importantly, the inability of G1-arrested cells to elongate the telomeric seed was not due 

to a lack of telomerase activity in those cells because as demonstrated using an in vitro assay, 

telomerase purified from G1 cells elongated a synthetic primer containing yeast telomeric sequences as 

effectively as telomerase purified from G2/M-arrested cells. 

     The finding that telomere elongation by telomerase did not occur in vivo in G1 cells, despite 

the presence of active telomerase in these cells, suggested that telomerase was not recruited, or at least 
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not efficiently recruited, to telomeres in G1 cells, and spurred numerous studies aimed at addressing 

whether telomerase recruitment to telomeres was cell cycle-regulated.  

Chromatin immunoprecipitation proved to be a useful technique for this purpose, allowing for 

examination of the association of telomerase components with telomeres throughout the cell cycle. 

Much of the findings discussed here are the result of work done in the laboratory of Dr. Virginia Zakian. 

By arresting cells in G1 and then releasing them into the cell cycle, the association of telomerase 

components with telomeres could be monitored as cells progressed through the cell cycle.  

Est2, the reverse transcriptase, and TLC1, the telomerase RNA, are both telomere-bound in G1. 

As cells progress into S phase, Est2 and TLC1 association with telomeres decreases, until the late S 

phase when a second peak of association with telomeres is detected (228). In G1, Est2 association with 

telomeres is dependent on an interaction between Yku80 and the telomerase RNA TLC1 (84, 188). An 

additional component to this Yku-TLC1 recruitment pathway has recently been described. In the 

absence of Sir4, a component of the subtelomeric silencing complex, telomeres shorten to the same 

extent as in cells in which the interaction between Yku80 and TLC1 has been disrupted (84, 207), 

suggesting that Sir4, itself bound to telomeres via an interaction with the telomere-binding protein 

Rap1, recruits Yku-TLC1 to telomeres. However, these mutants do not display an est phenotype 

(progressive telomere shortening and senescence) suggesting that the association of telomerase with 

the telomere during G1 is not crucial for telomere maintenance (188, 207). 

Est1 and Est3 display similar telomere association profiles. Both proteins predominantly 

associate with telomeres in late S phase, although Est3 shows minor association during G1 phase (228, 

229). Est1 protein levels are cell cycle-regulated⎯Est1 protein levels are low in G1 phase, as a result 

of protein degradation, but peak in late S/G2 phase (230). Est1 degradation during G1 phase is 
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proteasome-dependent (230), and involves at least two E3 ubiquitin ligases, Ufd4 and the anaphase-

promoting complex (APC) (231, 232).  

Peak telomere associations of all four components of telomerase (Est1, Est2, Est3, and TLC1) 

coincide during late S/G2 phase, when abundant Est1 levels permit the assembly of a complete, active 

telomerase holoenzyme (228-230). However, Est1 abundance levels alone do not account for cell cycle 

regulation of telomerase function, as stabilization of Est1 in G1 phase by inhibition of the proteasome 

still does not permit telomere elongation (230).   

 

Telomerase preferentially elongates short telomeres 

 During any given cell cycle, telomerase does not act at every telomere, but rather preferentially 

elongates the shortest telomeres in the cell. The MRX (Mre11-Rad50-Xrs2) complex and Tel1, which 

are important for efficient telomerase recruitment, as well as Rif2 and Pif1, are critical determinants of 

this preference (233-237). In WT cells, telomerase binds preferentially to short telomeres, but this 

preference is lost in cells lacking Tel1 or in cells expressing a mutant of Xrs2 that is defective at 

recruiting Tel1 to telomeres (236). Consistent with the role of Rif2 in limiting Te11 accumulation at 

telomeres (208), telomerase also loses its binding preference in cells lacking Rif2 (234), indicating that 

reduced association of Rif2 with short telomeres marks those telomeres for elongation (234, 236).  

    Pif1, a helicase that inhibits telomere lengthening by displacing telomerase from telomeres 

(238, 239), has also been implicated in delineating which telomeres are elongated by telomerase. In 

pif1 mutant cells, as in tel1∆ cells, telomerase is no longer recruited preferentially to short telomeres 

(235). Unlike MRX/Tel1, however, Pif1 is preferentially recruited to long telomeres (235), indicating 

that preferential elongation of short telomeres is achieved in at least two ways: exclusion of telomerase 
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from long telomeres by Pif1 and Rif2, and preferential recruitment of telomerase to short telomeres by 

MRX and Tel1 (233-237).   

 
 
3.5. Structure and Function of Human Telomeres  

Much of telomere and telomerase biology is conserved among eukaryotic species, including in 

humans. Human telomeres contain 10 - 15 kb of double-stranded TTAGGG/CCCTAA repeats and 

terminate in an approximately 150-200-nucleotide long G-rich 3’ overhang (reviewed in (240)). 

Telomeres are bound by a six-member protein complex (TRF1, TRF2, TIN2, TPP1, RAP1, POT1) 

(Figure 17) called shelterin that is in many ways functionally analogous to the Rap1-Rif1-Rif2 complex 

in S. cerevisiae (reviewed in (241)). In contrast to ScRap1, however, hRAP1 is dependent on TRF2 for 

localization to telomeres (242) and is not involved in telomere length regulation (243). Rather, the role 

of ScRap1 in telomere length regulation is fulfilled by TRF1-TRF2 in human cells. The shelterin 

proteins are organized such that TRF1 and TRF2 are bound to the double-stranded telomere repeats 

and POT1 is bound to the G-rich tail. TPP1 and TIN2 link TRF1 and TRF2 to 3’ overhang-bound 

POT1, while RAP1 is recruited to the complex via an interaction with TRF2 (reviewed in (241)) (Figure 

17).  

 In human cells, overexpression of TRF1 causes telomeres to shorten, indicating that TRF1 is a 

negative regulator of telomere elongation (244). In agreement with this conclusion, overexpression of 

a dominant-negative mutant of TRF1 that perturbs the localization of endogenous TRF1 to telomeres 

results in telomere elongation (244). TRF2, like TRF1, inhibits telomere elongation by telomerase 

when overexpressed, indicating a role in negative regulation of telomerase (245). TRF2 plays 

additional roles in telomere-end protection. A dominant-negative allele of TRF2 that inhibits binding 

of endogenous TRF2 to telomeres causes increased telomere fusions by NHEJ (246), as a result of loss 
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of the telomeric 3’ overhang (246). Finally, TRF2, but not the other shelterin proteins stimulates, in 

vivo, the formation of telomere loops (t-loops) (247), protective structures formed when the 3’ overhang 

invades the duplex telomeric sequence (reviewed in (241)). The NHEJ inhibitory and end-protection 

functions of TRF2 have been proposed to be a consequence of its role in t-loop formation (247). 

 

Figure 17. The human shelterin complex. Human shelterin is a six-member protein complex 
consisting of TRF1, TRF2, RAP1, TIN2, TPP1, and POT1. TRF1 and TRF2 interact with the double-
stranded telomeric repeats, whereas POT1 binds to the terminal 3’ overhang. TIN2 and TPP1 serve as 
bridging proteins within the complex, linking dsDNA-bound TRF1 and TRF2 to POT1 bound at the 
3’ overhang. Figure modified from (248). 
 

In human cells, depletion of POT1 causes only a very slight increase in telomere fusions (<2-

fold (249) compared to a 10-100-fold increase in cells in which TRF2 has been inhibited (246)), 

indicating that POT1 does not play a significant role in preventing NHEJ at human telomeres (249). 

However, POT1 is required for maintenance of the telomeric 3’ overhang, as overhang lengths are 

decreased in POT1-depleted cells (249). POT1, together with TPP1, also promotes telomerase 

recruitment to telomeres (250), and stimulates telomerase repeat addition processivity (RAP) (251). 

Repeat addition processivity defines the number of telomeric repeats that telomerase can synthesize 

before dissociating from the telomere (252). Telomerase recruitment and stimulation of RAP by the 
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TPP1-POT1 complex requires a TEL patch on the surface of TPP1 consisting of a cluster of mostly 

acidic amino acid residues (253). The corresponding residues in human telomerase reverse 

transcriptase (hTERT) that mediate telomerase interaction with TPP1 have recently been described 

(254). Schimdt et al. showed that mutation of two basic residues in the telomerase essential N-terminus 

(TEN) domain of hTERT reduces TPP1-POT1 stimulation of telomerase RAP in vitro and causes 

defective telomere maintenance in vitro. A charge-swap mutation in the TPP1 TEL patch, rescued the 

telomere maintenance and telomerase RAP defects of the hTERT mutant, indicating that a direct 

interaction between the TPP1 TEL patch and the hTERT TEN domain is required for telomerase 

recruitment and TPP1-POT1 stimulation of telomerase RAP. Importantly, the hTERT mutant was not 

defective in telomerase activity in vitro, indicating that the telomerase maintenance and telomerase 

RAP defects are primarily due to loss of the interaction with TPP1 (254).  

    

3.6 Human Diseases Associated with Dysfunctional telomeres  

 In 1961, Dr. Leonard Hayflick demonstrated that cells have a replicative limit (255), 

challenging the previously held notion that cells could proliferate indefinitely under optimal culture 

conditions. Dr. Alex Carrel proposed the latter hypothesis in 1912 after growing chick heart fibroblasts 

continuously in culture for three months (256). These cells proliferated continuously in culture for a 

total of 34 years; however, we now understand that the culture medium was prepared daily from chick 

embryo extract likely contaminated with stem cells, providing a renewable source of heart cells for the 

culture (240, 257). 

 Since Dr. Hayflick’s discovery, tremendous progress has been made in understanding the 

molecular mechanisms of cellular aging, and it is now widely accepted that telomere length is a primary 

determinant of cellular replicative lifespan. In normal human somatic cells, TERT expression is 
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transcriptionally repressed and as a consequence, telomere length progressively decreases with 

successive cell cycles until cells reach their replicative limit and senesce (reviewed in (240)). The 

timing of replicative senescence is dependent on a number of factors including initial telomere length, 

the rate of telomere shortening, and the length of the shortest telomere in the cell (reviewed in (240)). 

Senescence, the first block to oncogenesis, is triggered by cell cycle checkpoints (reviewed in (240)). 

However, cells with dysfunctional checkpoints may continue to divide until they reach the second block 

to oncogenesis, a stage referred to as crisis that is marked by extreme telomere loss, extensive 

chromosomal instability, and cell death by apoptosis (240). Still, a very small proportion of cells, 

approximately 1 in 106 to 107 escape crisis and become immortalized by re-activating telomerase 

expression or using a recombination-based ALT (Alternative Lengthening of Telomeres) mechanism 

for telomere maintenance (reviewed in (240)). Telomerase activity has been identified in approximately 

90% of cancers (reviewed in (240)). Somatic mutations in the TERT promoter have been identified in 

many cancer types, accounting for one potential source of telomerase activity in cancer cells (reviewed 

in (240)). However, it is possible that cancer cells may arise from the clonal selection of pre-existing 

telomerase-positive cells during carcinogenesis (reviewed in (258)). 

 Telomere attrition is correlated with many aging-related diseases. These so-called 

telomeropathies, examples of which are dyskeratosis congenita (DKC), idiopathic pulmonary fibrosis 

(IPF), Werner Syndrome (WS), and Bloom Syndrome (BS), are caused by defects in the telomere 

maintenance machinery or in DNA repair proteins that contribute to telomere maintenance, and in some 

cases, show clear patterns of familial inheritance (reviewed in (240)). Telomeropathies share 

overlapping phenotypes⎯such as growth deficiencies, immunodeficiencies, and increased cancer 

predisposition⎯that may present at different times during the lifetime of an individual or with varying 

degrees of penetrance, even among individuals with identical mutations (reviewed in (240)). Genetic 
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anticipation, a phenomenon in which the age of onset decreases and disease severity increases in later 

generations, is also common in telomeropathies, and is influenced by a number of factors, including 

the types of disease-causing mutations and environmental factors (reviewed in (240)). Another source 

of genetic anticipation is the inheritance by each successive generation of unusually short telomeres 

from preceding generations, as has been observed in families with DKC (259, 260).  

 Potential therapeutic avenues for targeting telomeres and telomerase are being explored for 

cancers and aging diseases. The varying types of therapies in development for cancers include, but are 

not limited to, therapies aimed at inhibiting telomerase activity and immunotherapies aimed at 

stimulating immune system-driven killing of cancer cells (reviewed in (261)). Also being explored are 

therapies that directly mimic or interfere with telomeres. These therapies have the potential added 

benefit of targeting both telomerase-expressing cancer cells and ALT cancer cells that maintain their 

telomeres by a telomerase-independent recombination mechanism (reviewed in (261)). Conversely, 

therapies in development for aging diseases include compounds that upregulate telomerase activity, 

and androgens that stimulate TERT expression (reviewed in (262)). However, these therapies must be 

designed to allow for regulated telomerase expression and/or activity so as to prevent carcinogenesis 

(reviewed in (262)).  

  Although endogenous telomere dysfunction is a contributing factor to the pathological 

conditions discussed above, aberrant telomerase activity at internal sites of DNA damage can also 

contribute to disease pathologies in humans. This process, known as de novo telomere addition, is the 

focus of the next section.  

    

 

 



 82 

3.7 De Novo Telomere Addition 

 Telomerase action is not limited to chromosome ends. At chromosomal DSBs, telomerase can 

add telomeric repeats to one or both ends of the break, resulting in stabilization of the centromere-

containing chromosome fragment. This process is referred to as telomere healing or de novo (new) 

telomere addition. De novo telomere addition is accompanied by terminal deletions because the 

acentromeric fragment, whether or not it is “healed” by telomerase, cannot be maintained in the cell. 

Dr. Muller’s and Dr. McClintock’s observations of terminal deletions (Section 3.1; (169, 172)) 

resulting from irradiation of fruit flies and maize, respectively, represent probably the first documented 

examples of de novo telomere addition. De novo telomere addition has now been observed in many 

other organisms. Macronucleus formation in T. thermophila (see Section 3.3) is accompanied by 

telomere addition to the ends of chromosomal fragments derived from the micronucleus genome. In 

the parasitic nematode Ascaris suum, somatic differentiation of early embryonic cells is accompanied 

by chromatin diminution, a process in which about a quarter of the genome is eliminated (263). During 

chromatin diminution, specific chromosomal sites are targeted for cleavage, and the resulting DSBs 

are healed by de novo telomere addition (263). De novo telomere addition also occurs in human cells 

and in S. cerevisiae (discussed extensively below). Nonetheless, spontaneous de novo telomere 

additions that are not associated with developmental events are rare events. In S. cerevisiae, for 

example, spontaneous de novo telomere additions are estimated to occur at a frequency of 

approximately 3.5 × 10-10 (264). 

 De novo telomere addition has dire consequences for genome stability and cell viability. In 

haploid cells, terminal deletions that cause loss of one or more essential genes result in cell death, and 

in diploid cells, de novo telomere addition is one mechanism by which loss-of-heterozygosity (LOH) 

can arise (reviewed in (265)). Given the implications for de novo telomere addition in chromosome 
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stability and cell survival, a significant amount of research has been directed towards elucidating the 

regulation of de novo telomere addition. As the majority of these studies have been conducted in S. 

cerevisiae, I will next discuss the two most common types of assays utilized for de novo telomere 

addition studies in S. cerevisiae, before launching into a review of the mechanisms regulating de novo 

telomere addition in S. cerevisiae.     

 

3.7.1 De Novo Telomere Addition Assay Systems  

 The most common assay systems for studies of de novo telomere addition at spontaneous DSBs 

and at experimentally induced DSBs are illustrated in Figure 18A and B, respectively. The gross 

chromosomal rearrangement (GCR) assay (264) (Figure 18A) allows for the isolation of GCRs (large 

deletions, translocations, de novo telomere additions) that occur within an ~ 11.5 kb non-essential 

region on the left arm of S. cerevisiae chromosome V (ChrV-L). GCR events result in loss of the 

counterselectable markers (CAN1 and URA3) located distal to the GCR region. Expression of CAN1 

confers sensitivity to the drug canavanine, while expression of URA3 confers sensitivity to the drug 5-

Fluoroorotic acid (5-FOA). Cells that incur GCR events can therefore be isolated as canavanine-

resistant (CANR) and 5-FOA-resistant (5-FOAR) colonies following plating to medium containing both 

drugs, and the approximate site at which a genomic rearrangement occurred can be determined by PCR 

amplification using multiple sets of primers arrayed along the target region. CANR 5-FOAR isolates are 

further subjected to Southern blotting to identify the isolates that incurred de novo telomere addition 

events, by looking for the characteristic smear pattern of telomeric sequences.  

 Most of our current knowledge on de novo telomere addition and its regulation in S. cerevisiae 

resulted from studies of telomere addition at HO endonuclease-induced DSBs. The more common 
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variant of this assay employs HO endonuclease to create a DSB (on ChrVII-L) that may or may not be 

preceded by a short telomeric seed on the centromere-proximal side of the break (Figure 18B). The HO  

 

Figure 18. De novo telomere addition assay systems. (A) The GCR assay system for analysis of de 
novo telomere addition events resulting from spontaneously occurring DSBs. CAN1 and URA3 serve 
as counterselectable markers for the isolation of GCR events (de novo telomere additions, 
translocations, large deletions etc.) that occur within an 11.5 kb GCR region on chromosome V 
represented by the double-ended red arrow. See text for more details. (B) An inducible DSB assay 
system for studying de novo telomere additions in S. cerevisiae. Plating of cells to media containing 
galactose induces expression of HO endonuclease, which subsequently introduces a DSB adjacent to 
a telomeric seed sequence. See text for more details. Figures A and B modified from (265). 
 
 
endonuclease-induced DSB assay system has already been discussed (Figure 3B). The LYS2 gene on 

the telomere-proximal side of the HO endonuclease site serves as a marker for the identification of 

surviving colonies that underwent telomere healing at the DSB. While WT S. cerevisiae cells cannot 

survive on media containing the glutamate analog α-aminoadipate (α-aa) as the sole nitrogen source, 

lys2 mutant cells gain the ability to utilize α-aa (266). Therefore, cells that repair the DSB by de novo 

telomere addition lose LYS2 and can grow on medium containing only α-aa as the sole nitrogen source. 

Telomere addition in these isolates is then verified by Southern blotting. For the assays depicted in 
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Figure 18, although the URA3 and LYS2 genes are utilized for the identification of cells that have 

undergone de novo telomere addition and lost the end of the chromosome, any counter-selectable 

marker may serve this purpose.   

 Next, I discuss the cis- and trans-acting requirements, revealed through the use of these assays, 

for de novo telomere addition in S. cerevisiae.  

 

3.7.2 Factors Affecting De Novo Telomere Addition in S. cerevisiae  

 

Presence or Absence of Telomeric Seed Sequences  

 Although telomere additions can, and do, occur at sites with little TG sequences (267), in other 

cases, relatively long TG-rich (telomere-like) tracts have been observed near telomere addition target 

sequences. In a study of de novo telomere additions that occurred after HO endonuclease-induced 

generation of a DSB on an engineered extra copy of S. cerevisiae chromosome VII, a number of the 

telomere healing target sites were located 37-49 bp distal to a 35 bp stretch of telomere-like sequence 

(268).  

 Similar observations were made in a study of de novo telomere additions that occurred after 

HO endonuclease-induced generation of a DSB on S. cerevisiae chromosome III. In this assay, a T. 

thermophila telomeric seed sequence (T2G4)13 was inserted approximately 10 kb centromere-proximal 

to an HO endonuclease site located at the MATα locus on chromosome III (269). Despite the presence 

of about 10 kb of intervening sequence (that contained short TG sequences at which telomeres could 

theoretically be added) between the HO site and the (T2G4)13 repeats, all of the de novo telomere 

addition events occurred in sequences within 100 bp of the seed. The (T2G4)13 repeats were themselves 

not targets for telomere addition, but they were absolutely required for telomere addition. No de novo 
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telomere additions were observed in a strain in which the (T2G4)13 repeats were not inserted on 

chromosome III. Moreover, the telomere addition target sites were considerably shorter than the 

(T2G4)13 repeats; the most commonly used target site was a 9 bp (GGGTGTGGT) sequence. These 

findings suggested that the relatively longer (T2G4)13 repeats stimulated de novo telomere addition at 

the shorter target sequences (269). 

  Similar findings were reported in studies in which a telomeric seed, composed of S. cerevisiae 

telomeric DNA, is placed immediately adjacent to the HO endonuclease site (Figure 18B). The 81 bp 

telomeric seed (TG81) greatly stimulates de novo telomere addition following HO cleavage (227). 

However, the new telomeres are often added at the 3′ TTGT overhang of the HO endonuclease 

recognition site, rather than within the TG81 seed itself, suggesting that the telomeric seed possesses an 

ability to stimulate de novo telomere addition at the target site (270).  

 What property of these telomeric seeds might account for their ability to stimulate de novo 

telomere addition? One possibility is that the telomeric seeds recruit telomere-binding proteins that 

confer the seeds with their stimulatory abilities. In support of this idea, tethering a Gal4 DNA binding 

domain-Yku70 (GBD-Yku70) fusion protein to Gal4 upstream activating sequences (UAS) inserted 

adjacent to a non-telomeric DSB greatly stimulates de novo telomere addition (271). A similar effect 

is observed when Cdc13 is tethered adjacent to the DSB (271). The Yku70 and Cdc13 stimulatory 

effects are dependent on their ability to interact with TLC1 and Est1, respectively, indicating that their 

telomerase recruitment functions are required to promote telomere addition (271).  

 Cdc13 recruitment to DSBs is negatively regulated by the checkpoint kinase Mec1. Mec1-

dependent phosphorylation of Cdc13 at serine 306 reduces Cdc13 accumulation at DSBs (272). 

Reflecting yet another level of regulation of de novo telomere addition by the DNA damage checkpoint, 

Mec1 phosphorylates Pif1, and this phosphorylation is proposed to promote its ability to remove 
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telomerase from DSBs, as an unphosphorylatable Pif1 mutant still accumulates at DSBs, but is 

defective at repressing telomerase (273).  

 

Length of the Telomeric Seed 

 As discussed in Section 3.5, telomerase recruitment to endogenous telomeres is regulated as a 

function of endogenous telomere length. Similar studies, using the assay depicted in Figure 18B, have 

been carried out to elucidate how de novo telomere addition is regulated as a function of the telomeric 

seed length. Results from these studies suggest that, as at endogenous telomeres, the Rap1-Rif1-Rif2 

complex is involved in the regulation of de novo telomere addition at or near telomeric seed sequences. 

When a TG81 seed is placed adjacent to an HO endonuclease-induced DSB (henceforth referred to as 

TG81-HO), telomere addition occurs rapidly after HO endonuclease induction. After HO induction, 

telomere addition is detectable, though weakly, by 2 hours after induction, and is strongly detectable 

by 4 to 6 hours after induction (227). In contrast, in strains containing longer TG seeds (TG162-HO and 

TG250-HO), the TG seeds remain stable and are not elongated even by 6 hours of HO induction (208, 

274).  

 In a TG81-HO strain, deletion of RIF2, but not RIF1, increases telomere addition after HO 

induction (208, 227, 275). Similarly, deletion of RIF2 and to a much lesser extent, RIF1, permits 

telomere addition in a TG162-HO strain (208). Tethering Rif1 or Rif2 adjacent to a DSB reduces Tel1 

accumulation at the break whereas tethering Rap1 adjacent to a DSB reduces Mre11 accumulation at 

the break (208). These data suggest a mechanism whereby Rap1, Rif1, and Rif2 inhibit telomere 

addition at DSBs, and possibly at endogenous telomeres too, by preventing the recruitment of the 

telomere maintenance proteins Mre11 and Tel1 (208). However, Rap1 also appears to play a role in 

telomere length regulation that is independent of its interaction with Rif1 and Rif2 as tethering Rap1 
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adjacent to a DSB reduces Mre11 accumulation at the break, even in the absence of Rif1 and Rif2 

(208).  

 In contrast to the studies discussed above, other publications have reported a role for Rap1 in 

stimulating de novo telomere addition at or near both short and long telomeric seeds. When transformed 

in vivo, a linearized plasmid containing telomeric seeds at its ends can only be stably maintained in the 

cell if the telomeres are elongated. Lustig and colleagues demonstrated that a 41 bp telomere seed 

containing three Rap1 binding sites (two non-overlapping and one overlapping) and which was tested 

and shown to bind Rap1 in a gel shift assay, was effectively elongated in vivo (276). After 

transformation with the plasmid carrying the WT telomeric seed at its ends, 92% of the recovered 

transformants contained plasmids whose ends had undergone telomere addition (276). In contrast, after 

transformation with plasmids carrying telomeric seeds containing mutated Rap1 sites or only one Rap1 

site at their ends, only 17-23% of recovered transformants contained plasmids that had undergone 

telomere addition (276). These data suggested that Rap1 stimulated de novo telomere addition at the 

telomeric seeds. However, Rap1 and Cdc13 bind to similar sequences at telomeres, and since a role for 

Cdc13 was not tested in this study, it remains possible that the stimulatory effect of the telomeric seed 

observed in this study was conferred either in full or in part by Cdc13 binding. 

 In another publication, Rap1’s role in de novo telomere addition was tested using an assay 

system in which the left telomere of chromosome VII was truncated by homologous recombination at 

the ADH4 locus (277). Effectively, the ~15 kb terminal region of the left arm of chromosome VII 

starting with ADH4 was replaced with an ~3 kb construct that contained, beginning with the most 

centromere-proximal sequence and moving outward, ADH4, URA3, telomeric or non-telomeric 

sequences expected to bind Rap1, and a terminal 29 bp TG sequence. De novo telomere addition was 

assayed by counterselecting URA3+ transformants on 5-FOA to identify those in which the URA3 gene 
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had been silenced by TPE (section 3.5: “The Rap1-Rif1-Rif2 Complex”) as a result of elongation of 

the 29 bp TG sequence to form a stable telomere. A strain in which the terminal 29 bp TG sequence 

was preceded by a 275 bp TG tract (with a 50 bp polylinker separating the short and long TG tracts), 

formed de novo telomeres 50 times more efficiently than a control strain lacking the long TG tract 

(277). A similar result was obtained from a strain in which the 29 bp TG sequence was preceded by 6 

non-telomeric Rap1 binding sites from the TEF2 promoter (277). 

 To verify that Rap1 stimulated telomere addition in this scenario, the researchers targeted GBD-

Rap1 C terminus fusion proteins to Gal4 UAS sites inserted near the 29 bp TG sequence. A strain in 

which a Rap1 C terminus protein, consisting of the last 175 amino acids of Rap1 (residues 653-827), 

was targeted adjacent to the 29 bp TG sequence formed de novo telomeres 36 times more efficiently 

than the control strain (277). Taken together, these data suggested that internally bound Rap1 

molecules, specifically Rap1 C terminus molecules, stimulated de novo telomere addition at the short 

terminal TG tract. Nonetheless, this study did not address a role for Cdc13 in their experimental setup. 

Therefore, it remains possible that both Rap1 and Cdc13 regulate de novo telomere addition in that 

experimental context. 

 
 
3.8 Significance 

 Much of our knowledge of the requirements for de novo telomere addition in S. cerevisiae has 

been derived from studies of telomere addition at artificial telomeric seed sequences of defined lengths 

placed immediately adjacent to a DSB. Such artificial sequences may not be fully representative of 

endogenous sites of de novo telomere addition as endogenous sites are expected to vary in length, as 

well as in their location relative to DSB sites. Part of my thesis work has been focused on elucidating 
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the requirements for de novo telomere addition at endogenous sites of de novo telomere addition, 

referred to henceforth as Sites of Repair-associated Telomere Addition (SiRTAs). 

The results from these studies are detailed in chapter IV. I provide evidence that de novo 

telomere addition at an endogenous SIRTA located on chromosome V in S. cerevisiae requires a 

bipartite structure, wherein Cdc13 binding to a stimulatory (Stim) sequence promotes telomere addition 

at a separate target (Core) sequence. A newly identified SiRTA on chromosome IX also exhibits this 

bipartite structure.  
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CHAPTER IV 
 
 

ENDOGENOUS HOTSPOTS OF DE NOVO TELOMERE ADDITION IN THE YEAST 

GENOME CONTAIN PROXIMAL ENHANCERS THAT BIND CDC132 

 

4.1 Introduction 

Chromosomes in the budding yeast Saccharomyces cerevisiae, as in all eukaryotes, terminate 

with specialized nucleoprotein structures called telomeres. S. cerevisiae telomeric DNA consists of 

~250-350 bp of TG1-3/AC1-3 repeats and a short (~10 bp) terminal G-rich 3' overhang (176). Because 

the conventional DNA replication machinery cannot fully replicate chromosome ends, telomeres 

shorten with each cell division cycle. In most eukaryotes, telomere shortening is counteracted by the 

enzyme telomerase, a ribonucleoprotein complex that uses an intrinsic RNA subunit as the template 

for telomeric DNA synthesis. Associated with telomeric DNA are proteins that protect chromosome 

ends from nucleolytic resection and prevent chromosome end-to-end fusions by distinguishing natural 

chromosome ends from ends generated by DNA double strand breaks (DSBs) (186). These protective 

functions make telomeres essential for the maintenance of genome integrity and cell viability.  

 In S. cerevisiae, optimal telomere length requires a balance between positive and negative 

regulatory mechanisms mediated by telomere-binding proteins including Cdc13 and Rap1 (188). 

Cdc13, a telomere sequence-specific single-strand DNA binding protein, recruits telomerase to 

telomeres during the S/G2 phase of the cell cycle through interaction with Est1, a subunit of the 

                                                
2 The work presented in this chapter has been published in: Obodo UC, Epum EA, Platts MH, Seloff 
J, Dahlson NA, Velkovsky SM, Paul SR, Friedman KL. 2016. Endogenous hotspots of de novo 
telomere addition in the yeast genome contain proximal enhancers that bind Cdc13. Mol Cell Biol 
36:1750-1763. For the data in this chapter, contributions by each author are duly noted in the figure 
legends. 
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telomerase holoenzyme [reviewed in (188)]. Rap1 binds to the double-stranded telomeric repeat, 

forming a telomere length regulatory complex through interactions of its C-terminal domain with Rif1 

and Rif2 (127, 164). Regulation occurs through a counting mechanism in which telomere length is 

inversely proportional to the number of Rif1 and Rif2 molecules present at a telomere (205, 206). 

 Cells experience insults to their genome from endogenous and exogenous sources, including 

reactive oxygen species, radiation, and chemical mutagens (278). DSBs resulting from these sources 

pose an enormous threat to genome stability and cell viability since failure to repair DSBs can cause 

chromosome rearrangements and/or chromosome loss. Eukaryotic cells utilize two main pathways for 

DSB repair: a homologous recombination (HR) pathway that uses a sister chromatid or homologous 

chromosome as template for DSB repair, and a non-homologous end joining (NHEJ) pathway in which 

broken DNA ends are directly ligated (279). Inaccurate repair of DSBs can give rise to gross 

chromosomal rearrangements (GCRs), large-scale changes in chromosome structure that include 

interstitial deletions, chromosome end-to-end fusions, and translocations (280). Direct action of 

telomerase at DSBs results in yet another type of GCR, de novo telomere addition, in which all genetic 

information distal to the DSB is lost (281). 

In yeast, either Cdc13 or Rap1 can stimulate de novo telomere addition. Cdc13 appears to 

facilitate telomerase recruitment to DSBs in a manner similar to its role at endogenous telomeres (271). 

Following DSB induction by HO endonuclease, Cdc13 and Est1 are both recruited to an artificial 

telomere seed (~ 80 bp TG tract) inserted adjacent to the HO site and artificial tethering of Cdc13 

adjacent to the break is sufficient to stimulate de novo telomere addition (271). Est1 recruitment 

depends on its interaction with Cdc13, although the converse is not true (271). In contrast to its negative 

regulatory role at endogenous telomeres, Rap1 stimulates de novo telomere addition at artificial 

chromosomal (277, 282) or extrachromosomal termini containing short telomere-like sequences (276). 
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While informative about mechanisms of telomerase recruitment, the vast majority of these studies 

utilize artificial sequences to facilitate the formation of de novo telomeres. Cdc13 and/or Rap1 could 

stimulate de novo telomere addition at endogenous intrachromosomal TG-rich sequences with the 

potential to bind one or both proteins. However, a potential role for Cdc13 or Rap1 at such sequences 

has not been directly addressed. 

Given that de novo telomere addition at intrachromosomal TG-rich sequences has the potential 

to influence genome stability, we sought to identify the cis- and trans-acting factors required for de 

novo telomere addition at such endogenous sequences. Here, we investigate the requirements for de 

novo telomere addition at an 84 bp Site of Repair-associated Telomere Addition, located 35 kb from 

the left telomere of chromosome V (SiRTA 5L-35). As previously described (84), the majority of 

telomere additions at SiRTA 5L-35 occur within a 23 bp TG-rich sequence, which we refer to as the 

“Core” sequence.  

We find that a separate TG-rich sequence located centromere-proximal to the Core, and which 

itself is infrequently targeted for telomere addition, is required for high levels of telomere addition at 

the Core (referred to here as the “Stim” sequence). Using two different approaches to differentially 

target Cdc13 or Rap1 to SiRTA 5L-35, we show that it is likely the ability of Cdc13 to bind the Stim 

sequence that promotes telomere addition at SiRTA 5L-35. SiRTA 5L-35 therefore has a bipartite 

structure in which Cdc13 binding to an upstream sequence stimulates telomere addition at a 

neighboring target site. Finally, we report the identification of a new SiRTA  located 44 kb from the 

left telomere of chromosome IX and show that SiRTA 9L-44 has a similar bipartite structure as SiRTA 

5L-35. 
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4.2 Results 

 

4.2.1 An internal telomere-like sequence on chromosome V in S. cerevisiae is a target of 

de novo telomere addition 

In S. cerevisiae, a short sequence within the NPR2 gene on the left arm of chromosome V (chrV-

L) incurs a high frequency of de novo telomere addition relative to flanking sequences (84). To 

determine the magnitude of this effect in our strain, we utilized an assay (264) in which CAN1 and 

URA3 are utilized to select GCR events within a 12 kb region on chrV-L between CAN1 and the first 

essential gene (Figure 19A). Independent liquid cultures were plated on medium containing canavanine 

(CAN) and 5-fluoroorotic acid (5-FOA), drugs toxic to cells expressing CAN1 and URA3, respectively. 

A single surviving colony was isolated from each culture for analysis. As previously shown (84, 264), 

nearly all cells resistant to both drugs lost DNA sequences distal to CAN1. The approximate location 

of each rearrangement was determined by multiplex PCR using primer pairs spanning the 12 kb region 

(Figure 20) and each chromosome rearrangement was subsequently classified as “telomere addition” 

or “other” using Southern blot analysis to detect the characteristic “smear” generated by heterogeneous 

telomeric repeats. 
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Figure 19. SiRTA 5L-35 incurs a high frequency of de novo telomere addition relative to flanking 
sequences. 
(A) Schematic of chromosome V GCR assay system. Filled triangles represent the terminal telomeric 
repeats.  Throughout the manuscript, chromosome arms are diagrammed with the telomere to the right.  
This convention places the 3’ terminus upon which telomerase directly acts on the top strand of DNA. 
(B) Distribution of spontaneously occurring GCR events in the WT strain. GCR events were mapped 
by multiplex PCR (Figure 20) to one of the three regions indicated in (A). The type of event 
(telomere addition or “other”) was determined by Southern blot. A total of 29 events were analyzed. 
The enrichment of GCR events within the 84 bp SiRTA relative to the expected frequency (assuming 
random distribution of GCR events across the 11.5 kb target region) was significant by Fisher’s Exact 
Test (p<0.001). 
(C) Schematic of chromosome V HO-inducible GCR assay system. Expression of the HO endonuclease 
is induced by growth on media containing galactose and the site of HO cleavage is indicated (arrow). 
(D) Distribution of HO-endonuclease-induced GCR events in the WT strain. Data are from three 
independent experiments and ~ 30-40 GCRs per experiment. Error bars represent standard deviation. 
Contributing authors: UCO, MHP, SMV, SRP. 
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Figure 20. Multiplex PCR analysis of spontaneous GCR events.  
(A) Schematic of chromosome V GCR region showing approximate locations and relative expected 
sizes of PCR products. A GCR event within SiRTA 5L-35 is denoted by the presence of products 1-4 
and the absence of products 5 and 6.  
(B) Primer sequences used for multiplex PCR analysis. The expected size of each PCR product is 
indicated.  

 

Three PCR primers were designed to detect GCR formation within an 84 bp TG-rich sequence 

encompassing the telomere addition hotspot within NPR2 (Figure 20; PCR products 4 and 5). To reflect 

the propensity for de novo telomere addition, we refer to this sequence as the Site of Repair-associated 

Telomere Addition 35 kb from the left telomere of chromosome V (SiRTA 5L-35).  Similar to previous 

reports (84), 48.3% (14 of 29) of GCR events occurred in SiRTA 5L-35. The remaining events were 

split evenly between the regions centromere- and telomere-proximal to SiRTA 5L-35 (Figure 19B). In 
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every case, GCR events within SiRTA 5L-35 involved de novo telomere addition, whereas GCRs in 

the flanking regions consisted of both telomere additions and other chromosome rearrangements 

(Figure 19B). Given that the 84-bp SiRTA 5L-35 comprises less than 1% of the total region analyzed, 

this sequence incurs a remarkably high frequency of de novo telomere addition. 

To eliminate concern that telomere addition arises from a propensity for DNA breakage within 

or near this region, we utilized a second approach in which a site-specific DNA break is introduced ~3 

kb distal to SiRTA 5L-35. The strain utilized (283) contains a single recognition site for the yeast 

homothallic switching endonuclease (HO endonuclease) within the CAN1 gene (Figure 19C). 

Homologous sequences on chromosome III are deleted to eliminate repair by gene conversion. The HO 

endonuclease gene is expressed from a galactose-inducible promoter such that growth on media 

containing galactose results in a DSB ~3 kb distal to SiRTA 5L-35 (Figure 19C). Most cells accurately 

repair the DSB, resulting in a cleavage-repair cycle that culminates in cell death. However, 

approximately 0.1% of cells survive as a result of mutations at the HO site that prevent further cleavage. 

These cells have incurred small insertions or deletions or have lost all DNA distal to the HO site. The 

latter are identified by selection on 5-FOA for cells lacking the distal URA3 marker (Figure 19C). We 

refer to cells that survive on galactose and have lost the URA3 marker (galR 5-FOAR colonies) as GCR 

events.  The propensity for GCR formation to occur at SiRTA 5L-35 is expressed in two ways: 1) as 

the overall rate at which GCR formation occurs within SiRTA and 2) as the fraction of GCR events 

that occur within SiRTA.  In both cases, values are the average (with standard deviation) of at least 

three independent experiments with 25-35 GCR events analyzed per experiment.  

 



 98 

 

Figure 21. Multiplex PCR analysis of GCR events.  
(A) Schematic of chromosome V in the strain utilized for HO cleavage. PCR products 1-6 are 
identical to those shown in Figure 20. The reverse primer for PCR product 7 is located within 60 bp 
of the HO cleavage site.  
(B) Characterization of 69 GCR events resulting from two independent HO cleavage assays. The 
approximate location of each event was determined by PCR as indicated in (A). Southern blot 
analysis was used to classify each event as “telomere addition” or “other.”  
Contributing authors: UCO. 
 

By PCR analysis (see Figure 21A), 25.7±1.9% of GCR events following HO cleavage occurred 

within SiRTA 5L-35, 68.3±2.3% occurred between the HO cleavage site and SiRTA 5L-35, and the 

remainder occurred in the centromere-proximal region between SiRTA 5L-35 and the first essential 

gene (Figure 19D). We analyzed a subset of events (69 from two independent assays) by Southern blot.  

94.4% (17 of 18) events that mapped to SiRTA 5L-35 involved de novo telomere addition (Figure 

21B).  Events that occurred distal to SiRTA 5L-35 fell into two classes. The majority of distal events 
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(36 of 48) occurred at or immediately adjacent to the HO cleavage site (within 60 base pairs) and of 

those, 75.0% involved de novo telomere addition.  In contrast, only 12 events occurred within the 3 kb 

separating the HO site from SiRTA 5L-35 and 58.3% of those events involved de novo telomere 

addition (Figure 21B).  De novo telomere addition events at SiRTA 5L-35 are mediated by telomerase 

since deletion of RAD52 to eliminate recombination-mediated telomere maintenance (284) did not 

reduce the fraction of GCR events occurring at SiRTA 5L-35 (Figure 22). 

 

 

Figure 22. De novo telomere addition at SiRTA 5L-35 is RAD52-independent.  
Percentage of HO endonuclease-induced GCRs occurring in SiRTA 5L-35 in the WT and rad52∆ 
strains. Data are from 3 independent experiments and ~ 30-40 GCRs per experiment. Error bars 
represent standard deviation. WT data are the same as those shown in Figure 19D.  
Contributing authors: UCO. 
 

 

4.2.2 A sequence internal to the direct target of telomere addition is required for high levels of 

de novo telomere addition at SiRTA 5L-35 

To identify sequences required to direct high levels of de novo telomere addition at SiRTA 5L-

35, we cloned and sequenced fourteen telomere addition events following HO cleavage. Telomere 

addition occurred at seven different sites, four of which were used more than once (Figure 23A). All 

fourteen events were independent as reflected in the divergent telomere sequences added to each 
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(Figure 24). 57.1% (8/14) of the telomere additions occurred within the original 23 bp TG-rich 

sequence defined by Stellwagen et al. (84). Interestingly, very few events occurred at the centromere-

proximal end of SiRTA 5L-35, despite the telomere-like nature of that sequence (Figure 23A). 

To determine which sequences contribute to the high rate of de novo telomere addition, we 

created a series of mutations diagrammed in Figure 23A. Mutation of the 23-bp TG-rich sequence in 

which telomere addition frequently occurs (each base mutated to its complement) decreased the overall 

frequency of GCR events at SiRTA 5L-35 by 16-fold (Figure 23B, mutation a) and reduced the 

percentage of total GCR events mapping to SiRTA 5L-35 from 25.7±1.9% to 4.8±2.5 % (Figure 25). 

In contrast, mutation of the neighboring sequence (mutation b) did not significantly change the overall 

rate of GCR formation (Figure 23B), with 20.3±3.7% of the GCR events mapping to SiRTA 5L-35 

(Figure 25). To address a potential role for the TG-rich sequence at the centromere-proximal end of 

SiRTA 5L-35, we mutated this 18 bp region to adenine (mutation c). Although this sequence is rarely 

the direct target of telomere addition, the effect on the rate of GCR formation within SiRTA 5L-35 was 

nearly as pronounced as that seen when the target sequences themselves were mutated (Figure 23B; 

compare mutations a and c) and only 5.6±2.1% of total GCR events mapped to SiRTA 5L-35 (Figure 

25). Furthermore, only 3 of 5 of those events involved de novo telomere addition (data not shown). 

While this sequence enhances telomere addition at SiRTA 5L-35, it is insufficient to support high levels 

of de novo telomere addition since a strain containing only the centromere-proximal sequences 

(mutation d) underwent a low rate of GCR formation within SiRTA 5L-35 with a small fraction of 

GCR events at SiRTA 5L-35 (4.4±1.9%; Figures 23B and 25). 
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Figure 23. High rates of telomere addition at SiRTA 5L-35 require two separable sequences. 
(A) Top schematic: Sequence of SiRTA 5L-35 with arrows indicating sites of de novo telomere 
addition. The most 3’ chromosomal nucleotide with identity to the cloned de novo telomere is 
indicated. Individual cloned sequences are shown in Figure 24. Numbers above arrows indicate the 
number of independent telomere addition events mapped to each site. Stim, Spacer, and Core are 
defined in the text. Bottom schematic: Mutations created in SiRTA 5L-35. Uppercase letters 
represent unchanged nucleotides, lowercase letters enclosed in box represent mutated nucleotides, 
and dashed line indicates deleted nucleotides. 
(B) Core and Stim sequences contribute to the formation of GCR events within SiRTA 5L-35. The 
frequency (%) at which GCR events occur within SiRTA 5L-35 following induction of HO 
endonuclease expression on media containing galactose is shown for the WT strain and for the 
mutant strains as depicted in (A). Average of three independent replicates is shown with standard 
deviation. *Indicated mutants are significantly different from WT (p<0.05) by ANOVA with post-
hoc Tukey HSD. 
Contributing authors: KLF, UCO, JS, NAD. 
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We conclude that high levels of telomere addition at SiRTA 5L-35 require a bipartite structure 

in which one sequence serves as the primary, direct target of telomere addition (the SiRTA Core; 

defined by mutation a), while the other sequence (SiRTA Stim; defined by mutation c) stimulates 

telomere addition within or near the Core sequence. The spacer between these sites makes no sequence-

specific contribution to the stimulation of de novo telomere addition. 

 

 

Figure 24. De novo telomere addition events within SiRTA 5L-35 are non-clonal.  
Sequences of de novo telomere addition junctions in the WT strain, corresponding to the 14 events 
shown in Figure 23A. Lowercase letters represent the last 6 nucleotides of the sequenced de novo 
telomere that match the chromosomal sequence. Uppercase sequences represent a portion of the 
newly added telomere sequence. 
Contributing authors: JS.   
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Figure 25. Mutations of the Core and Stim sequences affect the fraction of total GCR events 
that occur within SiRTA 5L-35.  
Top: Mutations created in SiRTA 5L-35 (identical to those described in Figure 23). Bottom: Fraction 
of GCR events (%) that occur in SiRTA 5L-35 as determined by multiplex PCR in the indicated 
strains. *The indicated mutants are significantly different from WT (p<0.01) by ANOVA with post-
hoc Tukey HSD. 
Contributing authors: KLF, UCO, JS, NAD. 
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Figure 26. The SiRTA Stim and Core sequences are sufficient to stimulate de novo telomere 
addition at an ectopic location. 
A. Top schematic: Sequence of SiRTA 5L-35 as in Figure 23A. Bottom schematic: Spacer∆ mutation 
created in SiRTA 5L-35. Dashed line indicates deleted nucleotides. 
B. The absolute frequency (% total cells) of GCR formation at SiRTA 5L-35 is shown for the 
Spacer∆ variant at its endogenous location on chromosome V and at an ectopic site on chromosome 
VII. Data for WT SiRTA 5L-35 are shown for comparison (same as Figure 23B). Values are the 
average of three independent experiments with standard deviation. 
C. Schematic of the modified left arm of chromosome VII. Sizes of the regions between the 
integrated Spacer sequence and either the HO cleavage site (telomere-proximal) or the most distal 
essential gene (BRR6; centromere-proximal) are indicated. 
D. The percentage of GCR events occurring in each indicated region on chromosome VII is shown 
for the experimental strain (SiRTA 5L-35 Spacer∆ and a control strain (no integration). In the control 
strain, no GCR events were observed in the 219 bp region that is replaced by the Spacer∆ variant in 
the experimental strain. Values are averages of three independent experiments with standard 
deviation. 
Contributing authors: EAE, JS, NAD. 
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4.2.3 The Core and Stim sequences of SiRTA 5L-35 are sufficient to stimulate high levels of de 

novo telomere addition at an ectopic site 

Given that the spacer between the SiRTA 5L-35 Core and Stim sequences could be mutated 

with little effect on telomere addition, we tested the effect of deleting this sequence (Figure 26A). 

Strikingly, the overall rate of GCR formation within SiRTA 5L-35 following HO cleavage increased 

36-fold compared to the wild-type SiRTA 5L-35 (spacerΔ; Figure 26B) and 74.2±15.6% of total GCR 

events occurred within SiRTA 5L-35. Analysis by Southern blot of 35 GCR events from one 

representative assay showed that all 28 events within SiRTA 5L-35 spacerΔ involved de novo telomere 

addition (data not shown). In addition, 5 of the remaining 7 events, originally classified as telomere-

proximal by PCR, actually involved telomere addition within 100 bp of the spacerΔ variant of SiRTA 

5L-35. No events of this type were observed among 69 GCR events characterized in the WT strain. 

We took advantage of this remarkably high level of de novo telomere addition to ask whether 

the SiRTA 5L-35 Core and Stim sequences are sufficient to confer this property to an ectopic site. A 

49-bp sequence containing the SiRTA 5L-35 Core and Stim sequences (SiRTA-spacerΔ) was 

integrated within nonessential sequences on chromosome VII-L, ~20 kb from the first essential gene 

(BRR6). The galactose-inducible HO cleavage cassette was placed 3 kb telomere-proximal to the 

ectopic SiRTA sequence and URA3 was integrated to monitor the rate of terminal deletion (Figure 

26C). A strain containing only the HO cleavage site and URA3 marker served as a control.  

In the control strain, no GCR events were observed within a 542-bp sequence corresponding to 

the insertion site and 72.2±6.9% of the GCR events occurred centromere-proximal to this location 

(Figure 26D). In striking contrast, 67.6±10.8% of total GCR events in the experimental strain occurred 

within SiRTA-spacerΔ and only 5.7±2.8% mapped to the centromere-proximal region (Figure 26D). 

Southern analysis was conducted on 35 events from a single experiment. Of 22 events mapped by PCR 
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to the SiRTA-spacerΔ sequence, 20 (91%) involved telomere addition. Furthermore, of 12 events that 

mapped telomere-proximal to the SiRTA-spacerΔ sequence, all but one involved telomere addition 

within 100 bp of SiRTA-spacerΔ. Therefore, in this subset of 35 GCR events, 91.4% involved de novo 

telomere addition within or immediately adjacent to the SiRTA-spacerΔ insert. The overall rate of GCR 

formation within SiRTA-spacerΔ was modestly (2.7 fold) lower on chromosome VII than at the 

endogenous location on chromosome V, but still much higher than observed for the endogenous SiRTA 

5L-35 (Figure 26B). 

Taken together, these results indicate that the SiRTA 5L-35 Core and Stim sequences are 

sufficient to support de novo telomere addition following a distal chromosome break. Reducing the 

spacing between the stimulatory and core sequences dramatically increases the rate of de novo telomere 

addition. Interestingly, sequences located within approximately 100 bp of the SiRTA nucleate telomere 

addition when the spacer sequence is deleted, most likely because the stimulatory sequence is now 

closer to these sites. 

 

4.2.4 Sequences that bind Rap1 and Cdc13 stimulate de novo telomere addition at SiRTA 5L-35 

We reasoned that the enhancing properties of SiRTA Stim may arise from one or more proteins 

bound at that site. Given the TG-rich nature of this sequence, we investigated the ability of Rap1 and 

Cdc13 to bind the SiRTA Stim sequence in vitro. Rap1 is a double-stranded DNA binding protein that 

binds at high frequency within the endogenous telomeric repeat (195), but binds additional internal 

chromosomal sites as a transcription factor (189). Cdc13 binds the single-stranded overhang at the 

yeast telomere (285-289) and could bind at SiRTA Stim following resection of a DSB at a distal site. 

 Electrophoretic mobility shift assays (EMSAs) were performed using recombinant Rap1 and 

the DNA binding domain of Cdc13 (Cdc13-DBD; amino acids 497 to 694) to monitor binding to 
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double-stranded or single-stranded target DNAs, respectively. The DNA binding domain of Cdc13 

alone closely mimics the binding specificity of the full-length protein (290). Indeed, the endogenous 

SiRTA Stim sequence is bound by both Rap1 (Figure 27A and B, probe I) and by Cdc13-DBD (Figure 

27A and C, probe III). As predicted, the polyA mutation that disrupts SiRTA Stim function (Figure 23) 

reduces binding by Rap1 and Cdc13-DBD (Figure 27A-C, probes II, IV, and V), consistent with one 

or both of these proteins playing a role in the stimulation of de novo telomere addition. 

 To address whether binding by Rap1 and/or Cdc13 is sufficient to stimulate de novo telomere 

addition, we designed a sequence predicted to contain two tandem Rap1 binding sites and to have the 

ability to bind Cdc13. By EMSA, this sequence (Stim-Subst; Figure 27D) binds Rap1 with higher 

affinity than the endogenous SiRTA Stim sequence (compare binding to probes I and VI, Figure 27B 

and E) and also binds Cdc13-DBD (Figure 27F, probes VIa and VIb). The Stim-Subst sequence was 

integrated in place of the SiRTA Stim sequence on chromosome V and the frequency of GCR events 

at SiRTA 5L-35 was measured. Consistent with either Rap1 and/or Cdc13 playing a role in the 

stimulation of telomere addition, this artificial sequence stimulated GCR events at SiRTA 5L-35 at a 

rate equivalent to the endogenous sequence and increased the fraction of GCR events occurring within 

SiRTA 5L-35 (Figure 27G).  

To verify that the Stim-Subst sequence is not the direct target of telomere addition, we designed 

a reverse primer within the SiRTA spacer sequence that generates a PCR product only if a de novo 

telomere is added within or near the SiRTA Core sequence (Figure 28). Consistent with our sequencing 

results in the WT strain in which 12 of 14 telomere addition events were located distal to SiRTA Stim 

(85.7%; Figure 23A), 17 of 20 previously uncharacterized events generated a PCR product in this assay  
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Figure 27. The Stim sequence of SiRTA 5L-35 binds Cdc13 and Rap1 in vitro and can be 
functionally replaced with a sequence that binds both proteins. 
(A) Top schematic: Sequence of SiRTA 5L-35 as in Figure 23A. Bottom schematic: Sequences of 
probes utilized for Cdc13-DBD and Rap1 binding assays. Mutated bases are shown in lower case. 
Probes are identified with Roman numerals and this numbering is maintained throughout the 
manuscript. Probes I and II are double-stranded; probes III-V are single-stranded. 
(B) Binding of recombinant Rap1 to probe I (WT SiRTA 5L-35) and probe II (Stim polyA mutation, 
Figure 23A). The mobility of free probe (F) and two bound complexes (C1 and C2) is indicated. The 
fraction of probe bound when utilizing 500 nM Rap1 is quantified on the right from three 
independent experiments. Error bars represent standard deviation. 
(C) Binding of recombinant Cdc13-DBD to probes III, IV, and V, as indicated. Probe III contains the 
WT SiRTA 5L-35 sequence. Probes IV and V contain the Stim polyA mutation from Figure 23A. 
This sequence was tested in two pieces to avoid the formation of secondary structure. The mobility of 
free probe (F) and bound complex (C) is indicated. 
(D) The sequence shown was designed to contain two predicted Rap1 binding sites (bold) separated 
by a linker sequence (lower case). Probe VI is double-stranded and is utilized in (E). Probes VI-a and 
VI-b are single-stranded sequences as indicated and are utilized in (F). 
(E) Binding of the indicated concentration of recombinant Rap1 to probe VI.  
(F) Binding of the indicated concentration of recombinant Cdc13-DBD to probes VI-a or VI-b. For 
(E) and (F) the average fraction of probe bound was determined from three independent experiments. 
Error bars represent standard deviation. 
(G) The SiRTA 5L-35 Stim sequence (indicated by brackets) was replaced at the endogenous locus 
on chromosome V with the three sequences depicted here. Stim-Subst is identical to the sequence of 
Probe VI. Stim-Subst inv is the reverse complement of the Stim-Subst sequence. Average results and 
standard deviation of three HO-cleavage assays are shown as the absolute frequency (%) of GCR 
formation within SiRTA 5L-35 (left graph) or the percent of total GCR events that occur within 
SiRTA 5L-35 (right graph). Samples with statistically different values by ANOVA with post-hoc 
Tukey HSD are indicated (* p<0.05; ** p<0.01). 
Contributing authors: UCO, EAE. 
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Figure 28. Most de novo telomere addition events occur telomere-proximal to the Stim 
sequence.  
Top: The sequence of SiRTA 5L-35 is shown along with the locations of the Core and Stim 
sequences. Forward and reverse primers shown were used to amplify genomic DNA isolated from 
strains in which a GCR event occurred within SiRTA 5L-35. If a PCR product is generated, 
chromosome truncation (i.e. telomere addition) must have occurred telomere-proximal to the location 
of the reverse primer.  
Bottom: For the indicated strains, the percentage of total GCR events that occurred in SiRTA 5L-35 
is graphed. Of those events, the percent that generated a PCR product using the primers described 
above is indicated.  
Contributing authors: UCO. 
 

(85.0%; Figure 28). Importantly, PCR product was obtained in 34 of 35 (97.1%) SiRTA GCR events 

in the Stim-Subst strain (Figure 28), indicating that Stim-Subst enhances the probability of telomere 

addition within the SiRTA Core. 

To test whether stimulation is orientation-dependent, we inverted the Stim-Subst sequence. 

Inversion reduced the rate of GCR formation at SiRTA 5L-35 by 2.8 fold and reduced the fraction of 

GCR events within SiRTA 5L-35 from 47.8±7.1% to 10.4±6.8% (Figure 27G). Rap1 is expected to 

retain binding to the Stim-Subst sequence regardless of orientation.  In contrast, the ability of Cdc13 to 

bind requires orientation-dependent exposure of its single-stranded TG-rich binding site during 
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resection from a distal double-strand break, suggesting that Cdc13 may be the functionally relevant 

protein in this context. 

 

4.2.5 Binding of Cdc13 within SiRTA Stim is sufficient to drive de novo telomere addition at the 

neighboring Core sequence 

 To distinguish effects by Rap1 and Cdc13, we designed sequences to support 

differential binding. To create a sequence that binds Rap1, but not Cdc13, we began with the Stim-

Subst sequence containing two sites predicted to bind Rap1 separated by an AC-rich spacer sequence 

(Figures 27D and 29A, probe VI). Since the 5’ portion of this sequence binds weakly to Cdc13-DBD 

(Figure 27F, probe VIa), we mutated only the most 3’ residue in this repeat, a change predicted to retain 

Rap1 association but disrupt Cdc13 binding. At the second Rap1 site, we mutated both that same 3’ 

nucleotide and several nucleotides that lie adjacent to the defined Stim sequence (Figure 29A, probe 

VII). As shown in Figure 29B, the engineered “Rap1 only” sequence binds Rap1 with higher affinity 

than either the original SiRTA-Subst sequence or the endogenous SiRTA Stim. Mutations in the second 

Rap1 binding site essentially eliminate Cdc13-DBD binding to this sequence (compare Figure 27F, 

probe VIb, with Figure 29C, probe VIII). 

 We took a similar approach to create a sequence capable of binding Cdc13 and not Rap1. Here, 

the starting sequence was 11 bases shown to support strong association with Cdc13 (287) (Figure 29A, 

probe IX). The second base of this sequence [known to have little or no effect on Cdc13 binding (291)] 

was mutated to reduce similarity with the Rap1 binding consensus and two of these sites were placed 

in tandem. As shown in Figure 29B, this “Cdc13 only” sequence shows no detectable binding to Rap1 

(probe X). Binding of this sequence to Cdc13 was measured using two probes that monitor binding to 

the 5’ (probe XI) or 3’ (probe XII) repeat. The 3’ repeat shows similar affinity for Cdc13-DBD as the  
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Figure 29. The rate of de novo telomere addition at SiRTA 5L-35 correlates with the ability of 
the SiRTA Stim sequence to bind Cdc13. 
(A) Probes utilized for Cdc13-DBD and Rap1 binding assays. Probes I, III, and VI are identical to 
those used in Figure 27. Probes followed by “Rap1 EMSA” are double-stranded. Those indicated 
with “Cdc13 EMSA” are single-stranded. 
(B) Binding of the indicated concentration of recombinant Rap1 to double-stranded probes shown in 
(A).  
(C) Binding of the indicated concentration of recombinant Cdc13-DBD to single-stranded probes 
shown in (A). In (B) and (C), the average fraction of probe bound was determined from three 
independent experiments. Error bars represent standard deviation. 
(D) The SiRTA 5L-35 Stim sequence (indicated by brackets) was replaced at the endogenous locus on 
chromosome V with the sequences depicted here. Average results and standard deviation of three HO-
cleavage assays are shown as absolute frequency (%) of GCR formation within SiRTA 5L-35 (left 
graph) or percent of total GCR events within SiRTA 5L-35 (right graph). Averages indicated (**) are 
significantly different (p<0.01) by unpaired Student’s T test. 
Contributing authors: UCO, KLF. 
 
 
11 base consensus sequence (Figure 29C, compare probes IX and XII), and both of these probes are 

bound more strongly than is the endogenous SiRTA Stim (Figure 29C, probe III). The 5’ repeat is also 

bound by Cdc13-DBD, although more weakly than the 3’ repeat (Figure 29C, probe XI). In conclusion, 

these in vitro binding analyses demonstrate that binding by Rap1 and Cdc13 can be separated, allowing 

us to test the specific effects of these proteins on SiRTA 5L-35 function. 

 The sequences defined above were integrated in place of the endogenous SiRTA Stim sequence 

on chromosome V (Figure 29D). Integration of the “Rap1 only” sequence reduced the overall 

frequency of GCR formation at SiRTA 5L-35 to about half that of the Stim-Subst sequence upon which 

it is based, a rate similar to that observed for the Stim-Subst inverted sequence (compare Figure 29D 

with Figure 27G). In contrast, the sequence containing only binding sites for Cdc13 resulted in a GCR 

rate eight fold higher than that of the endogenous sequence, 70.0±9.8% of all GCR events occurred 

within SiRTA 5L-35 (Figure 29D), and all of those events were the result of de novo telomere addition 

(data not shown). We again used a PCR-based strategy to determine where telomere addition occurred 
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within SiRTA 5L-35. Despite the telomere-like nature of the “Cdc13 only” sequence, 50 of 63 (79.4%) 

de novo telomeres were added at least 20 bp distal to that site (Figure 28). 

  To confirm the ability of Cdc13 to stimulate de novo telomere addition, we replaced the SiRTA 

Stim sequence with two copies of the Gal4 upstream activating sequence (stim::2XUAS), which is 

recognized by the Gal4 DNA binding domain (292) (GBD; Figure 30A). Into this strain, we introduced 

either an empty vector or a plasmid expressing a fusion of GBD with full-length Cdc13 or Rap1. As 

expected, the strain containing stim::2XUAS and empty vector supported a rate of GCR formation at 

SiRTA 5L-35 indistinguishable from a strain containing the stim::polyA mutation (Figure 30B; 

comparable to mutation c in Figure 23). Expression of the GBD-Rap1 fusion protein in the 

stim::2XUAS strain failed to increase the rate of GCR formation at SiRTA 5L-35 (Figure 30B), 

suggesting that Rap1 plays either no role or a minor role in stimulating telomere addition following a 

DSB. 

In contrast, expression of the GBD-Cdc13 fusion protein in the stim::2XUAS strain increased 

the rate of GCR formation at SiRTA 5L-35 nearly 15-fold relative to the strain containing vector only 

(Figure 30B). This increase is largely attributable to the recruitment of GBD-Cdc13 to the 2XUAS 

sequences on chromosome V since expression of the fusion protein in the stim::polyA strain had no 

significant effect on GCR formation at SiRTA 5L-35 compared to the same strain containing the empty 

vector (Figure 30B). 

Taken together, these results are consistent with a model in which resection of the 5’ strand 

following a DSB exposes one or more sites at which Cdc13 is able to associate with the SiRTA Stim 

sequence. Such binding is required to increase the rate at which the more telomere-proximal Core 

sequence is capable of nucleating de novo telomere addition and explains why the telomere-like SiRTA 

5L-35 Core sequence alone is insufficient to maintain a high rate of GCR formation at that site. 
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Figure 30. Artificial recruitment of Cdc13 to the SiRTA 5L-35 stimulatory site increases the 
rate of GCR formation. 
(A) The SiRTA 5L-35 Stim sequence was replaced with two tandem copies of the Gal4 Upstream 
Activating Sequence (2X UAS) or with a string of adenines (polyA; identical sequence to that of 
mutation d in Figure 23A). 
(B) The rate of GCR formation within SiRTA 5L-35 is shown for strains containing either the 2X 
UAS or polyA sequences integrated in place of SiRTA 5L-35 Stim.  Cells are transformed with 
pRS314 (empty vector) or with pRS414 expressing either CDC13 or RAP1 as N-terminal fusions 
with the Gal4 DNA binding domain (GBD). Values for the three right-most columns are maximum 
estimates (see Materials and Methods). Error bars indicate standard deviation of three independent 
experiments. Averages indicated (**) are significantly different (p<0.01) by ANOVA with post-hoc 
Tukey HSD. 
Contributing authors: UCO, EAE, KLF. 
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4.2.6 A second SiRTA on chromosome IX also has a bipartite structure 

In searching for additional sequences with the hallmarks of a SiRTA, we identified a TG-rich 

sequence within the BNR1 gene. This site is located ~16 kb distal to the first essential gene, MCM10, 

on chromosome IX-L. We integrated the HO recognition site ~3 kb distal to this sequence (Figure 31A) 

in a strain that expresses the HO endonuclease under galactose regulation and placed URA3 on the 

distal arm, allowing us to select GCR events as described above for SiRTA 5L-35. Our PCR strategy 

was designed to capture GCR events occurring in the most prominent TG-rich sequence (“Core 1,” 

Figure 31B). However, Southern blotting revealed a second cluster of de novo telomere addition events 

~130 bp distal to the original sequence (“Core 2,” Figure 31B; Figure 32). These two sequences result 

in a combined frequency of GCR formation of 0.015±0.006%, approximately three times higher than 

the rate observed at SiRTA 5L-35 (Figure 31C). We subsequently refer to this site as SiRTA 9L-44 

(SiRTA, 44 kb from the left telomere of chromosome IX). Similar to SiRTA 5L-35, 33.0±1.4% of the 

GCR events obtained on chromosome IX occurred within SiRTA 9L-44 (including both Core 

sequences; Figure 31D). Interestingly, although Core 1 lies centromere-proximal to Core 2 (and 

therefore will be rendered single-stranded after Core 2 in response to a distal DSB), 28.2± 5.2% of all 

GCR events occurred within Core 1, while 4.8±4.4% occurred in Core 2 (data not shown), suggesting 

that Core 1 is more efficiently targeted. No GCR events occurred within the ~16 kb region between 

SiRTA 9L-44 and the first essential gene (Figure 31D). 

Given that we identified a stimulatory sequence within SiRTA 5L-35 capable of binding to 

Cdc13 (Figures 23 and 27), we sought to identify similar sequence(s) that may contribute to telomere 

addition at SiRTA 9L-44. Using EMSA, we identified two sites that bind Cdc13-DBD in vitro (Cdc13 

BS1 and Cdc13 BS2; Figure 31B and E). Mutation of Cdc13 BS1 to poly-adenine had no effect on the  
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Figure 31. A site at which de novo telomere addition occurs at high frequency on chromosome 
IX (SiRTA 9L-44) has a similar organization to SiRTA 5L-35. 
(A) Schematic of the left arm of chromosome IX. Sizes of the regions between SiRTA 9L-44 and 
either the HO cleavage site (telomere-proximal) or the most distal essential gene (MCM10; 
centromere-proximal) are indicated. 
(B) Top schematic: Sequence of SiRTA 9L-44 with vertical arrows indicating sites of de novo 
telomere addition. The sequence is oriented with the telomere to the right so that the DNA strand 
depicted is the direct 3’ primer upon which telomerase acts. In each case, the most 3’ chromosomal 
nucleotide with identity to the cloned de novo telomere is indicated. Numbers above arrows indicate 
the number of independent telomere addition events mapped to each site. Sequences predicted to bind 
Cdc13 are underlined (Cdc13 BS1 and Cdc13 BS2). Bottom schematic: Mutations created in SiRTA 
9L-44. Uppercase letters represent unchanged nucleotides, lowercase letters enclosed in box represent 
mutated nucleotides. 
(C) The absolute frequency (%) of GCR events within SiRTA 5L-35 or SiRTA 9L-44 is shown. 
(D) The percentage of GCR events occurring in each indicated region on chromosome IX is shown. 
No GCR events were observed in the region centromere-proximal to SiRTA 9L-44. Values in (C) and 
(D) are averages of three independent experiments with standard deviation. 
(E) Binding of the indicated concentration of recombinant Cdc13-DBD to single-stranded probe IX 
(see Figure 29A) or single-stranded probes corresponding to the underlined sequences in (B). The 
average fraction of probe bound was determined from three independent experiments. Error bars 
represent standard deviation. 
(F) The BS1 mut and BS2 mut sequences shown in (B) were inserted at the endogenous SiRTA 9L-
44 locus on chromosome IX and the absolute frequency (%) of de novo formation within SiRTA 9L-
44 was determined. 
(G) The percent of total GCR events that occur within SiRTA 9L-44 for WT and the indicated mutant 
strains is shown. GCR events involving de novo telomere addition were identified by Southern blot; 
any event that does not involve telomere addition is classified as “other.” Results in (F) and (G) are 
the average and standard deviation of three independent experiments. Samples with statistically 
different values by ANOVA with post-hoc Tukey HSD are indicated (* p<0.05; ** p<0.01). 
Contributing authors: EAE, UCO. 
 

overall frequency of GCR events at SiRTA 9L-44 relative to WT (Figure 31F), although the fraction 

of GCR events that occurred within SiRTA 9L-44 was significantly reduced (from 33.0±1.4% to 

21.4±6.2%; Figure 31G).  This reduction occurred specifically at Core 1, since the fraction of events 

at Core 2 remained similar to WT (4.8±4.4% in WT versus 7.5±1.5% in BS1). 4.6±4.2% of the GCR 

events that occurred at SiRTA 9L-44 when Cdc13 BS1 was mutated were not de novo telomere addition 

events, a phenomenon never observed in WT cells (Figure 31G). Together, these results suggest a 

minor contribution by Cdc13 BS1 to the high rate of de novo telomere addition at SiRTA 9L-44. 
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In contrast, mutation of Cdc13 BS2 to poly-adenine strongly reduced the overall rate of GCR 

formation at SiRTA 9L-44 (~18-fold; Figure 31F). Only 3.5±1.3% of GCR events occurred within 

SiRTA 9L-44 (Figure 31G) and none were within Core 2. Cdc13-DBD binds similarly to BS1 and BS2 

in vitro, suggesting that the efficacy of these sequences in stimulating telomere addition correlates 

poorly with the strength of binding by Cdc13 (compare Figure 31E to 31F and G). The functional 

difference between these sequences may be explained, at least in part, by their differing proximity to 

the sites of de novo telomere addition at Core 1 and Core 2. 

In conclusion, we identified a SiRTA on chromosome IX that bears striking similarities to the 

SiRTA on chromosome V. Both SiRTAs contain TG-rich tracts within which telomere addition occurs 

and the high rate of de novo telomere addition at these SiRTAs relative to neighboring sequences can 

be attributed to stimulatory sequences that lie centromere-proximal to the major sites of telomere 

addition. Finally, EMSA analysis shows that Cdc13 binds these stimulatory sequences in vitro. Thus, 

increased telomerase activity at SiRTAs is likely achieved, at least in part, by the association of Cdc13 

with one or more stimulatory sequences upstream of the sites of actual de novo telomere addition. 
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Figure 32: Southern blot analysis of GCR events in or near SiRTA 9L-44.  
(A) Map of region containing SiRTA 9L-44. Genomic DNA was cleaved with NsiI; the location of 
the probe is shown.  
(B) Southern blot analysis of 18 independent GCR events on chromosome IX. Arrows indicate bands 
indicative of de novo telomere addition at either Core1 (lanes 2, 9 and 17) or Core 2 (lanes 8, 10, 12). 
Lane 19 contains the DNA isolated from the parent strain prior to selection for GCR events. Note 
detection of the expected band of ~8 kb. Lane 20 contains molecular weight marker as indicated.  
Contributing authors: EAE. 
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Figure S7: Southern blot analysis of GCR events in or near SiRTA 9L-44.

A.  Map of region containing SiRTA 9L-44. Genomic DNA was cleaved with NsiI; the location of the probe is 
shown.
B.  Southern blot analysis of 18 independent GCR events on chromosome IX. Arrows indicate bands 
indicative of de novo telomere addition at either Core1 (lanes 2, 9 and 17) or Core 2 (lanes 8, 10, 12). Lane 
19 contains the DNA isolated from the parent strain prior to selection for GCR events. Note detection of the 
expected band of ~8 kb. Lane 20 contains molecular weight marker as indicated.



 121 

4.3 Discussion 

Endogenous sites of de novo telomere addition can affect genome stability, and have been 

associated with cancer (293) and congenital disorders (294-296). While S. cerevisiae provides a useful 

model system to study mechanisms of de novo telomere addition, most studies utilize artificial 

sequences to stimulate telomere formation. The goal of this study was to examine naturally occurring 

sites at which de novo telomere addition is greatly favored and to identify cis- and trans-acting factors 

contributing to this property. We characterized two genomic sites (SiRTAs) at which de novo telomere 

addition occurs at a remarkably (at least 200 fold) increased rate compared to neighboring sequences. 

Zakian and colleagues reported a third hotspot of de novo telomere addition on chromosome VII at a 

location 50 kb internal to an HO cleavage site (268). Unlike the two sequences studied here, the 

chromosome VII site lies internal to the last essential gene on the chromosome arm (a disomic strain 

lacking RAD52 was used to maintain viability and limit homologous recombination). Given the ease 

with which these sites have been found, it seems likely that additional SiRTAs remain to be identified.  

While many assays of de novo telomere addition utilize short telomeric tracts placed 

immediately adjacent (within 20-30 nt) to the HO cleavage site [e.g. (271, 272, 297, 298)], the natural 

SiRTAs described here are located several kilobases internal to the induced break, requiring extensive 

resection prior to telomere addition. In our assays, we also observe telomere addition at or very close 

to the HO cut site (Figure 21). This propensity is at least partially a consequence of the TGTT-3’ 

overhang produced by HO endonuclease cleavage. When the recognition site is inverted to generate 

the complementary ACAA-3’ overhang, de novo telomere addition at the HO site is reduced and the 

fraction of events at SiRTA 5L-35 is increased (data not shown). Given these observations, studies of 

telomere addition at endogenous sites located at a distance from an induced break may more faithfully 
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capture the mechanism of repair of a random chromosomal break than models in which a telomeric 

seed sequence is intentionally placed adjacent to the HO cleavage site.  

We observe that both SiRTA 5L-35 and 9L-44 contain sequences that enhance telomerase 

action, but act rarely, if ever, as the direct target of telomerase action (SiRTA Stim sequences).  Because 

the telomere-binding proteins Cdc13 and Rap1 stimulate de novo telomere addition at artificial 

sequences in S. cerevisiae (271, 276, 277, 282, 298), we hypothesized that one or both of these proteins 

could be responsible for the enhancing activity of the Stim sequence. Although Cdc13 and Rap1 bind 

similar sequences, we were able to design artificial sequences that bind with great preference to one 

protein as measured in vitro. Using this approach, we found that a sequence designed to facilitate Cdc13 

binding is much more effective in the stimulation of de novo telomere addition than one binding 

primarily Rap1 (Figure 29D). Importantly, artificial recruitment of GBD-Cdc13 to SiRTA 5L-35 

(Figure 30) led to high frequencies of telomere addition, suggesting that Cdc13 binding, and not the 

TG-rich sequences per se, stimulates de novo telomere addition. Replacement of Stim with the “Rap1 

only” sequence did not reduce telomere addition as dramatically as the replacement of Stim with a poly 

A sequence or with the Gal4 UAS (compare Figure 29D with Figures 23B and 30B), so binding by 

Rap1 may also contribute to the stimulation of de novo telomere addition. Consistent with the proposal 

that binding by Cdc13 is important for the stimulatory effect of the Stim sequence, we find that high 

levels of telomere addition at SiRTA 9L-44 require a sequence capable of binding Cdc13 (BS2, Figure 

31B) and that this sequence stimulates telomere addition over a distance of more than 100 bp. Rap1 

does not bind to the BS2 sequence in vitro (data not shown), suggesting that Cdc13 is sufficient to 

stimulate de novo telomere addition at this SiRTA. 

The stimulation of de novo telomere addition by telomere-like sequences located internal to the 

site of telomerase action has been previously observed in both artificial and natural contexts.  For 
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example, de novo telomeres generated following DNA cleavage by HO endonuclease near a TG-rich 

seed sequence are frequently added at the 3’ overhang of the HO endonuclease target site rather than 

within the telomeric seed itself (270). At the SiRTA on chromosome VII reported by Mangahas et al. 

(268), telomere addition occurs at several closely spaced sequences located 37-49 bp distal to a 35 bp 

GT dinucleotide repeat. This sequence matches the GxGT(T/G)7 consensus for Cdc13 binding (291), 

consistent with the GT dinucleotide repeat acting as a Stim sequence in the manner we report here for 

SiRTAs 5L-35 and 9L-44. However, as is the case at SiRTA 5L-35, the TG dinucleotide tract on 

chromosome VII may also bind Rap1 (192), so a contribution of Rap1 to Stim function cannot be ruled 

out. 

Kramer and Haber reported that de novo telomere addition occurs ~15-100 bp distal to an 

ectopic tract of 13 T2G4 repeats (Tetrahymena thermophila telomeric sequence) and a similar 

phenomenon was reported on plasmid substrates (269, 299).  The Tetrahymena telomeric sequence 

contains the GxGT(T/G)7 consensus sequence for Cdc13 binding (291), although a (T2G4)3 

oligonucleotide was shown to compete poorly with the yeast telomeric sequence for Cdc13 binding in 

vitro (285). This short sequence is predicted to contain only a single Cdc13 binding site, while the tract 

of 13 repeats utilized by Kramer and Haber has multiple potential binding sites (269). Combined with 

our observation that the Stim sequences in both SiRTA 5L-35 and 9L-44 bind Cdc13 with lower affinity 

than an optimized sequence from the yeast telomere (Figures 29C and 31E), it is reasonable to suggest 

that the stimulatory effect observed by Kramer and Haber is due to Cdc13 binding to the ectopic T2G4 

tract.  

How might the bipartite structure of SiRTA 5L-35 facilitate de novo telomere addition? Genetic 

and biochemical analysis suggest that Cdc13 protects telomeres from extensive 5' strand degradation 

(213, 300-302). One possibility is that Cdc13 bound to the Stim sequence inhibits resection past SiRTA, 
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thereby providing a grace period to allow for the formation of a stable telomere at the Core sequence. 

However, inhibition of resection alone does not account for the increased efficacy of the Stim when it 

is brought in close proximity to the Core (Figure 26B).  Another possibility is that Cdc13 must be 

bound to both the Stim and Core sequences to stably recruit telomerase to the SiRTA. This proposal is 

congruent with the results of Hirano and Sugimoto that show greatly increased stimulation of 

telomerase recruitment and de novo telomere addition when two tandem Cdc13 binding sites are placed 

adjacent to an HO-induced break, compared to the effect of a single site (298). 

In addition to its C-terminal oligonucleotide/oligosaccharide binding (OB) fold domain (also 

known as its DNA-binding domain), Cdc13 contains an N-terminal OB fold that is involved in Cdc13 

dimerization (303). The minimal binding site for both full-length Cdc13 and its isolated DBD is an 11-

mer TG1-3 sequence. However, as demonstrated by EMSA, the Cdc13 N-terminal OB fold, which exists 

as a stable dimer in solution, does not bind to this 11-mer, but binds with stronger affinity to ssDNA 

sequences at least 37 nucleotides long (303). These observations support a model in which each Cdc13 

monomer binds to a separate site on a single molecule of ssDNA, with optimal binding depending on 

the distance between the two sites. Finally, mutations that disrupt Cdc13 dimerization in vitro cause 

telomere shortening when introduced in vivo (303). We propose that dimerization between Cdc13 

monomers bound to the Stim and Core sequences is required to stably recruit telomerase to the SiRTA. 

This model additionally accounts for the increased efficacy of the Stim when it is juxtaposed with the 

Core, since in that context, the distance between the two monomers may be more optimally suited to 

stable telomerase recruitment. 
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4.4 Materials and Methods 

 

4.4.1 Yeast strains and plasmids 

Table 1 contains a complete list of strains used in this study. Unless otherwise noted, strains 

were grown in yeast extract/peptone/dextrose (YEPD) at 30˚C. In strains utilized for HO cleavage 

assays (YKF1310 and YKF1308), the HMRa sequence on chromosome III was replaced with nat, 

which confers resistance to nourseothricin. All gene deletions were generated by one-step gene 

replacement with a selectable marker and were confirmed by PCR. hxt13::URA3 disruptions were 

created by using a plasmid in which the KpnI-SphI restriction fragment from HXT13 was replaced with 

URA3 or by amplifying the hxt13::URA3 locus from an existing strain using primers hxt13::URA3 F 

and hxt13::URA3 R (Table 2). The HO cleavage site was integrated on chromosomes VII and IX by 

one-step gene replacement using plasmid pJH2017 (HOcs::HPH; gift of J. Haber) as template with 

selection for hygromycin B resistance. URA3 was integrated on chromosome VII by one-step gene 

replacement at the PAU11 locus and on chromosome IX by one-step gene replacement at the SOA1 

locus. Primers utilized for PCR are listed in Table 2. 

 Strain YKF1409 (rad52::LEU2) was generated by transformation with BamHI-digested 

plasmid pSM20, which contains the rad52::LEU2 disruption allele (304).   

Mutations in SiRTA 5L-35 described in Figures 23, 26, and 27 were introduced by two-step 

gene replacement (305). DNA fragments containing each mutation were generated by PCR using Gene 

Splicing by Overlap Extension (Gene SOEing; (306)). Met-NPR2 For primer was used with a reverse 

primer containing the desired mutation to generate fragment I and NPR2 mid-Rev primer was used 

with a forward primer containing the same mutation to generate fragment II (Table 2). Fragments I and 

II were extended by mutually primed synthesis using the Met NPR2 For and Mid NPR2 Rev primers 
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to generate a final PCR product that was cleaved with HindIII and XbaI for ligation into pRS306. The 

integration plasmid was linearized with BamHI or BclI prior to transformation and selection for Ura+ 

integrants. To facilitate the identification of strains containing the desired mutations following selection 

on media containing 5-FOA, two-step integration was first used to create strain YKF1366 in which 

SiRTA 5L-35 is deleted. Subsequent strains were created by reintroducing mutated versions of SiRTA 

5L-35 into strain YKF1366 by two-step integration. Resulting 5-FOAR isolates were screened by PCR 

and candidates were sequenced to confirm the presence of the desired mutations. 

For mutations described in Figures 29 and 30, a portion of SiRTA 5L-35 including the Stim 

sequence was replaced with URA3 in strain YKF1323 by one-step gene replacement to generate strain 

YKF1585. Sequences to be integrated were generated by PCR using the HS forward and HS reverse 

primers and transformed into strain YKF1585. After allowing cells to recover for 24 - 48 hours on rich 

media, cells were replica plated to media containing 5-FOA. Mutations were confirmed by sequencing. 

	 SiRTA 5L-35 spacer∆	was integrated on chromosome VII and mutations were introduced at 

SiRTA 9L-44 by two-step gene replacement essentially as described above. Table 2 contains the 

sequences of primers used for strain construction.  

Plasmid pAB180 (pRS414-ADHpromoter-GBD-CDC13) was a gift from A. Bianchi. pAB180-

Rap1 was created by replacing the CDC13 open reading frame in pAB180 with the full-length RAP1 

open reading frame at the NcoI and AatII sites. All amplified regions were confirmed by sequencing. 

 

4.4.2 GCR assays 

For spontaneous GCR assays, cells cultured overnight in synthetic drop-out medium lacking 

uracil (SD-Ura) were used to inoculate YEPD cultures (approximately 30 per strain). YEPD cultures 

were grown overnight to saturation (approximately 24 hours) and plated to medium containing 5-FOA 
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and canavanine to isolate GCRs (5-FOAR CanR colonies). Only one colony was analyzed from each 

plate to ensure independence. The approximate location and nature of GCR events was determined by 

multiplex PCR ((307) and Figure 20) and Southern blot (see below). 

For HO-cleavage GCR assays, cells were grown in SD-Ura media (with 2% raffinose) to OD600 

of ~ 0.3 – 1. Cells were plated on yeast extract/peptone medium with 2% galactose (YEPG) and a 

dilution was plated on YEPD to determine total cell number. After three days, colonies were counted 

and galactose-resistant colonies were transferred to SD medium containing 5-FOA to isolate GCR 

events. At least 100 galR colonies were individually plated on media containing 5-FOA to determine 

the rate of URA3 loss. If necessary, additional colonies were obtained by replica plating. The 

approximate location and nature of GCR events was determined by multiplex PCR ((307) and Figure 

21) and Southern blot (see below). 

 The absolute frequency at which GCR events occur within a SiRTA is calculated by multiplying 

the rate of survival on galactose (colonies on galactose/colonies on glucose, corrected for dilution 

factor) by the fraction of galR colonies capable of growth on media containing 5-FOA and the fraction 

of galR 5-FOAR colonies in which the GCR event occurred within the SiRTA as measured by PCR. 

Approximately 30 galR 5-FOAR colonies were analyzed for each experiment and averages and standard 

deviations presented are derived from a minimum of three independent experiments. In a few cases, 

rates shown are upper estimates because no 5-FOA resistant colonies were detected among 100 

colonies analyzed or no events were obtained within the SiRTA sequence among ~30 galR 5-FOAR 

colonies. These cases are indicated in the figure legend where applicable. 

 

4.4.3 Southern blotting 

For the characterization of GCR events, approximate locations determined by multiplex PCR 



 128 

were used to design restriction enzyme digests and probes for Southern blot analysis. Information about 

the restriction enzymes and primers utilized are available upon request. Digested fragments were 

separated on a 0.7% agarose gel, transferred to nylon membrane (Hybond N+), and probed with [32P] 

dCTP-labelled telomeric DNA. Radioactive membranes were exposed to Phosphor screens (Molecular 

Dynamics) and screens were scanned with Typhoon TRIO Variable Mode Imager (GE Healthcare). 

Telomere addition was determined by visualization of the characteristic smear generated by the 

heterogeneous telomere sequence at a size consistent with the PCR result. 

 

4.4.4 Protein purification 

Plasmid pET21a-Cdc13-DBD-His6 (290) was a gift from Deborah Wuttke [University of 

Colorado, Boulder, CO]. BL21 (DE3) Escherichia coli transformed with pET21a-Cdc13-DBD-His6 

were grown at 37°C in LB media with ampicillin (50 mg/L) to an OD600 of ~0.6. Cdc13-DBD-His6 

expression was induced with IPTG (isopropyl-β-d-thiogalactopyranoside) at a final concentration of 1 

mM at 22°C for approximately 6 hours, after which cells were harvested by centrifugation. Cells were 

resuspended in buffer A [25 mM HEPES-NaOH, 10% glycerol, 300 mM NaCl, 0.01% NP-40, 20 mM 

imidazole, 1 mM benzamidine, 0.2 mM phenylmethylsulfonyl fluoride] and cell lysis was achieved by 

incubation with lysozyme solution [1 mg/mL lysozyme, 1 mM Tris-HCl pH 8.0, 0.1 mM EDTA, 10 

mM NaCl, 0.5% Triton-X-100], followed by sonication for 60 sec (two 30-sec cycles) using a Branson 

450 Sonifier (power setting 3, 70% duty cycle). Supernatant was separated from cellular debris by 

centrifugation, and Cdc13-DBD-His6 was purified from supernatant with Ni-NTA (Ni-nitrilotriacetic 

acid) agarose beads. Beads were washed in buffer A and protein was eluted from beads in buffer B [25 

mM HEPES-NaOH, 10% glycerol, 300 mM NaCl, 0.01% NP-40, 200 mM imidazole, 1 mM 

benzamidine, 0.2 mM phenylmethylsulfonyl fluoride]. Eluted protein was dialyzed overnight in buffer 
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C [25 mM HEPES-NaOH, 10% glycerol, 300 mM NaCl]. Protein concentration was estimated by 

polyacrylamide gel electrophoresis, using bovine serum albumin as standard. Purification of Rap1 has 

been previously described (308).  

 

4.4.5 Electrophoretic mobility shift assays (EMSA) 

To generate EMSA probes, oligonucleotide pairs were mixed in equimolar ratios, boiled in 1X 

annealing buffer (10 mM Tris-HCl pH 7.5, 100 mM NaCl, 1 mM EDTA), and slowly cooled to room 

temperature. Probes were radiolabelled with T4 polynucleotide kinase or by fill-in	 synthesis with 

Klenow polymerase. For Rap1 EMSAs, each 20	µl EMSA reaction contained binding buffer (20 mM 

Tris-HCl pH 7.5, 1 mM DTT, 70 mM KCl, 1 mM EDTA, 5% glycerol, 2.5 ng/µl BSA), 1.5 µg herring 

sperm DNA (Sigma-Aldrich), labeled probe (30 - 50 nM), and the indicated amounts of Rap1. 

Reactions were separated by 5% native polyacrylamide gel electrophoresis (PAGE) in 0.5X TBE at 

100V for 45 min. Gels were fixed in 10% acetic acid/20% methanol and then exposed to Phosphor 

Screens. Screens were scanned using the Typhoon TRIO Variable Mode Imager and results were 

analyzed with ImageQuant TL 7.0 software (GE Heathcare). For Cdc13 EMSAs, each 20µl EMSA 

reaction contained binding buffer (50 mM Tris-HCl pH 7.5, 1 mM DTT, 75 mM KCl, 75 mM NaCl, 

0.1 mM EDTA, 15% glycerol, 1 mg/ml BSA), labeled probe (62.5 nM), and the indicated amount of 

Cdc13-DBD protein. Reactions were separated on 6% native polyacrylamide gels (containing 5% 

glycerol) in 1X TBE buffer at 200V for 30 min. Subsequent steps were as described for Rap1 above. 

 

4.4.6 Cloning and sequencing of de novo telomeres 

Cloning of telomeric DNA was performed as previously described (270) with minor 

modifications. Blunting of genomic DNA ends was done with T4 DNA polymerase (NEB) in the 
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presence of 0.1 mM dNTPs. Sequences for ds oligo 1 and ds oligo 2 (used to create the double-stranded 

oligonucleotide that was ligated to the blunted DNA ends) can be found in Table  

2. Telomere PCR was performed with ds oligo 2 and a primer internal to the de novo telomere 

(Table 2). PCR products were separated in 2% agarose gels, purified, and ligated into pGEM-T Easy 

vector (Promega) or pDrive Vector (Qiagen). Sequencing of inserts was carried out by GenHunter 

(Nashville, TN) or Genewiz (South Plainfield, NJ) using the primer M13F (-20) (Table 2).  

 

Table 1. List of strains 

   

Strain  Genotype Source  

YKF201 MATa trp1 leu2 ura3 his7 T. Formosa1 

YKF870 YKF201 hxt13::URA3 (Fig. 1A, B) This study 

YKF1310 
CL11-7: MATa::∆HOcs::hisG hmla∆::hisG HMRa-stk ura3∆851 trp1∆63 
leu2∆::KANR ade3::GAL10::HO  J.E. Haber2 

YKF1308 
JRL017: MATa::∆HOcs::hisG hmla∆::hisG HMRa-stk ura3∆851 trp1∆63 
leu2∆::KANR ade3::GAL10::HO can1,1-1446::HOcs::HPHR J.E. Haber2 

YKF1333 YKF1310 hmra-stk∆::NATR This study 

YKF1323 YKF1308 hmra-stk∆::NATR This study 

YKF1342 YKF1323 hxt13::URA3 (Fig. 1C, D; Fig. 2, 3, 4, 5) This study 

YKF1366 YKF1323 SiRTA 5L-35Δ This study 

YKF1403 YKF1366* SiRTA 5L-35 core mut hxt13::URA3 (Fig. 2, mutation a) This study 

YKF1401 YKF1366* SiRTA 5L-35 spacer mut hxt13::URA3 (Fig. 2, mutation b) This study 

YKF1385 YKF1366* SiRTA 5L-35 stim::polyA hxt13::URA3 (Figs. 2 and 6, mutation c) This study 

YKF1464 YKF1366* SiRTA 5L-35 spacer/coreΔ hxt13::URA3 (Fig. 2, mutation d)  This study 

YKF1477 YKF1366* SiRTA 5L-35 spacerΔ hxt13::URA3 (Fig. 3) This study 

YKF1459 YKF1366* SiRTA 5L-35 stim subst hxt13::URA3 (Fig. 4) This study 

YKF1517 YKF1366* SiRTA 5L-35 stim subst inv hxt13::URA3 (Fig. 4) This study 

YKF1585 YKF1323 SiRTA 5L-35::URA3 This study 
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YKF1592 YKF1585** SiRTA 5L-35 Rap1 only hxt13::URA3 (Fig. 5) This study 

YKF1630 YKF1585** SiRTA 5L-35 Cdc13 only hxt13::URA3 (Fig. 5) This study 

YKF1588 YKF1585** SiRTA 5L-35 stim::2X UAS hxt13::URA3 (Fig. 6) This study 

YKF1510 YKF1333 spacerΔ (chr. VII) pau11::URA3 (Fig. 3) This study 

YKF1518 YKF1333  SiRTA 9L-44 soa1::URA3 (Fig 7) This study 

YKF1610 YKF1333  SiRTA 9L-44 Cdc13 BS Mut1 soa1::URA3 (Fig 7)       This study 

YKF1652 YKF1333   SiRTA 9L-44 Cdc13 BS Mut2 soa1:: URA3 (Fig 7)   This study 
 

* Strain YKF1366 contains a deletion of the complete SiRTA 5L-35 sequence.  This strain was 
used as the recipient strain for two-step integration of the indicated SiRTA 5L-35 mutations to 
facilitate the identification of correct strains following growth on media containing 5-FOA. 

 
** Strain YKF1585 contains a URA3 cassette replacing a portion of SiRTA 5L-35.  This strain 

was used as the recipient for one-step gene replacement by the indicated SiRTA 5L-35 
mutations, with selection for integration on media containing 5-FOA. 

 
1 Formosa T and Nittis T. 1999. Dna2 mutants reveal interactions with DNA polymerase 

alpha and Ctf4, a Pol alpha accessory factor, and show that full Dna2 helicase activity is not 
essential for growth. Genetics 151:1459– 1470. 
 

2 Lydeard JR, Lipkin-Moore Z, Jain S, Eapen VV, Haber JE. 2010. Sgs1 and Exo1 
redundantly inhibit break-induced replication and de novo telomere addition at broken 
chromosome ends. PLoS Genet 6:e1000973. 
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Table 2. List of Primers 

   

Name  Sequence Reference 
and/or Use 

hxt13::URA
3 F 

5'-CCCCTGGATATATGCGC-3' Amplify 
hxt13::URA3 
allele from 
existing strain 
for one-step 
integration 

hxt13::URA
3 R 

5'-CCCCATATCATTTCACTCC-3' 

hmra-
stk∆::NATR 
F

 
 

5'-
ACAAATCTAGAAATTACCAGAGCTATCCATCTTGTTCAA
GAAGGTAGGCGCGGATCCCCGGGTTAATTAA-3' 

Replace 
sequences 
with 
homology to 
the HO 
cleavage site 
with nat gene 

hmra-
stk∆::NATR 
R  

5'-
TTGAATAAACCTGGTCTCAAATAAAATTGGTAGAATGAC
CGAATTCGAGCTCGTTTAAAC-3' 

Met-NPR2 
For 

5'-CATGTCTAGAATGCTAAGCTATTTCCAAGGG-3' Fragment I 

NPR2-mid 
Rev 

5'-GTACAAGCTTGTGGATCAGTCAAAAAATTCC-3' Fragment II 

stim::polyA 
fragment I 

5'-
GGATGTAGAAAAAAAAAAAAAAAAAAATACTACTAGG
ATTTGGCGTG-3' 

Use with Met-
NPR2 For and 
NPR2-mid 
Rev.  Fig. 2, 
mutation c 
and Fig. 6. 

stim::polyA 
fragment II 

5'-
GTATTTTTTTTTTTTTTTTTTTCTACATCCGAAAAGGAT
ACAAAGG-3' 

core mut 
fragment I 

5'-
CACCTCCCACAACAACACCTCAATTCCAACACCTTCAA
ATCGAAG-3' 

Use with Met-
NPR2 For and 
NPR2-mid 
Rev. Fig. 2, 
mutation a. 

core mut 
fragment II 

5'-
TTGAGGTGTTGTTGTGGGAGGTGGCAGGTCCTTCATC
CACGCC-3' 

spacer mut 
fragment I 

5'-
ATGATGATCCTAAACCGCACCTACTTCCTGCACCAGT
GGAGGGTGTTGTTGTGG-3' 

Use with Met-
NPR2 For and 
NPR2-mid 
Rev. Fig. 2, 
mutation b. 

spacer mut 
fragment II 

5'-
GGTGCGGTTTAGGATCATCATACACCACACCAACTCA
TCCTAC-3' 

spacer/coreD 
fragment I 

5'-GGTGTGGTGTTTTCCAACACCTTCAAATCGAAG-3' Use with Met-
NPR2 For and 
NPR2-mid 
Rev. Fig. 2, 
mutation d. 

spacer/coreD 
fragment II 

5'-
AGGTGTTGGAAAACACCACACCAACTCATCCTACATCCG
-3' 
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spacerD 
fragment I 

5'-
GTAGGATGAGTTGGTGTGGTGTGTGGAGGGTGTTGTTGT
GGAGTTTTC-3'  

Use with Met-
NPR2 For and 
NPR2-mid 
Rev. Fig. 3 
(chr. V). 

spacerD 
fragment II 

5'-ACACCACACCAACTCATCCTAC-3' 

stim subst 
fragment I 

5'-
GGATGTAGAATGTATGGGTGTAACACCAATGTATGGG
TGTTACTACTAGGATTTGGCGTG-3' 

Use with Met-
NPR2 For and 
NPR2-mid 
Rev.  Fig 4G. stim subst 

fragment II 
5'-
GTAACACCCATACATTGGTGTTACACCCATACATTCTA
CATCCGAAAAGGATACAAAGG-3' 

stim subst 
inv fragment 
I 

5'-
GGATGTAGACACCCATACATTGGTGTTACACCCATACA
TTTACTACTAGGATTTGGCGTG-3' 

Use with Met-
NPR2 For and 
NPR2-mid 
Rev.  Fig 4G. stim subst 

inv fragment 
II 

5'-
GTAAATGTATGGGTGTAACACCAATGTATGGGTGTCT
ACATCCGAAAAGGATACAAAGG-3' 

stim::URA3 
for 

5'-
CACTGTATCTGCTGCTTCTCATATCCTTTGTATCCTTTTC
GTACTGAGAGTGCACCACGC-3' 

Use to replace 
SiRTA 5L-35 
stim with 
URA3 by 
one-step gene 
replacement. 

stim::URA3 
rev 

5'-
AACAACACCCTCCACTGCAGGTCCTTCATCCACGCCAAA
TCTCCTTACGCATCTGTGCGG'3' 

HS forward 5'-TACTGCATTTCCCTCATCAATTG-3' fragment I 

HS reverse 5'-GACGTCTCCCTACGAACCAG-3' fragment II 

Cdc13 only 
fragment I 

5'-
ATCCTAGTAGTACACACACACTCGGTGTTCACACACAC
TCCTACATCCGAAAAGGATACAAAG-3' 

Use with HS 
forward and 
HS reverse to 
replace URA3 
in 
stim::URA3.  
Fig. 5D. 

Cdc13 only 
fragment II 

5'-
GAGTGTGTGTGAACACCGAGTGTGTGTGTACTACTAG
GATTTGGCGTGG-3' 

Rap1 only 
fragment I 

5'-
CCAAATCCTAGGTGTTGCACCCATACATTGGTGTTGC
ACCCATACATTCTACATCCGAAAAGGATACAAAG-3' 

Use with HS 
forward and 
HS reverse to 
replace URA3 
in 
stim::URA3.  
Fig. 5D. 

Rap1 only 
fragment II 

5'-GGTGCAACACCTAGGATTTGGCGTGGATGAAG-3' 

stim::2X 
UAS 
fragment I 

5'-
CTAGTAGTAGTGTCGGCGCAGAGATCTCCGAGTGTCG
GCGCAGAGATCTCCGAGAAAAGGATACAAAGGATATG
AG-3' 

Use with HS 
forward and 
HS reverse to 
replace URA3 
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stim::2X 
UAS 
fragment II 

5'-GCGCCGACACTACTACTAGGATTTGGCGTGG-3' in 
stim::URA3.  
Fig. 6. 

Rap1 for 5'-AGGCGCCATGGCTTCTAGTCCAGATGATTTTGAAAC-3' Use to clone 
full-length 
RAP1 into 
pAB180. 

Rap1 rev 5'-
TAGTGACGTCACTGCAATTTGGCACCGCCGCGTTGGGCT
GCGCGGATCATGTCTCATAACAGGTCCTTCTCAAAAAAT
C-3' 

Adj HO for CATGCTCGAGGAGCTCATGTCGCCGTAATC Fragment I 

Adj HO rev GTACACTAGTGCGCAAATTGAAAAGTCGGG Fragment II 

SpacerΔ 
ChrVII 
fragment I 

CAACACCCTCCACACACCACACCAACTCATCCTACATCC
GGAAAACAAGCGGCACCAATCTTCAATTGG 

Use with Adj 
HO for and 
Rev. Fig 3, 
spacerΔ 
ChrVII 

SpacerΔ 
ChrVII 
fragment II 

TTGGTGTGGTGTGTGGAGGGTGTTGTTGTGGAGTTGGAA
ACTGAATTAACTGCTGTGATACAGAAC 

ChrVII HO 
for 

CAATTTCACCTAATCTCTTCTTGGCCTTTGGACATTGCAT
GTTGGCCTCTCCAGCTGAAGCTTCGTACGC 

Use to 
integrate Hocs 
on 
chromosome 
VII, 3kb away 
from SIRTA 
Spacer∆ 

ChrVII HO 
rev 

CCGCCTCTAACCCAATCACCGATGCCTGTGCTTTGAAGG
GTATTGATTTGCGCATAGGCCACTAGTGGATCTG 

PAU11:URA
3 for 

CAAATTAACTTCAATCGAAGCTGGTGTCGCTGCCATCGC
TGCTACTGCTTCCGCGTACTGAGAGTGCACCACGC 

Use to replace 
PAU11 with 
URA3 by 
one-step gene 
replacement 
on ChrVII 

PAU11:URA
3 rev 

GATGAAAATGCTGTCCACGGTGAATTATATTTTAACACA
TATGGGGGGTTGCTCCTTACGCATCTGTGCGG 

BNR1 for GTACAAGCTTGGACAATGTCGTTATCACAGTTC Fragment I 

BNR1 rev CATGTCTAGACTCTGCCCAAGCGTTCAACTAG Fragment II 

Cdc13 BS 
Mut1 
fragment I 

CTAAAAAAAAAAAAAAAAAACCTTTGTTCATCGACAAG
GACTCGGG 

Use with 
BNR1 for and 
Rev.  Fig. 7, 
mutation 
Cdc13 BS 
Mut1 

Cdc13 BS 
Mut1 
fragment II 

CAAAGGTTTTTTTTTTTTTTTTTAGTTACTCCTCCAGCT
CCACC 

Cdc13 BS 
Mut2 
fragment I 

GGAGGGGCCTTTGTTCATCGACAAAAAAAAAAAAAAAA
AAGGTGGCGGTGGTGGTGGTGGAACGGCGCCCAAGTTT
TAG 

Use with 
BNR1 for and 
Rev.  Fig. 7, 
mutation 
Cdc13 BS 
Mut1 

Cdc13 BS 
Mut2 
fragment II 

CTAAAACTTGTGGCGCCGTTCCACCACCACCACCGCCAC
CTTTTTTTTTTTTTTTTTTGTCGATGAACAAAGGCCCCT
CC 
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SOA1:URA3 
for 

CCTCGAGCAAATAGGCTACATTTGCTGCTGCACCCCTTT
ACAGCACAAAGTCGGTACTGAGAGTGCACCACGC 

Use to replace 
SOA1 with 
URA3 by one-
step gene 
replacement 
on ChrIX. 

SOA1:URA3 
rev 

GCGTAGGTCCTCTACGCATTAAATAAAAGGATGCCACGC
CAACAGAAAGGACCTCCTTACGCATCTGTGCGG 

ChrIX HO 
for 

AATTTCGAGCGGTTTTTAAGATACACCATGTTTCAAGTA
ACCACCTTTCGCGCATAGGCCACTAGTGGATCTG 

Use to 
integrate Hocs 
on 
chromosome 
IX, 3kb away 
from SIRTA 
9L-44 

ChrIX HO 
rev 

TATGTAGTGTTATATTCACTCTGTACTCAGAGCCACAAG
AAATAACCATTCGCATAGGCCACTAGTGGATCTG 

ds oligo 1  5'-GGGTTCGAATGACCGGCAGCAGCAAAATG-3' Telomere 
cloning 

ds oligo 2  5'-CATTTTGCTGCTGCCGGTCATTCGAACCC-3' Telomere 
PCR/cloning 

9L-44 
mapping for 

5'GTCTGGTTATTGATAGACACTGAGG-3' Telomere 
PCR/cloning 
chr. IX 

ChrV 
telomere-
internal 

5'-CTGATAATGTAACACACTTATAG-3' Telomere 
PCR/cloning 
chr. V 

M13F (-20) 5'-GTAAAACGACGGCCAG-3' Telomere 
sequencing 

HS TELO 
rev1 

5'-CACGCCAAATCCTAGTAGTA-3' Used to 
determine the 
proportion of 
telomere 
addition 
events in the 
SiRTA Stim 
vs. SiRTA 
Core. Fig. E6 

Internal 
NPR2 rev2 

5'-CTTAGTTTAGAAATTTTGGCAATG-3' 
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CHAPTER V 

 

CONCLUSIONS AND FUTURE DIRECTIONS3 

 

Telomeres, nucleoprotein structures at the ends of eukaryotic chromosomes, protect 

chromosome ends from nucleolytic degradation and serve to distinguish natural chromosome ends from 

ends generated by DSBs (186). Telomeres shorten following each cell division because of incomplete 

replication by the DNA replication machinery, and therefore require an additional, compensatory 

mechanism to replenish the lost sequences. In most eukaryotic cells, the enzyme telomerase fulfills this 

function. Telomerase action, is however, not limited to natural chromosome ends. Very rarely, 

telomerase can add new (de novo) telomeres to ends generated by DSBs, a process that results in 

terminal chromosomal deletions, i.e. deletions that extend all the way to the end of the chromosome.  

How this process of de novo telomere addition is regulated is a burgeoning field of study 

because terminal chromosomal deletions are associated with diseases such as cancer (293) and 

congenital disorders (294-296). Much of our current knowledge of how de novo telomere addition is 

regulated has been derived from studies of telomere addition at DSBs induced immediately adjacent to 

a short (81 bp) telomeric seed sequence (271, 276, 277, 282, 298). However, endogenous sites of de 

novo telomere addition, by their very nature, should not always be expected to be located in close 

proximity to DSB sites or to be homogeneous in length. It has been reported that long-range resection 

inhibits de novo telomere addition, likely because the long ssDNA generated by resection is a more 

                                                
3 This chapter relates only to the published work presented in Chapter IV. Conclusions and future 
directions for the Rif1 project are included within the Discussion section of Chapter II. 
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optimal substrate for homologous recombination. Also, as I discussed in Chapter III, the length of the 

telomeric seed sequence is a contributing factor to the efficiency of de novo telomere addition.  

The goal of our study was to address the cis- and trans-acting requirements for de novo telomere 

addition at endogenous sites of de novo telomere addition, which we call SiRTAs (Sites of Repair-

associated Telomere Addition). We show that de novo telomere addition at two SiRTAs in S. cerevisiae 

requires a bipartite structure, in which Cdc13 binding to a stimulatory (Stim) sequence promotes 

telomere addition at a separate target (Core) sequence. At the SiRTA on chromosome V (SiRTA 5L-

35), both Rap1 and Cdc13 bind to the Stim sequence. To tease apart which of these proteins stimulate 

telomere addition at SiRTA 5L-35, we designed “Rap1 only” sites and “Cdc13 only” sites and 

substituted them for the Stim sequence. These experiments revealed that Cdc13 primarily provides the 

stimulatory function at SiRTA 5L-35, with Rap1 playing a minor role. We did not observe Rap1 

binding to the SiRTA on chromosome IX  (SiRTA 9L-44) in vitro (Epum E; unpublished data), 

indicating that Rap1 is unlikely to play a stimulatory role at SiRTA 9L-44. 

Because we observed a minor contribution from Rap1 to telomere addition at SiRTA 5L-35 

when the Stim was replaced with two copies of the “Rap1 only” sequence, it may be prudent to explore 

whether the effect by Rap1 would be magnified when more Rap1 molecules are targeted to SiRTA 5L-

35. In the same vein, although we did not observe Rap1 binding to SiRTA 9L-44 in vitro, Rap1 could, 

in principle, still stimulate telomere addition if targeted there in multiple copies and this possibility 

should be addressed in the future. As more SiRTAs are identified, the same questions (whether or not 

Rap1 actually stimulates telomere addition at the SiRTA, and if not, whether targeting Rap1 to the 

SiRTA in multiple copies stimulates telomere addition at the SiRTA) should be addressed. If the 

discovery is made that the effect of Rap1 at these SiRTAs increases proportionately to the number of 

Rap1 molecules targeted there, this finding could have evolutionary implications. Rap1 is a much more 
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abundant protein (~4,000 copies per haploid cell) than Cdc13 (~300 copies per cell) (309). Moreover, 

most or all of Cdc13 is probably telomere-bound, whereas only 10-15% of Rap1 is telomere-bound 

(188). Furthermore, telomere-bound Rap1 relocalizes to sites of DNA damage (211). Therefore, given 

Rap1’s abundance and its propensity to relocalize to DNA damage sites, it would be advantageous to 

keep SiRTA length to a minimum to prevent de novo telomere addition from occurring much more 

frequently.       

In our study, we did not address whether or not de novo telomere addition at SiRTA 5L-35 and 

SiRTA 9L-44 also requires Cdc13 binding to the Core sequences and/or sequences adjacent to the 

Core. We have found that Cdc13 binds to the Core sequences in SiRTA 9L-44 (Epum E; unpublished 

data), although we have not yet addressed whether this is also the case for the Core sequence in SiRTA 

5L-35. This question can be addressed by EMSA experiments to determine whether Cdc13 binds to 

the SiRTA 5L-35 Core sequence in vitro. Future experiments should address whether or not Cdc13 

binding to the Core sequences (at SiRTA 9L-44 and/or SiRTA 5L-35) is functionally relevant for de 

novo telomere addition in vivo. Such analysis could be impeded by the fact that TG sequences in the 

Core are themselves targeted for telomere addition, but may nevertheless be possible if variants of the 

Core sequences are designed that have similar TG contents as the WT Core sequences, but are defective 

in Cdc13 binding. Should the Core sequences also be able to bind Cdc13, another question that could 

be addressed is whether the Core and Stim sequences are functionally interchangeable. We assume that 

the Core serves as the target site for de novo telomere addition because it is encountered first as 

resection proceeds inwards from the break site. But if the Core sequences do indeed bind Cdc13, then 

theoretically, Core sequences should acquire the Stim function when substituted for the original Stim 

sequences. Conversely, the Stim sequences, because they contain TG sequences, should acquire the 

Core function when substituted for the original Core sequences.   
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An interesting observation that we reported in our study is that the Spacer∆ variant of SiRTA 

5L-35, in which the spacer sequence separating the Stim and Core is deleted, exhibited an 

approximately 36-fold increase in de novo telomere addition compared to wild-type SiRTA 5L-35. One 

explanation that could account for this result is that simultaneous binding by Cdc13 to both the Stim 

and Core sequences is required for optimal recruitment of telomerase to the SiRTA. The N-terminal 

oligonucleotide/oligosaccharide binding (OB) fold of Cdc13 is involved in Cdc13 dimerization and 

exists as a stable dimer in solution (303). In vitro, the Cdc13 N-terminal OB fold does not bind to the 

minimal 11-mer Cdc13 consensus sequence, but binds to longer ssDNA sequences of at least 37 

nucleotides (303). Based on these findings, we propose a model in which Cdc13 monomers bind to the 

Stim and Core sequences, with optimal Cdc13 binding (and therefore, telomerase recruitment) 

depending on the distance between the Core and Stim. This hypothesis opens up more interesting 

avenues for study. One question to address is the effect of varying the length of the spacer sequences, 

to determine the optimal distance between the Stim and Core sequences that supports de novo telomere 

addition. Another question to address is whether Cdc13 dimerization is required for telomere addition 

at both SiRTA 5L-35 and SiRTA 9L-44. Residues L84, I87, and L91 in the Cdc13 N-terminal OB fold 

are involved in Cdc13 dimerization; Cdc13L91A and Cdc13L84A/I87A mutations significantly disrupt 

Cdc13 dimerization in vitro and cause decreased telomere lengths in vivo (303). Hence, these mutants 

may be employed to determine whether Cdc13 dimerization promotes de novo telomere addition at 

SiRTA 5L-35 and SiRTA 9L-44. Finally, Cdc13 recruitment to the SiRTAs in vivo should also be 

analyzed by ChIP to address: whether the presence of Stim and/or Core sequences near DSBs increases 

Cdc13 recruitment to the break (Oza et al. observed Cdc13 recruitment to a DSB even in the absence 

of telomere-like sequences near the break (310)), the effect of varying the length of the spacer sequence 
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on Cdc13 recruitment, and whether the Cdc13 dimerization mutants decrease Cdc13 recruitment to the 

SiRTAs.   

In an effort to determine whether the Stim and Core sequences at SiRTA 5L-35 were sufficient 

for telomere addition at an ectopic site in the genome, we moved the Spacer∆ variant of SiRTA 5L-35 

(see paragraph above) to chromosome VII. Although SiRTA 5L-35 Spacer∆ was sufficient for telomere 

addition at its ectopic location on chromosome VII, the overall rate of GCR formation at the site on 

chromosome VII was lower than for the Spacer∆ at its endogenous location on chromosome V. As the 

spacer sequence is itself not required for telomere addition, it remains possible that additional 

sequences near SiRTA 5L-35 may also be involved in stimulating telomere addition at SiRTA 5L-35. 

On a similar note, further experiments should be aimed at elucidating whether the spacer sequences in 

SiRTA 9L-44 make any contributions to de novo telomere addition at that site. 

Techniques are being developed in our lab that are aimed at identifying additional SiRTAs in 

S. cerevisiae. These techniques include bioinformatic tools to scan the yeast genome for potential 

SiRTAs, as well as biochemical approaches. While a bioinformatics approach is useful and should not 

be discounted, a potential disadvantage is that because it involves searching the yeast genome using 

pre-determined criteria for what constitutes a SiRTA, actual SiRTAs that do not meet the criteria may 

go unidentified. A biochemical approach circumvents this problem because it makes no assumptions 

about the properties of the SiRTAs. The lab is currently developing a CRISPR-based approach (see 

Chapter II) for this purpose. An advantage of using the CRISPR system is that many guide RNAs can 

be designed, easily integrated into a plasmid, and transformed into a single strain. This approach could 

allow for unprecedented coverage of the genome, as DSBs can be generated at hundreds, and 

potentially thousands, of locations in the genome. Following DSB cleavage, surviving colonies would 
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be pooled for genomic DNA extraction and whole-genome sequencing to identify sites at which de 

novo telomere addition has occurred.  

The identification of more SiRTAs would allow for a more comprehensive analysis of their 

properties. Important questions to address would be whether most or all SiRTAs have similar bipartite 

structures as SiRTA 5L-35 and SiRTA 9L-44, and whether Rap1 and/or Cdc13 also stimulate telomere 

addition at those sites. Another potential point of interest should be whether SiRTAs show a bias in 

their locations within the genome. Both SiRTA 5L-35 and SiRTA 9L-44 are, of note, located within 

open reading frames. DNA transcription has been reported to promote homologous recombination in 

yeast and mouse cells (311, 312). It is tempting to speculate that the location of these SiRTAs in open 

reading frames may be a mechanism to limit their usage perhaps by tipping the balance toward repair 

by homologous recombination. I performed a preliminary experiment to test this hypothesis at SiRTA 

5L-35 by placing the NPR2 gene, in which SiRTA 5L-35 is located, under control of the inducible 

promoter from the MET25 gene. I observed no change in the frequency of GCR formation at SiRTA 

5L-35 when NPR2 was placed under the control of the MET25 promoter and cells were grown under 

inducible conditions  (Obodo, U; unpublished results). However, this experiment may require several 

modifications before a conclusion can be reached on the effect of transcription on de novo telomere 

addition at the SiRTA 5L-35. Studies in yeast show that stimulation of homologous recombination by 

transcription requires both the donor and template regions to be transcribed (312). However, the haploid 

strains utilized in our assays essentially lack donor sequences with significant homology to promote 

homologous recombination. To address this problem, a second copy of the NPR2 gene could be 

integrated on a different chromosome or introduced on a plasmid to serve as a donor for homologous 

recombination. The transcriptional status of both the endogenous copy of NPR2 (located ~ 3 kb 

centromere-proximal to an HO cleavage site) and the ectopic copy of NPR2 may be modified by placing 
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them under control of promoters of different strengths, as well as by deleting the promoters. 

Transcription under these different conditions may be monitored by Northern blotting, RT-PCR, or by 

ChIP to measure RNA polymerase II occupancy at NPR2. Comparisons of the frequency of de novo 

telomere addition at SiRTA 5L-35 among these strains and the WT strain (containing only the 

endogenous copy of NPR2) should reveal whether transcription inhibits de novo telomere addition at 

the SiRTA and whether the strength of transcription correlates with the frequency of de novo telomere 

addition. 

The role of the DNA damage checkpoint in regulating de novo telomere addition has been 

studied using assays in which DSBs are immediately preceded by short TG sequences. Using such 

assays, Zhang and Durocher elucidated the role of the checkpoint kinase Mec1 in the regulation of de 

novo telomere addition at DSBs. At DSBs immediately preceded by 0 or 5 nucleotides of TG sequence, 

deletion of MEC1 increases the frequency of de novo telomere addition, indicating that Mec1 inhibits 

de novo telomere addition in these contexts (272). However, when preceded by an 11-nt TG sequence, 

corresponding to the minimal sequence length for stable Cdc13 binding, a DSB becomes refractory to 

Mec1 inhibition; in other words, deletion of MEC1 does not change the frequency of telomere addition 

in this context (272). Additionally, tethering Cdc13 adjacent to a DSB renders the break refractory to 

inhibition by Mec1, suggesting a role for Mec1 in regulating Cdc13 access to DSBs. Indeed, the authors 

found that Mec1 phosphorylates Cdc13, inhibiting its accumulation at DSBs (272). For reasons noted 

earlier, in the second paragraph of this chapter, the mechanism of repair of DSBs immediately preceded 

by TG sequences may not be faithfully representative of the mechanism of repair of a random 

chromosomal break. Therefore, it would be prudent to determine if SiRTAs 5L-35 and 9L-44 which 

may more faithfully capture repair of a random chromosomal DSB, due to their location ~ 3 kb from 

the DSB, are subject to the same mechanism of regulation by Mec1, as determined by Zhang and 
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Durocher. Our finding that the Cdc13 consensus sequence, which binds to Cdc13 more strongly than 

the endogenous Stim sequence in SiRTA 5L-35, increases de novo telomere addition by ~ 8-fold when 

substituted for the Stim suggests that increased occupancy by Cdc13 stimulates telomere addition more 

strongly in a manner completely independent of Mec1, and that endogenous SiRTA 5L-35 may be 

subject to regulation by Mec1. Analysis of de novo telomere addition frequencies at SiRTAs 5L-35 and 

9L-44 in a mec1∆ strain should reveal whether these SiRTAs are subject to Mec1 regulation.  

A more detailed understanding of the mechanisms regulating de novo telomere addition at 

endogenous SiRTAs requires the identification of unknown factors that regulate telomere addition. To 

this end, our laboratory is developing a transposon-based insertional mutagenesis screen to identify 

mutants with altered frequencies of de novo telomere addition at SiRTAs 5L-35 and 9L-44. Of 

particular interest is the identification of a nuclease required for de novo telomere addition (Figure 33). 

Telomerase uses an RNA, TLC1, as template for the synthesis of new TG telomere sequences. 

Alignment of the RNA template to a free 3’ end generates a 5’ overhang that is then used as a template 

for telomere synthesis by telomerase using the 3' end as a primer. (Figure 33A). Therefore, the long 3’ 

strand generated following resection of a DSB must be cleaved, whether before or after template 

binding, to reveal the free 3' end to prime synthesis (Figure 33B). It remains to be determined what 

factor(s) regulate this process, and such factor(s) could be identified by development of a high-

throughput screen, as described above, to identify mutants in which de novo telomere addition is 

affected. Given that the 3’ strand is stable for up to 6 hours following a DSB (313), the nuclease 

involved in this process is more likely to be an endonuclease whose recruitment to SiRTAs may be 

coordinated with the arrival of telomerase. Alternatively, cleavage of the 3’ strand may be accomplished 

by a highly processive exonuclease. 
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Figure 33: De novo telomere addition at internal sites in the genome requires cleavage to reveal 
the free 3’ end for priming telomere synthesis. 
(A) New telomere synthesis can only be initiated at an RNA template 5’ overhang. 
(B) Hypothetical telomere addition scenario at SiRTA 5L-35. In this scenario, 5’ strand resection has 
occurred, generating a 3’ overhang. However, before a telomere can be added at the position on the 3’ 
strand indicated by an arrow, the sequences telomere-proximal to that site must be removed to reveal 
the free 3' end to prime synthesis. 

 

SiRTAs present with some interesting questions from an evolutionary perspective. One 

question is: how did SiRTAs or internal telomere-like sequences, in general, arise? Perhaps, they arose 

by telomere fusions between chromosome pairs? In this case, breakage on either side of the fused 

telomeres, followed by de novo telomere addition, would result in one of the chromosomes 

internalizing the fused telomere sequences. In this model, the internalized telomere sequences would 

have to be whittled down in size over time. Another interesting evolutionary question is: what purpose 

do internal telomere-like sequences serve? In Caenorhabditis elegans, telomerase-negative survivors 

utilize internal telomere-like sequences for Alternative Lengthening of Telomeres (ALT)-mediated 

telomere maintenance (314). While the phenomenon of ALT itself is not novel (telomerase-negative S. 
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cerevisiae also utilize ALT for telomere maintenance) and the genes involved in ALT have been 

characterized, this report is novel in that it identified two specific internal genomic regions, containing 

telomere-like sequences, that are utilized as templates for ALT. Although it cannot be said with 

certainty that internal telomere-like regions arose and were conserved for this purpose (i.e. to serve as 

reservoir of sorts for telomere maintenance when telomerase is inactivated), it is still an intriguing 

possibility to consider. Related to this “reservoir” hypothesis, another attractive possibility (though one 

that will be challenging to address) for why internal telomere-like sequences, like the two SiRTAs we 

describe here, arise and persist in the genome is that de novo telomere addition at these sites is a backup 

mechanism to ensure cell survival when other repair pathways fail. An important function such as this 

might be expected to be evolutionarily conserved. Therefore, one way to test this idea is to look for the 

conservation of SiRTAs across yeast species evolutionarily related to S. cerevisiae. Conservation, in 

other Saccharomyces sensu stricto species, of the SiRTAs identified in S. cerevisiae would be one 

piece of evidence that these SiRTAs serve a very important function that warrants their preservation 

despite their deleterious nature.     

In conclusion, we have shown that endogenous Sites of Repair-associated Telomere Addition 

(SiRTAs) in S. cerevisiae possess a bipartite structure, wherein binding by Cdc13 at a Stim sequence 

stimulates de novo telomere addition at nearby Core sequences.  In humans, de novo telomere additions 

are associated with cancer, congenital disorders, and mental retardation (265, 293-296, 315). In some 

of these patients, a GGGGG motif has been found near the telomere addition sites (reviewed in (265)), 

lending credence to the idea that the bipartite SiRTA structure that we have described may also exist 

in humans.  
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