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ABSTRACT 

 

The integrity of the genome relies on the maintenance of chromosomes, the structural 

embodiment of the genetic material. Disruption of chromosome replication can lead to 

extensive genomic rearrangements, spanning kilobase (Kb) to megabase (Mb) regions. Some 

chromosome rearrangements are inherently dynamic, beginning as a single unstable 

rearrangement from which multiple rearrangements emerge. The rare formation and transient 

behavior of unstable chromosomes renders their study challenging. Here I characterize the 

genetic ontogeny of unstable chromosomes in a budding yeast model, from initial replication 

error to unstable chromosome formation to their resolution. I find that the initial error often 

arises in or near the telomere and frequently forms unstable chromosomes that later resolve to 

an internal “collection site” in the middle of the chromosome. The initial telomere-proximal 

unstable chromosome is increased in cells mutant for telomerase, the Tel1 checkpoint kinase 

and even the Rad9 checkpoint protein, with no known telomere-specific function. Defects in 

Tel1 and the Rrm3 DNA helicase, or the Tel1-MRX complex and 9-1-1 checkpoint clamp, 

synergize dramatically to generate unstable chromosomes, further illustrating the consequence 

of replication error in the telomere. I performed a candidate genetic screen of instability in 

telomere maintenance and DNA damage response (DDR) proteins to characterize the interplay 

of pathways regulating senescence and genomic instability. Collectively, my results suggest 

that unstable chromosomes form in or near damaged telomeres, independently of end 

degradation (Exo1-independent), by either nonhomologous end joining (partially Lig4-

dependent) or by faulty template switch during replication (Lig4- and Rad52-independent). The 

telomere-proximal unstable chromosomes then rearrange further to the middle of the 

chromosome. These results implicate telomere replication errors as a common source of 

widespread genomic changes and make substantial progress to our understanding of the 

initiation and fate of unstable chromosomes in the eukaryotic genome.  
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EXPLANATION OF THESIS STRUCTURE 

 

This work seeks to better understand how the genome is maintained in its normal state. 

Employing a genetic approach in budding yeast, I’ve asked, “what are the structures of 

unstable genomic rearrangements and how do they form?” Before describing the key findings of 

my results, I will put the current investigation into context. In Chapter 1, I outline the 

fundamentals of structural integrity of the genome and the approaches taken to study the 

phenomenon of genomic instability using budding yeast as a model organism. I describe the 

field’s unanswered questions that my research sought to address, followed by an introduction 

to previous research within the Weinert Lab. In Chapters 2 and 3 I present my thesis research, 

first in a synopsis, followed by a detailed description of the work to be published for each 

section (one manuscript is currently under revision at PLOS Genetics and the other is in 

preparation to submit to Genetics). Chapter 4 will then synthesize my findings, describing their 

significance to the field of genomic instability, and consider questions that remain to be 

addressed by future research. 

CHAPTER 1: INTRODUCTION 

 

Chromosome Structure and Maintenance 

 

The genome encodes the RNA and proteins that carry out essential cellular functions, and thus, 

genomic conservation is critical to cell processes. Eukaryotic genomes are packaged into linear 

chromosomes, and therefore genomic maintenance necessitates the structural integrity of the 

chromosome. The size of eukaryotic genomes is vastly diverse, and does not correlate with 

organismal complexity (for example, the human genome contains ~22,000 genes; more genes 

than the chicken genome, of ~16,000 genes, but less than the grape genome’s ~30,000 genes; 

[1]). Despite the broad range of complexity amongst eukaryotes, much of the genomic function 
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is conserved from yeast to man [2]. The compact size of the Saccharomyces cerevisiae genome 

(the 12 Mb yeast genome makes up only 10% of a single human chromosome, and ~0.4% of the 

total human genome, [3–5]) makes the organism ideal for studying chromosome biology. The 

budding yeast haploid genome contains approximately 5,000 genes packaged into 16 

chromosomes that range in size from roughly 230 Kb to 1.5 Mb [3,6]. My thesis research has 

studied the underlying principles of genome maintenance in the simple budding yeast genome 

in an effort to draw connections to the processes regulating genome stability of higher 

eukaryotes. 

 

Functional Elements of a Chromosome 

 

Two processes are required to stably maintain chromosomes amongst a cell population: faithful 

DNA replication and stable inheritance of the chromosome by progeny. Construction of 

artificial chromosomes in budding yeast (yeast artificial chromosomes, YACs) identified the 

minimal elements required for replication and stable inheritance of a linear chromosome: an 

origin of replication, two telomeres, and the centromere [7]. Each element has a function and 

several strategies have evolved to perform these functions. Here, I will detail the structure and 

function of the essential chromosome elements within budding yeast. 

 

Origins of Replication 

 

The genome is duplicated in S phase to provide identical genome complements to mother and 

daughter cells after cell division. The cell is tasked with efficiently replicating the entire 

genome within roughly 30 minutes (the length of S phase in budding yeast; for replication 

review [8]). To achieve this feat the cell initiates replication simultaneously along hundreds of 

regions in the genome. In budding yeast, short 100-150 bp autonomously replicating sequence 

(ARS) elements function as origins of replication that define the replication start sites [9]. ARS 
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elements recruit replication factors and the AT-rich sequences facilitate unwinding of the 

origin DNA to trigger replication. Of the now > 600 predicted functional ARS elements in the 

yeast genome, not all origins are active during each S phase, and of those that are, the timing 

of origin firing is differentially regulated [10–14]. Genome-wide studies of replication timing 

have revealed a temporal order of replication as the origins near centromeres fire earliest, and 

those near the telomeres fire latest [13,14]. The distance between ARS elements ranges from 

40 – 100 Kb and each of the 16 yeast chromosomes contains between 11 and 41 ARS elements 

[11,12,14,15]. Thus, each replication fork must traverse at least tens of Kb with high fidelity. 

The excess of origins, and distinct temporal firing of active origins, likely provides rescue 

strategies for replication forks encountering errors along their distant trek.   

 

Telomeres 

 

A linear chromosome poses two challenges to the cell: incomplete replication of the 

chromosome due to the “end replication problem” and the potential for confusion between the 

naturally occurring chromosome end and broken chromosome ends. The structure and function 

of the telomere addresses these challenges (for comprehensive review [16]). 

 

Functional and Molecular Discovery 

 

Telomeres function to maintain and protect the chromosome ends. The simple repeats at 

chromosome termini, and the proteins that bind to them, comprise the telomere. The concept 

that such a specialized element exists at the chromosome end was well ahead of its time. Both 

Barbara McClintock, using Zea mays, and Hermann Müller, using Drosophila melanogaster, 

noticed that although naturally occurring chromosome ends cytologically resembled the ends 

produced by chromosome breakage the natural termini were not nearly as precarious as their 

broken counterparts. McClintock discovered that her broken chromosome ends were highly 
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reactive, fusing with other broken ends (but not natural termini), while Müller found an 

exceptionally rare occurrence of terminal DNA damage (deletion or inversion) when inducing 

random breakage by X rays [17–20]. McClintock and Müller’s observations lead the scientists to 

converge on the same explanation: naturally occurring chromosome ends are protected. The 

unique features of the chromosome ends were revisited years later when researchers were 

grappling with an unresolved detail of DNA replication [21–23], prompting the question “how 

are chromosome ends replicated?”. Elizabeth Blackburn discovered the first telomeric 

sequences along the rDNA minichromosomes of the ciliated protozoan Tetrahymena 

thermophile [23,24] which were then shown to stabilize linear plasmids, establishing their 

essential function to chromosome maintenance [25]. Yeast telomeres were later defined and 

genetic screens for mutants perturbing telomere maintenance identified what are now known 

to be the telomerase subunits in budding yeast [26,27,23].  

 

Sequence 

 

The terminal TG repeats and subtelomeric sequences of the telomere contribute to 

chromosome end maintenance [16]. Approximately 300 base pairs of the telomere repeats, C1-

3A/TG1-3 in budding yeast (for example: TGTGGTGTGGG), are found at the extreme terminus of 

the chromosome and serve as a substrate for elongation by the telomerase reverse 

transcriptase. After semiconservative replication of the telomere, the C strand is degraded to 

form a 3’ single stranded DNA overhang of the G strand, referred to as the G tail [28,29]. The 

length of the G tail varies during the cell cycle (from ~15 nt up to 30-100 nt during S/G2) and is 

thought to enable telomerase elongation [30–32]. In addition to TG repeats, two subtelomeric 

elements are found internal to the telomeric repeats, the X and Y’ elements. The X element is 

found at every yeast telomere and spans a length of ~0.5 Kb, while the Y’ element is found at 

only about half of yeast telomeres (and the Y’ containing telomeres vary between strains) and 

vary in length from ~5 Kb – 7 Kb [33–38]. The X and Y’ elements contain repetitive sequences 
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themselves and undergo recombination, generating diversity between telomeres [33–35,39]. 

Although the subtelomeric elements are not essential to chromosome maintenance [40] they do 

provide an alternate strategy for end elongation in the absence of telomerase [41]. 

Additionally, both of the subtelomeric elements contain functional replication origins [34] and 

changes to telomeric chromatin alter the activity of these origins [42,43]. The activity of 

subtelomeric origins might act as a “back up” strategy in the instance of a telomeric 

replication fork error. 

 

Telomere Binding Proteins 

 

Many proteins decorate the telomere to form telomeric chromatin (Figure 1). The essential 

proteins Cdc13, Stn1, and Ten1, form the “telomeric RPA complex” that tightly binds the G 

tail, “capping” the chromosome end [44–50]. The telomeric RPA complex shares structural and 

functional similarity with RPA, the heterotrimeric complex that coats ssDNA, but has telomeric 

sequence specificity [48,51]. Immediately internal to the 3’ overhang, multiple proteins bind 

the double-stranded region of telomeric repeats. The transcription factor, Rap1, directly binds 

at approximately every 20 bp of the double-stranded telomeric repeats [52–55]. The Sir3 and 

Sir4 silencing proteins and the Rif1 and Rif2 telomere length regulating proteins 

antagonistically bind the C terminus of Rap1. Sir3 and Sir4 bind the Rap1 C-terminus, and Sir4 

binds Sir2 to form the Sir2/Sir3/Sir4 complex; collectively, these interactions are involved in 

silencing genes within about 15 Kb of the telomere [56,57]. The Rif proteins impact telomere 

length maintenance by inhibiting the activity of telomerase at long telomeres, and thereby 

promote elongation of the shortest telomeres (discussed below). Accordingly, cells mutant for 

rif1Δ or rif2Δ have long telomeres [58].   
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Figure 1. Telomere Binding Proteins 

The telomere of a chromosome is shown, 3’ and 5’ indicate DNA strand polarity. Telomeric 

repeats are bound by Rap1 protein at double stranded DNA or tRPA at single stranded DNA.  

 

Complexities of the telomeric chromatin, and functions of telomere binding proteins, remain. 

The yeast Ku complex, Ku70/Ku80, also binds the telomere, though it is unclear whether it 

binds telomeric DNA directly or via its interaction with Sir4 [59–62]. Furthermore, all of the 

telomere binding proteins perform multiple functions in the cell. These extra-telomeric 

functions include transcription (Rap1; [52]), establishing heterochromatin and telomere 

replication timing (Rif1; [43,63,64]), transcriptional silencing of the mating type loci, nuclear 

organization, and telomere replication timing (Sir2/Sir3/Sir4; [42,65–68]), and DNA damage 

repair and nuclear organization (Ku70/Ku80; [60,67,68]).  

 

Centromere 

 

After duplication in S phase, the chromosomes must be equally divided between mother and 

daughter cells, providing each cell with one complete copy of the genome. The centromere is 

essential for chromosome maintenance, as the element was found to be both necessary and 

sufficient for the segregation of plasmids in budding yeast [69–71]. The budding yeast 

centromere is incredibly compact relative to its higher eukaryotic counterpart’s. Each budding 
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yeast chromosome contains one centromere, defined by a 125 base pair sequence and a single 

CEN-specific histone variant, CenH3 [70,72,73]. The centromere directs formation of the multi-

protein complex, the kinetochore. The kinetochore then makes direct contact with a single 

spindle microtubule during mitosis or meiosis to ensure proper chromosome alignment and 

segregation. 

 

 Maintenance of Chromosome Integrity 

 

In addition to the replication and inheritance of the chromosome, the integrity of the genetic 

material packaged within the chromosome must be maintained. Here I will discuss how large-

scale changes to the chromosome structure (Kb to Mb changes), inflicting mutations to the DNA 

sequence, are prevented. In a simplified description of mutation two things must happen to 

generate genomic changes: damage is inflicted, and that damage is not repaired. So in order to 

maintain chromosome integrity, the cell can oppose either of these two steps, prevent errors 

from arising, and/or repair any errors that do happen. The extraordinary undertaking of DNA 

replication and the fragility of the telomere provide unique opportunities for large-scale 

genomic changes to form. Therefore multiple pathways act to prevent, and to repair, 

replication and telomere errors. 

 

Preventing Replication Error: the S Phase Checkpoint  

 

S phase checkpoint proteins monitor DNA replication to ensure the fidelity of the genome. 

During DNA replication, replication forks stall at sites bound tightly by protein (e.g. RNA 

polymerase and heterochromatin), sites of DNA damage (e.g. thymidine dimers), or sites 

containing repetitive DNA that forms secondary structures (e.g. G quadruplex at telomeres) 

[74]. Special helicases facilitate removal of protein-DNA complexes or secondary DNA 

structures [75,76], but not all impediments are so easily resolved. The replisome, a complex of 
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> 150 proteins that comprises the replication machinery, is thought to stall and/or collapse 

(refers to uncoupling of the DNA polymerase from the replisome) when it encounters 

impediments along the DNA template [8,74].  

 

What happens to a replication fork that has encountered a block along its DNA template? 

Exactly what transpires at a stalled fork is still debated, but it is clear that the checkpoint 

plays some protective role that permits replication to resume after replication error [77–81]. 

For replication to resume it is important that the proteins comprising the replisome stay 

together and that the DNA at the stall site remains protected. Aberrant structures, such as 

stretches of single-stranded DNA (ssDNA) or double-stranded DNA breaks (DSBs), are prone to 

incorrect repair that can lead to genomic rearrangements. Checkpoint proteins, and other 

proteins involved in the DNA damage response are important for the repair of any DNA 

rearrangements that might happen at a blocked fork [82–85].  

 

Stalled replication forks can cause either the accumulation of ssDNA or a DSB. RPA coated 

ssDNA is bound by Ddc2, which recruits the Mec1 checkpoint kinase to the damage [86,87]. 

Alternatively, DSBs are recognized by the MRX complex (Mre11-Rad50-Xrs2), which recruits the 

Tel1 checkpoint kinase [88]. In either scenario, the checkpoint is triggered and elicits 

downstream changes to repair the damage and prevent any further damage from accumulating.  

Importantly, the replication process is “paused”: entry into mitosis is prohibited and additional 

origin firing is prevented. 

 

Stalled replication forks commonly resume by replication bypass pathways (Figure 2, [89,90]). 

In a simple case, a nearby replication origin can rescue the stalled fork [84,91]. Alternatively, 

the replication fork can bypass the lesion by repriming beyond the site of damage, leaving a 

ssDNA gap in its wake [92]. The ssDNA gaps can then be repaired by specialized polymerases, 

either replicating through the lesion (translesion synthesis) or using the undamaged sister 

chromatid template for synthesis [93,94]. The restarted fork might also directly switch 
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templates (“at the fork” rather than “behind the fork” synthesis). Another structure that has 

been detected by electron microscopy (EM) of DNA structures accumulating under replication 

stress is a reversed fork, formed by the protrusion, and annealing between, newly synthesized 

DNA [83]. The many different predicted intermediate structures formed by replication errors 

require different responses for their repair and the complex genetics of these repairs continue 

to be investigated. After successfully completing replication, the chromosome ends are then 

specially replicated, as described next. 

 

 

 

Figure 2. Rescue of replication fork stalls 

The replication fork stalls at a lesion along a chromosome, shown as the red circle on the 

leading strand (blue arrow). The fork can be rescued by another origin, repriming replication, 

reversing the fork (regressed fork), or by DNA Damage Tolerance pathways of error-prone 

translesion synthesis or an error free template switch (the leading strand is using the 

undamaged nascent sister strand as a template for synthesis). Figure is adapted from [90]. 
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Preventing Telomere Error: Replication of Telomeres 

 

The majority of the telomere is replicated by semiconservative replication. The repetitive 

sequence of telomeres (prone to forming secondary structures) and the many tightly bound 

proteins comprising the telomeric chromatin present challenges to replication [95–98]. In most 

regions of the genome, if a replication fork is stalled, a fork progressing in the opposite 

direction from a nearby origin may be able to complete replication of the region [84]. 

However, this option is not available at the chromosome end where replication proceeds in a 

single direction from the origin nearest the end. Additional factors have evolved to counteract 

telomere replication barriers. The DNA helicases Pif1 and Rrm3 facilitate replication through 

the telomere; Pif1 removes secondary structures (G quadruplex structures) in the telomeres 

and Rrm3 removes tightly bound telomeric proteins [76,95]. After successfully completing 

semiconservative replication through the telomere, telomerase carries out replication of the 

extreme terminus. 

 

The molecular description of DNA structure and replication predicted a problem with 

replication of a linear chromosome, the “end replication problem” [21,22]. Synthesis of linear 

DNA results in an asymmetry of the chromosome ends; the leading strand is fully replicated, 

but replication of the lagging strand remains incomplete. DNA replication proceeds in the 5’ to 

3’ direction and requires a primer. Because the complementary strands of the anti-parallel DNA 

double helix are synthesized simultaneously, this results in the continuous synthesis of one 

strand, the leading strand, and discontinuous synthesis of the other, the lagging strand 

[99,100]. The discontinuous synthesis of the lagging strand forms many short stretches of DNA 

(called Okazaki fragments), each primed by its own RNA template. After removal of RNA 

primers at the termini of the lagging strands, DNA synthesis remains incomplete. Without a 

mechanism to counteract this shortening, the chromosome would shrink with each subsequent 

cell cycle.  
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Telomerase is a specialized enzyme that carries out telomere elongation at the end of S phase. 

The budding yeast telomerase holoenzyme is composed of the TLC1 RNA template, the Est2 

catalytic subunit, and the Est1 and Est3 regulatory subunits (for review [101]). A short RNA 

segment of the TLC1 RNA template is used to prime extension of the 3’ end of the telomeric G 

rich strand. After extending the 3’ end, the C strand can now be replicated by conventional 

replication. The RNA template of telomerase aligns with its telomeric template in different 

registers during each elongation and is not always used in its entirety, leading to heterogeneity 

of repeat sequences [102].  

 

Heterogeneity in telomere length is also observed, as the low abundance of telomerase, 

estimated at ~30 molecules per cell, is insufficient for elongation of every telomere each S 

phase [103–106]. To counteract its limited availability, telomerase preferentially elongates 

short telomeres [107,108]. How are telomere lengths monitored? The “protein counting model” 

predicts that telomerase inhibition by Rif1 and Rif2 is at least partially responsible. For 

example, while approximately 15 Rap1 proteins (and Rif1/Rif2) are expected to bind a 

telomere of wild type length (300bp), only 4 molecules of Rap1 (and Rif1/Rif2) would be bound 

to a short telomere (of 80bp, for instance) [109]. Thus, increases in telomere length result in 

decreased telomerase activity. And so, it seems that counting of telomere bound Rif is one 

mechanism by which short telomeres are preferentially elongated by telomerase [110,111].  

 

Preventing Telomere Error: Telomere Capping 

 

In addition to the replication of the chromosome end, the capping of the telomere is critical to 

the maintenance of chromosome integrity. The telomere must be distinguished from 

chromosome breaks to prevent a checkpoint response and inappropriate DSB repair. Several 

proteins bind the telomere to render the naturally occurring chromosome end inert. Removal 

of the telomere cap, by mutating Cdc13, results in degradation and activation of the DNA 
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damage checkpoint [29,112,113]. Additionally, Rap1, bound by Rif1 and Rif2, is important in 

preventing telomere fusions, end resection, and association of the MRX complex that plays a 

role in resection during DSB repair [114–116]. Yku also plays a minor role in capping the 

telomere, though loss of Yku does not cause as extensive degradation as that in Cdc13 mutants 

and does not elicit a checkpoint response [117].  

 

Consequences of Chromosome Maintenance Errors 

 

Double-stranded DNA break (DSB) repair 

 

As mentioned, DNA double-stranded breaks (DSBs) are a recurrent form of damage that can 

arise during replication errors or errors in telomere maintenance. Prevalent DSB repair 

pathways include homologous recombination (HR) and nonhomologous end joining (NHEJ) ([118–

120]). The choice between repair pathways depends upon the phase of the cell cycle and 

resection of the break. HR generally occurs during S and G2 phases when a sister chromatid is 

available as a template while NHEJ occurs most often in G1 phase; HR requires end resection 

while NHEJ does not [121–125] . 

 

Homologous recombination is initiated by 5’ – 3’ resection of the DSB to generate a stretch of 

ssDNA (for review [118]). The nuclease activities of MRX-Sae2, Sgs1-Dna2, and Exo1 cooperate 

to resect the DSB, forming an ssDNA overhang that is coated by RPA [126] . Rad51 displaces 

RPA, a reaction aided by Rad52, to form a nucleoprotein filament [127,128]. This nucleoprotein 

filament then searches for homology, annealing to the DNA template (a homology search has 

been visualized by observing the Rad51 homolog, RecA in E. coli [129]). Additional proteins are 

involved in stabilizing the filament and eventually displacing Rad51 from double-stranded DNA 

to help initiate synthesis. Occurring alongside, the other end of the DNA break anneals with the 

displaced strand of the sister chromatid and is synthesized. This results in a double Holliday 
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junction that must be resolved either by dissolution (migration of the Holliday junctions and 

decatenation by Top3) or resolution (nucleolytic cleavage of the Holliday junction) [130].  

 

Alternatively, DSBs can be repaired by NHEJ, which is instead inhibited by extensive ssDNA. 

Rather than searching for homology, the two ends of the DSB stay within close proximity of 

each other and are re-ligated back together. The binding of both yKu70 and yKu80 that form 

the yKu heterodimer inhibits resection at DSBs, thereby promoting NHEJ [131]. yKu binding to 

the DSB is required to recruit the DNA ligase, Lig4, and accessory proteins, Lif1 and Nej1, to 

ligate the ends together [125,132]. Repair by either HR or NHEJ is effective, however, not 

foolproof as chromosome rearrangements can arise by faulty repair.  

 

Faulty Repair of ssDNA 

 

DNA replication and telomere maintenance errors cause genomic rearrangements. Replication 

fork stalls can lead to stretches of ssDNA or DSBs. Single-stranded DNA is problematic as it is a 

substrate for recombination and DNA synthesis. As mentioned, replication bypass pathways use 

homology to overcome barriers. Annealing to homologous sequences can be especially 

problematic in regions containing inverted repeats, even of just a few bases. For example, at a 

fork stall near the inverted repeat, the 3’ end of the nascent strand is prone to misannealing to 

the template of the sister chromatid. This reaction would cause a U-turn during DNA 

replication forming a “closed replication fork” [133,134]. Faulty template switches, like the 

one described here, can cause massive loss and duplication of chromosome regions and also 

form unstable chromosomes [135]. 

 

ssDNA might also persist after the replication fork has passed. For example, a stalled 

replication fork might replicate past the lesion and continue with synthesis, leaving ssDNA gaps 

in its wake. If not promptly synthesized, the ssDNA gaps might anneal to other regions of the 
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genome. Similarly, ssDNA at the telomere can generate a substrate for faulty repairs. Extensive 

telomeric ssDNA has been shown to self-anneal, forming a hairpin cap at the chromosome end 

[136]. Initially, this structural cap functions to protect the chromosome end from degradation. 

However, if not resolved before the next S phase, replication of the fused ssDNA forming the 

hairpin could generate a dicentric chromosome. All of these faulty DNA damage repairs lead to 

genome rearrangements. 

 

Faulty Repair of DSBs 

 

Aberrant repair of DSBs formed during DNA replication or of unprotected telomeres results in 

genomic rearrangements. Unsolicited resection of DSBs for HR repair forms stretches of ssDNA 

that might anneal to the wrong regions of the genome, causing rearrangements (described 

above). Annealing to non-allelic regions is particularly problematic in repetitive regions like the 

telomere and the Ty elements in budding yeast (long terminal repeat (LTR) retrotransposon 

sequences). In addition to faulty HR repairs, NHEJ might be attempted at unprotected 

telomeres. The aberrant repair of unprotected telomeres by NHEJ forms end-to-end fusions 

between sister chromosomes or homologs, results in unstable dicentric chromosomes (Figure 3, 

[114,137]). 

 

Unstable Chromosomes Cause Genome-Wide Changes 

 

As described, many changes to genomic structure can result after maintenance errors. Unstable 

chromosomes harbor a unique capacity to cause genome-wide alterations. One type of unstable 

chromosome that has been thoroughly described is a dicentric chromosome, a single 

chromosome that has two centromeres. Each centromere attaches to microtubules during 

mitosis, and if the spindles are on opposite sides of the cell the dicentric chromosome can 

break. Fusion between the broken ends in subsequent cell cycles can form additional dicentric 
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chromosomes. This cycle is referred to as the “Breakage-Fusion-Bridge” cycle, first described 

by Barbara McClintock [19]. Other forms of unstable chromosomes exist, though less well 

defined [138–140]. The transient nature of unstable chromosomes renders them difficult to 

study and many questions of the initiation and progression of chromosome instability remain to 

be answered. 

 

 

 

Figure 3. Replication fork errors and telomere damage can form dicentric chromosomes  

A replication fork reprimes and continues replication to bypass a lesion shown in red, leaving a 

ssDNA gap on the newly synthesized leading strand. The ssDNA gap is aberrantly repaired by 
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either a faulty template switch or misannealing to form a hairpin at a DNA end (these reactions 

can happen by misannealing to inverted repeat sequence in the region, for example). 

Replication errors can also form faulty template switch-like reactions directly at the stalled 

replication fork; reaction not shown. After each product is replicated, a dicentric chromosome 

is formed. Alternatively, unprotected telomeres might be aberrantly repaired by NHEJ, forming 

a dicentric after end-to-end fusions between homologs or sister chromatids.  

 

Elucidating the Initiation of Chromosome Instability 

 
 

Modeling Chromosome Instability in Budding Yeast  

 

Several systems have been used to model chromosome instability in yeast, yet much remains to 

be discovered. Chromosome instability describes chromosome loss, recombination, 

translocation, or more complex rearrangements like those caused by unstable chromosomes. 

The emphasis of my thesis work is on the formation and resolution of unstable chromosomes. 

The dynamic and transient nature of unstable chromosomes renders them difficult to observe, 

though several strategies have provided glimpses of their downstream genomic 

rearrangements. 

 

The GCR Assay  

 

Extensive studies of genomic rearrangements have been carried out in budding yeast strains in 

an effort to characterize the mechanisms inducing chromosome instability. A popular assay 

used to observe genomic rearrangements in yeast is the gross chromosomal rearrangement 

(GCR) assay, developed by the Kolodner Lab [141]. The GCR assay observes chromosome 

changes in haploid yeast cells by monitoring the loss of two genetic markers, located near the 
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Chr V end. Because the assay is performed in haploid cells, loss of essential genes is not 

tolerated and the GCR assay can only detect changes that form within the last ~30 Kb of the 

chromosome. Nevertheless, the assay has characterized a diverse spectrum of genome 

rearrangements, including those predicted to have been secondary rearrangements of dicentric 

chromosomes [142]. Variations of the GCR assay have been employed to observe chromosome 

loss, recombination and other rearrangements [143,144], yet all strategies are limited to 

observing the final products of stable chromosome rearrangements within a defined region. 

 

Making Dicentric Chromosomes 

 

Unstable chromosomes have been engineered to study the mechanisms of instability. Several 

strategies have been used to make dicentric chromosomes in yeast: adding an extra conditional 

centromere along a chromosome [145,146], creating a dicentric by recombination between two 

endogenous chromosomes and then conditionally inactivating one of the centromeres 

[147,148], or Cre-mediated unequal crossing over between chromosomes [149].  In general, the 

engineered dicentric chromosomes were unstable, generating chromosome breaks and 

decreasing cell viability. In particular, studies by Stephan Marcand’s lab have shown that 

dicentric chromosomes most often break at telomere fusions (if formed by end-to-end fusions) 

or near the centromere [147,148]. The localization of dicentric regions to the bud neck (where 

an undefined “nuclease X” has been hypothesized to reside, cutting unresolved DNA spanning 

the neck) influences the sites most prone to breakage. Thus, the size of the dicentric, and the 

distance between the centromeres is critical in determining the break sites. Though these 

studies have been useful in understanding general dicentric chromosome behavior, the 

sequence at break sites and therefore the predictable downstream rearrangements of a broken 

dicentric, are likely unique to each dicentric chromosome.  
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Telomerase Defects Cause Chromosome Changes 

 

Pivotal research carried out by Hackett, Feldser and Greider made early connections between 

telomerase defects and genomic instability [149,150]. The work studied chromosome 

rearrangements formed in cells lacking telomerase. The research concluded that instability in 

telomerase deficient cells formed most often near the chromosome end and was caused by 

nuclease degradation (Exo1-dependent) as opposed to telomere fusions forming unstable 

dicentric chromosomes. This result seemed surprising because end-to-end telomere fusions 

forming unstable dicentric chromosomes have been commonly described in genomic instability 

(for instance [18,114,137,151]). My work uses a novel chromosome system, capable of 

detecting unstable chromosomes, to revisit the interplay between telomere errors and genomic 

instability. 

 

Studies of Instability in Budding Yeast Fall Short 

 

The research of genomic instability in budding yeast has identified a variety of mechanisms 

involved in forming chromosome rearrangements and has determined that dicentric 

chromosomes are unstable in budding yeast. Connections have also been made between 

telomere defects and instability. Yet, many questions remained. What initiates the formation 

of unstable chromosomes that generate widespread instability (are telomere defects ever 

involved)? And, once formed, what is the fate of unstable chromosomes? To address these 

questions, a model system that could observe both the initiation, and progression, of 

spontaneous chromosome-wide instability was required. Never before had a yeast system 

allowed the systematic observation of the life cycle of an unstable chromosome. My thesis work 

describes a novel strategy, using a chromosome disome system, to observe both initiation of 

unstable chromosomes and their resolution.  
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Studying Genetic Regulation of Chromosome Stability using the Chr VII Disome  

 

The Chr VII Disome System 

 

A serendipitous discovery of genomic changes in a unique budding yeast chromosome system 

led to the work I’ve now carried out during my thesis. About 20 years ago, my advisor Ted 

Weinert noticed peculiar cell growth during a routine assay for homologous recombination. The 

assay employed a haploid budding yeast strain that harbored an extra copy of a single 

chromosome, chromosome seven (Chr VII; making the strain a disome) [152]. Genetic markers 

are placed along the two Chr VII homologs to allow for inference of chromosome changes such 

as loss or allelic recombination (Figure 4). Selection for loss of one of these genes, CAN1, 

located near the left telomere of the chromosome, enriches for recombination amongst the 

cell population. CAN1 encodes an arginine permease that allows uptake of arginine and also the 

toxic arginine analog, canavanine. By plating cells to media containing the canavanine drug, 

only those cells that have lost CAN1 will survive (because they do not express the pump to 

uptake the toxic drug).  

 

 

Figure 4. The Chr VII disome system 

Two homologs of chromosome seven (Chr VII) are shown. Each homolog contains different 

alleles of auxotrophic and drug resistant genes, indicated by the gene names under the 

chromosomes and the (+), indicating functional alleles, or (-), indicating non-functional alleles, 



 29 

above each homolog. Arrowheads indicate inverted repeat sequences located in the 4Kb “T-

403IR-C” (“telomere - 403Kb inverted repeat – centromere”) region. Diagonal black rectangles: 

telomeres, shaded circles: centromeres. Homologs are drawn to approximate scale, kilobase 

(Kb) distances labeled above the Chr VII homologs. 

 

Dr. Weinert found that the majority of cells lose CAN1 and become canavanine resistant, CanR, 

by simply missegregating the Chr VII homolog (the cells retain the other copy of Chr VII and 

grow fine). CAN1 can also be lost by allelic recombination with the other Chr VII homolog. In 

each CAN1 loss scenario, CanR cells grow well and form round colonies, the “normal” behavior 

of yeast cells. Interestingly, Dr. Weinert also observed CanR cells that grew slower, taking 5 

days instead of 2 days to form a colony of ~106 cells. Colonies formed by these slower growing 

cells had a distinct, sectored border that Dr. Weinert called “sectored colonies”. Further, the 

sectored colony phenotype was enriched in cells mutant for the Rad9 checkpoint protein, 

suggesting a relationship between DNA damage and sectored colony formation.  

 

 

 

 

 

 

 

 

 

Figure 5. Canavanine resistant (CanR) colony morphologies 

Single cells are grown on solid media containing canavanine drug and lacking the amino acid, 

adenine. Colonies of round or sectored morphologies grow during CanR Ade+ selection. 

 
 

CanR Colonies 

Round CanR Colony 

Sectored CanR Colony 
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After years of investigation by the lab, it was clear that the CanR cells forming sectored 

colonies had an etiology distinct from those forming round colonies [153]. Importantly, the 

genotypes of CanR cells that grow to form sectored colonies are diverse, in contrast to the 

isogenic CanR cells forming round colonies. Thus, a single cell harboring an unstable CanR 

chromosome forms a sectored colony. The unstable chromosome undergoes rearrangements as 

the cells divide, giving rise to progeny of multiple genotypes within a single colony. The 

question then became, “What is the unstable chromosome and how does it form?” 

 

Replication Errors Cause Instability  

 

The Weinert Lab previously found that DNA replication errors increased the formation of 

unstable chromosomes [133,154]. Extensive candidate genetic screens performed by Dr. 

Andrew Paek, Dr. Salma Kaochar, and Dr. Hope Jones, suggested that replication errors 

generate chromosome instability by a template switch-like mechanism, as loss of proteins that 

regulate template switching suppressed the formation of unstable chromosomes. Key findings 

to support these conclusions are listed below: 

 

• Disrupted DNA replication increased the frequency of unstable chromosomes (instability 

increased in cells mutant for the DNA helicase, Rrm3, or treated with drugs that slow 

replication by dNTP depletion (hydroxyurea treatment) [153]) 

• Cells defective for S phase checkpoint proteins formed unstable chromosomes more 

often than those with an intact S phase checkpoint [133,153,155] 

• Unstable chromosomes do not form by canonical DSB repair pathways              

(instability is independent of NHEJ (Ku- and Lig4-independent), HR (Rad52-, Rad51-, 

Rad59-independent), and micro-homology mediated end joining (MMEJ; Lig4-

independent) [133]) 
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• Unstable chromosomes are suppressed by mutations in replication fork bypass pathways                                                                                                                

(instability is suppressed by mutation of Pol delta (lagging strand DNA polymerase) and 

MGS1 (a single strand annealing protein that stabilizes replication forks) [154]) 

 

Characterization of a Fragile Site  

 

Further analysis of cells from sectored colonies allowed the team to infer the structure of an 

unstable chromosome. Chromosomes from cells within sectored colonies consistently showed 

an enrichment of rearrangements in a region about 400 Kb from the left telomere of Chr VII 

that they termed a fragile site. Several analyses suggested that an unstable dicentric 

chromosome formed by a template switch between inverted repeats located in the fragile site. 

The dicentric chromosome then resolved by a second fusion between inverted repeats along 

the Chr VII right arm to eliminate one centromere and form a stable translocation, referred to 

as an isochromosome. The strong frequency of the identified dicentric chromosome formation 

and the frequency of sectored colonies suggested that instability initiates by dicentric 

chromosome formation in the fragile site. The results led to a reasonable conclusion that 

replication errors generated unstable chromosomes initiated by errors in the fragile region. Key 

findings to support these conclusions are listed below: 

 

• A chromosome structure (the specific isochromosome), consistent with the fragile site 

dicentric precursor, was identified by FISH (the isochromosome has two Chr VII right 

arms. A probe to the Chr VII right arm identified two signals on either arm of a single 

chromosome. [153]) 

• The predicted Chr VII isochromosome was identified by southern blot of cells from 

sectored colonies (southern blots detected a product with the expected size of the 

predicted Chr VII isochromosome formed in the fragile site [133,153]) 
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• Quantitative PCR of the Chr VII inverted repeat fusion that forms the specific dicentric, 

and repeat fusion that forms the specific isochromosome, correlates with frequency of 

sectored colonies [133] 

• Fusion of inverted repeats is a general phenomenon (inverted repeat fusions observed 

among other (non-Chr VII) endogenous inverted repeats by qPCR, and generated 

expected products among synthetic inverted repeat system [133]) 

 

Findings of the Current Study 

 

My thesis research has extended the previous work of the Weinert Lab. I’ve discovered that the 

fragile site is not the initial site of instability; instead, unstable chromosomes form in the 

telomere. The unstable chromosomes then progress, we propose by a template switch-like 

mechanism, to most often resolve in the middle of the chromosome (one of many fates). This 

work has further established connections between underexplored facets of chromosome biology 

(telomere maintenance, replication biology, and silencing) and has deepened our 

understanding of the instability formed in our system,  

 

I will first synthesize my findings in Chapters 2 and 3, followed by detailed results presented in 

each manuscript. 

CHAPTER 2: THE ONTOGENY OF UNSTABLE CHROMOSOMES 

 

Abstract  
 

DNA replication errors at certain sites in the genome initiate chromosome instability that 

ultimately leads to stable genomic rearrangements. Where instability begins is often unclear. 

And, early instability may form unstable chromosome intermediates whose transient nature 

also hinders mechanistic understanding. We report here a budding yeast model that reveals the 
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genetic ontogeny of genome rearrangements, from initial replication error to unstable 

chromosome formation to their resolution. Remarkably, the initial error often arises in or near 

the telomere, and frequently forms unstable chromosomes. Early unstable chromosomes may 

then resolve to an internal "collection site" where a dicentric forms and resolves to an 

isochromosome (other outcomes are possible at each step). The initial telomere-proximal 

unstable chromosome is increased in mutants in telomerase subunits, Tel1, and even Rad9, 

with no known telomere-specific function. Defects in Tel1 and in Rrm3, a checkpoint protein 

kinase with a role in telomere maintenance and a DNA helicase, respectively, synergize 

dramatically to generate unstable chromosomes, further illustrating the consequence of 

replication error in the telomere. Collectively, our results suggest telomeric replication errors 

may be a common cause of seemingly unrelated genomic rearrangements located hundreds of 

kilobases away.  

 

Overview 

 

Background 
 
 

Instability Does not Initiate at the Fragile Site 
 

The specific isochromosome previously studied in the Weinert lab was so prevalent in unstable 

colonies that it suggested most unstable chromosomes formed in this region. At the time, the 

lab’s working model for the formation of the isochromosome was: replication error at the 

fragile site forms a dicentric chromosome by a template switch-like mechanism and then 

undergoes a second recombination between direct repeats to remove a single centromere. In 

this model, fusion between the inverted repeats forms the dicentric, making the repeats 

critical to the initiation of instability. The model then predicts that deleting the inverted 
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repeats should suppress the frequency of instability (because the unstable dicentric will not 

form). 

 

When I entered the lab I studied the frequency of instability, and inferred the structures of 

unstable chromosomes by using our phenotyping assay, in unstable cells. One of my earliest 

projects was continuing previous work of the lab and testing the above model by deleting 

inverted repeats. To my surprise, I found that deleting repeats that were critical for the 

formation of the isochromosome resulted in no changes to the frequency of instability events. 

This result suggests that instability does not begin in this region, and instead, the fragile site is 

a common “collection site” for unstable chromosomes. This prompts the question, where does 

the initial unstable chromosome form? Do unstable chromosomes begin in the middle of the 

chromosome where changes are most often recovered, or do they begin elsewhere and then 

resolve to this position?  

 

Interpreting the Ontogeny of Unstable Chromosomes by Recombinant Distributions  
 

To address the question of where unstable chromosomes initiate, I began extensively 

characterizing chromosome changes in our Chr VII Disome system. Previously, chromosome 

changes had not been documented amongst large populations of each strain. I found that we 

could infer the structure of the initial unstable chromosome by observing chromosome changes 

from cells of both the stable, round colonies, as well as cells from the unstable, sectored 

colonies. 

 

The region of initiation and resolution of unstable chromosomes can be used to characterize 

chromosome changes amongst a population of cells. For example, cells with telomerase defects 

have an enrichment of stable recombination products near the chromosome end, suggesting the 

region of initial error. We refer to these recombination products as “allelic recombinants”. In 

contrast, the chromosome products of unstable colonies had multiple fates (chromosome loss, 



 35 

cell death, recombinants) and, even in strains with telomerase defects, often had an 

enrichment of recombinants near the aforementioned fragile site. We refer to these 

recombination products as “relic recombinants”. The distinct rearrangement distributions of 

allelics and relics suggest that allelic recombinants correspond to the region of initial events, 

while relic recombinants are the byproducts of an unstable chromosome that is too transient to 

detect. By using this extra information in our system, I established a new strategy for studying 

instability. I found that instability most often initiates in or near the telomere and then 

resolves to the middle of the chromosome, hundreds of kilobases away. 

 

The manuscript presented next addresses two questions. First, where do unstable chromosomes 

form? Second, where do unstable chromosomes resolve? During the process of addressing these 

questions, I developed two strategies that are now being used by my colleagues to ask similar 

questions in their related research. Here are highlights of this work: 

 

Key Findings 
 

• Unstable chromosomes do not initiate in the previously described Chr VII “fragile site” 

• Telomerase defects induce chromosome instability 

• Instability initiates at the chromosome end in both telomerase functional and 

telomerase defective cells  

• Unstable chromosomes formed near the chromosome end resolve to the previously 

defined “fragile site” 

• Telomere and replication defects synergistically increase the frequency of instability  

 

Additional insights: 

• Random induction of replication damage increases unstable chromosomes at the 

telomere 
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• rad9Δ checkpoint defective cells, with no known telomere function, form unstable 

chromosomes at the telomere 

 

Conclusion 
 

In conclusion, the work presented in this chapter suggests that unstable chromosomes most 

often arise in the telomere. These unstable chromosomes can then undergo further 

rearrangements to stably resolve to the middle of the chromosome. Questions of the 

mechanism(s) initiating and causing progression and resolution of unstable chromosomes 

remain. We predicted that the pathways involved in telomere length maintenance may also be 

critical in preventing chromosome instability arising at the chromosome end. The next chapter 

addresses this hypothesis. 
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Introduction 

 

Faithful replication of the genome prevents chromosome instability. Replication error causing 

chromosome instability results in a plethora of changes, including deletion, insertion, 

translocations, and loss. The multi-protein DNA replication complex, called the replisome, 

undergoes still untold changes, with unknown consequences, when it encounters difficulties 

(e.g. DNA damage, replication fork blocking proteins, repetitive sequences). The replisome 

may slow, or stop and/or restart synthesis, all of which can be detrimental and give rise to 

genomic changes ([74,90,156–158] for review).   

 

Some regions of the genome are particularly prone to replication error [159–162]; the telomere 

is one such difficult region [95,96,163–165]. How the telomere disrupts replication is still a 
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matter of debate. Disruption to telomere replication may occur due to the repetitive nature of 

telomere sequences, secondary structures, chromatin complex, or to complications of terminal 

replication [76,84,95,166]. In addition to replication error, telomere loss may be caused by 

telomerase deficiency or resection of uncapped telomeres [27,112,113,167]. Integrity of the 

protective end is critical to chromosome maintenance [17–20,25], and loss of telomere 

sequence and/or telomere binding proteins renders the telomere prone to rearrangement 

[114,137,149,150,168–172]. 

 

Complicating the study of replication errors is that errors arising in the telomere, or elsewhere 

in the genome, frequently form inherently unstable chromosomes [133,135,154]. An unstable 

chromosome is dynamic, beginning as a single rearrangement from which multiple additional 

rearrangements emerge. Dicentric chromosomes, a single chromosome with two centromeres, 

tend to be highly unstable owing to mitotic segregation error [67,147,148,173,174]. Dicentrics 

can undergo successive changes, including the formation of de novo dicentrics 

[18,19,142,175,176]. Unstable chromosomes can take on other forms aside from dicentrics, 

though those are less well-defined [134,136,138,139,177,178]. The transient nature of unstable 

chromosomes renders them difficult to study. In fact, in an earlier study of telomerase defects 

and instability, unstable chromosomes were not detected [149,150]. 

 

Here we investigate the ontogeny of events that form unstable chromosomes in budding yeast, 

from initiation to resolution to stability. We find that instability can initiate by replication 

error in the telomere, and frequently resolves to the middle of the chromosome, which we call 

a “collection site”. Telomerase and tel1Δ mutants, each with telomere-specific roles, induce a 

high frequency of unstable chromosomes. Further, a tel1Δ mutation synergizes with an rrm3Δ 

mutation, defective in the DNA helicase, to form unstable chromosomes at an extremely high 

frequency (>1 in 100 cells). We infer that even in rad9Δ mutants, with no telomere-specific 

function, instability begins in or near telomere. Once formed,  "genetically longer" unstable 

chromosomes progress to the "genetically shorter" unstable chromosomes, including a specific 
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dicentric studied previously [133,153]. We infer that events initiate by replication error in or 

near the telomere, and then progress to other regions of the chromosome, a process that we 

suggest is relevant to genomic rearrangements that are seemingly unrelated to error at the 

telomere. 

 

Results 

 

The model system  

In this study we use a budding yeast genetic system shown in Figure 6A and reported previously 

[133,153]. The yeast strain is a haploid that contains two homologs of Chr VII (a Chr VII 

disome). The Chr VII homologs are extensively genetically marked, as indicated, to assist in 

genetic analyses of spontaneous chromosomes changes. 

 

Chromosome changes are rare, necessitating genetic selection to detect. We use the CAN1 

gene in a negative selection scheme to detect all changes, whose frequencies occur at between 

1 in 105 to 1 in 102 cells, depending on event and mutant background. Using the Chr VII disome, 

we detect three distinct chromosome changes: unstable chromosomes, allelic recombination, 

and chromosome loss. We detect chromosome changes by selecting first for loss of CAN1, and 

then analyzing progeny. CAN1 encodes arginine permease that allows uptake of canavanine, a 

toxic analog of arginine. Cells with unchanged chromosomes retain CAN1 and die on media 

containing canavanine (CanS), while cells that lose CAN1 become canavanine resistant (CanR).  

 

To detect chromosome instability, the assay proceeds as follows: we grow cells that initially 

have intact Chr VIIs on rich media for approximately 20 generations, during which chromosome 

changes occur (Figure 13). We then select for cells with chromosome changes by plating on 

selective plates. CanR colonies form in 2 to 5 days. 
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CanR colony morphology and genotype indicate chromosome changes. Allelic recombinants and 

chromosome loss events generate round colonies, while unstable chromosomes form sectored 

colonies (Figure 6A). Round colonies are either CanR Ade-, formed by a chromosome loss event, 

or CanR Ade+, formed by an allelic recombination event. Importantly, round colonies have the 

expected property that most cells (> 95%) taken from a round colony have the same phenotype 

(see Methods; Figure 6A for one example). Because most cells taken from a round colony have 

the same phenotype, we infer that the first CanR cell on the selective plate had a stable 

karyotype inherited without further change in the progeny (in that given colony). 

 

Strikingly, many CanR Ade+ colonies are sectored instead of round, and these prove to be 

generated by unstable chromosomes (Figure 6A). Sectored colonies have the unexpected 

property that individual cells taken from the colony frequently have different phenotypes. 

Because cells taken from a sectored colony have different phenotypes, we infer that the first 

CanR cell on the selective plate had an unstable karyotype, inherited with further changes in 

the progeny (Figures 6B and 6C). Sectoring is due to a combination of poor growth, cell death, 

and chromosome changes as cells grow on the selective plate. A hypothetical example of how 

one unstable chromosome may give rise to different chromosomes is shown in Figure 5B; the 

unstable chromosome can form more of itself, form other unstable chromosomes, be lost, 

cause cell death, or recombine with the intact homolog to yield a recombinant.  

 

Allelic and relic recombinants 

There are two types of related recombinants amongst CanR Ade+ cells; allelic and relic 

recombinants. We use the term "allelic recombinant" to indicate a CanR Ade+ cell that formed 

before plating cells onto selective media, where it formed a round colony with a stable 

karyotype (as most cells from a round colony have the same phenotype). We use the term "relic 

recombinant" to indicate a CanR Ade+ cell that formed in a sectored colony, as an unstable 

chromosome divides on selective media.  
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Allelic and relic recombinants have similar structures but distinct ontogenies. As a working 

model, we propose that an initial error occurs. That error leads to two possible outcomes; 

either allelic recombination or an unstable chromosome that subsequently leads to relic 

recombinants. Allelic recombinants may arise from the initial replication error by 

recombination with the intact homolog, to directly form a stable CanR Ade+ chromosome. We 

provide data to support this hypothesis in this study. In contrast, relic recombinants arise after 

an unstable chromosome forms, and that unstable chromosome then resolves to a stable relic 

recombinant (Figure 6D).  

 

Relic recombinants are particularly critical to our analysis: they give insight into the initial 

unstable chromosome structure. For example, if a sectored colony forms an unstable 

chromosome near the telomere, then we expect to recover relic recombinants with a 

telomere-proximal marker. Alternatively, if a sectored colony forms only centromere-proximal 

unstable chromosomes, then we do not expect to recover relic recombinants with a telomere-

proximal marker, but rather only with centromere-proximal markers. In addition to the 

common relic recombinants shown in Figure 6D, we also detect a relic that is a previously 

analyzed isochromosome (discussed later) [133,153].  

 

Unstable chromosomes do not initiate in a "fragile site" near the centromere 

Our previous studies suggested that replication error initiates events at a specific site we call 

"T-403IR-C" (for Telomere-403 Kb Inverted Repeat-Centromere), a site four-fifths of the way 

towards the centromere (Figure 6A, [133,153]). This ~4 Kb site has an intriguing structure, 

suggesting it disrupts replication, and includes inverted repeats that fuse to form a dicentric 

[153]. The T-403IR-C site is present in a larger genetically defined 94 Kb region, bordered by 

CYH2 and TRP5. Sectored colonies arising from unstable chromosomes, generate relic 

recombinants enriched in the larger 94 Kb region (in both wild type cells and in rad9Δ mutants; 

[153] and Figures 7A and 14). In sum, we expected that the T-403IR-C site was a fragile site 

where events often initiate. 
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Two observations suggest, however, that initial events rarely start in the T-403IR-C site. First, 

we reasoned that if endogenous replication errors form unstable chromosomes preferentially at 

the T-403IR-C site, then randomized error along the chromosome should not generate such an 

enriched profile. Rather, random error would generate unstable chromosomes at random sites. 

We used methyl methanesulfonate (MMS) and hydroxyurea (HU) treatments to induce random 

error, resulting in a 10-fold increase in sectored colonies (Figure 7C); thus, random replication 

error does induce formation of unstable chromosomes, as expected. And MMS- and HU-induced 

unstable chromosomes indeed formed relic recombinants, yet surprisingly those relics were still 

enriched in T-403IR-C region (Figures 7A and 14). Why are relics recovered so often in the T-

403IR-C region if MMS and HU induce damage randomly? We suggest that events that initiate 

elsewhere resolve preferentially in this internal region, which we now term a "collection site" 

(explained in the Discussion).  

 

It is still possible, however, that T-403IR-C site undergoes spontaneous error to initiate events.  

If unstable chromosomes do initiate in the T-403IR-C site, this predicts that loss of the T-403IR-

C site will abrogate unstable chromosome formation. In contrast, if unstable chromosome 

initiate elsewhere and frequently resolve in the T-403IR-C region, deletion of the T-403IR-C site 

would not affect the frequency of unstable chromosomes. To test if events initiate in the 

specific T-403IR-C site, we simply deleted the 4 Kb site from both Chr VII homologs, and tested 

instability in a variety of wild type and mutant cells (rad9Δ, rad17Δ, rad18Δ, and rad51Δ). The 

frequency of unstable chromosomes is generally unchanged in all mutants tested (at most 2 

fold in some mutants; Figures 7C and 15). And the enrichment of relic recombinants in the 94 

Kb T-403IR-C region persists even in the absence of the 4kb T-403IR-C site (Figure 15). We 

conclude that events likely initiate at many places on the chromosome arm, and frequently 

resolve in the T-403IR-C region and site.  

 

Telomerase defects induce unstable chromosomes 
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Where might events begin? Given that errors and unstable chromosomes do not start in the T-

403IR-C site, and the well-documented instability of telomeres, we reasoned that unstable 

chromosomes might initiate in the telomere. To test this idea, we disrupted telomere biology 

by introduction of a high copy plasmid overexpressing a telomerase dominant-negative mutant, 

in either of two telomerase subunits (ADH-Est1-K444E and ADH-Est3-R110A; [179,180]) 

Expression of the Est1 or Est3 mutant alleles in a wild type strain confers a short telomere 

phenotype, but does not induce senescence [179,180], bypassing this caveat of telomerase null 

strains (our assay requires > 60 cell divisions to identify and analyze unstable chromosomes). 

We found that telomerase mutants increased the frequency of unstable chromosomes up to 10 

fold compared to cells with high copy plasmid alone (vector), or high copy plasmid with a wild 

type telomerase subunit (either ADH-EST1 or ADH-EST3; Figures 8A, 8B and 16). We also found 

that the increase in unstable chromosomes occurs more prominently in late than in early 

passage cells (corresponding to shorter telomeres in cells from late passage compared to 

controls and early passage; Figure 16). We conclude that the prolonged absence of telomerase 

renders something about the telomere, perhaps mere shortening, more prone to chromosome 

instability.   

 

We next asked if unstable chromosomes in telomerase mutants resemble unstable 

chromosomes in wild type cells. To do so, we analyzed the distributions of relic recombinants 

from sectored colonies from telomerase-mutant and wild type cells. We found relic 

distributions to be remarkably similar, enriched in the T-403IR-C region (Figures 8C and 16). We 

also note that allelic recombinants in wild type cells and in telomerase mutants are skewed 

toward the telomere (Figure 8E and 16), while the relic recombinants from both strains have an 

enhanced profile in the T-403IR-C region. The telomere-enrichment of allelic recombinants is 

consistent with our suggestion that allelic recombinants arise at the initial site of error, in the 

telomere, while the relics indicate the structure of unstable chromosomes, some of which 

resolve to more stable forms in the T-403IR-C region. The common genetic distributions of 

allelic and relic recombinants in wild type and telomerase defective strains suggests that 
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telomere defects may indeed be a common cause of unstable chromosomes. The identification 

of both unstable chromosomes and relic recombinants in telomerase mutants were not 

identified in an earlier study  ([149,150]; see Discussion). 

 

Telomere-proximal unstable chromosomes are common, even in telomerase+ cells, and are 

extremely unstable 

To address the possible telomere-initiation of events, we sought to identify the earliest 

possible unstable chromosomes, and determine where they arise. We inserted markers in rad9Δ 

mutants, including the HygR, HPH1, gene 75 Kb from the telomere, to allow selection for 

telomere-proximal HygR unstable chromosomes (Figure 9A). We grew rad9Δ cells in rich media 

and allowed them to form unstable chromosomes as before. Then we selected for loss of CAN1 

but retention of HPH1 by growth on selective agar media supplemented with hygromycin 

(Can+Hyg-Ade selection, as well as selection for KanMX, GeneticinR, and NAT, NatR). 

 

We examined CanR Ade+ HygR cells in sectored colonies for evidence of telomere-proximal 

unstable chromosomes. We made two observations consistent with a telomere-proximal 

unstable chromosome. First, we examined by light microscopy cells and colonies that must 

contain CanR Ade+ HygR chromosomes. Surprisingly, we found that about 2% of rad9Δ cells form 

CanR Ade+ HygR microcolonies (with between 10 and 104 cells) on the Can-Ade+Hyg agar media 

(Figure 9B). The initial CanR Ade+ HygR cell either forms a microcolony or a macrocolony. If the 

CanR Ade+ HygR cell loses HygR while growing on selection plates, the cell generates a 

microcolony. If the CanR Ade+ HygR cell retains HygR while growing on selection plates, the cell 

generates a macrocolony. Thus, we suggest that HygR unstable chromosomes form frequently, 

progress though multiple cell divisions, and then cease division due to loss of the HygR gene 

(and/or GeneticinR and NatR genes), forming microcolonies. The high frequency of 

microcolonies in rad9Δ mutants suggests many events (~1 in 50 cells) initiate in the last 77 Kb 

of the chromosome.  
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From the high frequency of CanR HygR Ade+ aborted microcolonies we suggest that HygR 

unstable chromosomes are rapidly lost, causing the abortion of colony growth. We cannot 

directly test the fate of HygR unstable chromosomes in those microcolonies. Yet we can test 

the fate of HygR unstable chromosomes if they persist in some macrocolonies (sectored 

colonies). We recovered cells from a CanR HygR Ade+ sectored colony that must contain cells 

with the HygR gene. To test if the HygR gene is on an unstable chromosome, we allowed cells to 

divide on rich media (no selection); if the HygR gene is unstable, it may be lost during these 

rich-media cell divisions. Remarkably, we found that most CanR HygR Ade+ cells lost the HygR 

gene upon cell division; fully 51% of the cells from an initially CanR HygR Ade+ colony, when 

grown in rich media-grown, were now HygS (Figure 9C). The HygR gene is not inherently prone 

to loss, as a cell from a HygR allelic recombinant retains the HygR gene when grown in rich 

media colony (Figure 9C). We conclude, therefore, that HygR unstable chromosomes form 

frequently (~2% of rad9Δ cells) and are extremely unstable. Collectively, these data suggest 

that, like events in telomerase and tel1Δ mutants, events in rad9Δ mutants commonly initiate 

in or near the telomere, and the initial unstable chromosome is extremely unstable.   

 

Extreme instability in tel1Δ rrm3Δ double mutants 

To further test the link between DNA replication error and telomeres, we turned to the study 

of Tel1 and the DNA helicase, Rrm3. Tel1 is a protein kinase that regulates telomere length as 

well as the cell’s response to DNA double strand breaks and terminal replication forks [84,181–

184]. Tel1Δ mutants have a similar increase in unstable chromosomes as rad9Δ mutants ([155] 

and Figures 10A and 10B); an initially surprising result because, unlike rad9Δ mutants, tel1Δ 

mutants do not have a global repair defect, and we thought events initiated internally. Rrm3 is 

a DNA helicase that prevents fork stalling at many sites in the genome, including at telomeres 

[75,95,185]. We previously reported a modest increase in unstable chromosomes in rrm3Δ 

single mutants, consistent with a role for replication error and fork stalling in forming unstable 

chromosomes ([153] and Figures 10A and 10B). 
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We first characterized the allelic and relic recombinants formed in tel1Δ mutants. We found 

that tel1Δ mutants have an extremely high frequency of allelic recombinants enriched in the 

most telomere-proximal interval, consistent with a prominent role for Tel1 in preventing 

instability by acting at the telomere (Figures 10C and 18). And, similar to other mutants and 

random DNA error, tel1Δ sectored colonies generate relic recombinants with a substantial 

enrichment in the T-403IR-C region (Figure 10C). 

 

To test if there is a link between Tel1 and Rrm3 in preventing unstable chromosomes, we 

generated a tel1Δ rrm3Δ mutant. We found a dramatic synergy of unstable chromosome 

formation; the double mutants are at least 20 fold more unstable than either single mutant 

(Figures 10A and 10B). There are two possible explanations for the high frequency of unstable 

chromosomes in tel1Δ rrm3Δ double mutants. First, Rrm3 may be needed to prevent 

replication error at telomeres in tel1Δ mutants. Alternatively, Tel1 may be needed to minimize 

instability at any of the many sites where Rrm3 inhibits fork stalling. To test between the two 

explanations, we asked if tel1Δ rrm3Δ double mutants showed an exaggerated telomere defect 

relative to either single mutant. We found that telomeres of tel1Δ rrm3Δ double mutants were 

as short, and maybe a little shorter, than tel1Δ mutants (Figure 10E). Another test if tel1Δ 

rrm3Δ instability arises in the telomere would be from allelic recombinant profiles. 

Unfortunately, tel1Δ rrm3Δ are so unstable we cannot analyze them for technical reasons 

(Figure 18). We favor the view that events in the tel1Δ rrm3Δ initiate in the telomere, and 

await confirmation from other approaches. We also tested if an rrm3Δ mutation synergizes 

with the ADH-Est3-R110A allele, and did not detect synergy (Figure 18), suggesting Tel1 and 

Rrm3 have an interaction distinct from a telomerase defect.  

 

Telomere-proximal unstable chromosomes progress to centromere-proximal unstable 

chromosomes and resolve to relic chromosomes 

Finally, we wished to test if telomere-proximal unstable chromosomes progress to shorter 

unstable chromosomes (Figure 6B). We have presented some evidence of progression; 
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telomerase-defective induced sectored colonies contain relic recombinants in the T-403IR-C 

region (Figures 8C and 16). Here we test by additional methods if a longer unstable 

chromosome can convert to the shorter, specific T-403IR-C dicentric chromosome [133].  

 

To demonstrate that the single long unstable chromosome can progress and form the shorter 

specific dicentric, we use the logic and genetic constructs shown in Figure 11. The goal is to 

show that one sectored colony, derived of course from one unstable chromosome, forms relics 

indicative of long unstable chromosome and a relic indicative of the centromeric dicentric. We 

use a telomere-proximal marker, LYS5, 220 Kb from the telomere; detection of Lys+ relics 

would indicate a telomere-proximal unstable chromosome. We use a previously described set 

of DNA fragments that ultimately form a URA3 gene if a dicentric forms in the T-403IR-C site. 

In brief, we found previously that in sectored colonies, some cells undergo a recombination 

event between two inverted LTRs in the T-403IR-C site to form a dicentric, followed by 

recombination between two direct-repeat LTRs to delete one centromere and form an 

isochromosome. Fragments of URA3 were constructed to mimic the LTR recombination events, 

and we showed they do (see Figure 10A legend, [133]). In sum, then, if a sectored colony 

contains any Lys+ relics, that sectored colony had a long unstable chromosome. And, if that 

same sectored colony generates Ura+ cells, then that sectored colony also generated a shorter 

dicentric, resolved to an isochromosome.   

 

We thus simply screened rad9Δ CanR Ade+ sectored colonies generated by this strain for the 

presence of both Lys+ and Ura+ relics (Figure 11B). We found that most sectored colonies 

contained some Lys+ and Ura+ cells. (Ura+ cells were verified to contain a 1.2 Mb Ura+ 

translocation; Figures 11B and 19). Importantly, the frequency of Ura+ cells in the sectored 

colonies was about 5%, whereas the frequency of Ura+ cells in round colonies was less than 

0.001% (~104 lower).  (The Ura+ cells in round colonies, performed as a control, probably arise 

infrequently after an unstable chromosome forms from the stable CanR Ade+ chromosome.) We 

conclude that a single unstable chromosome can generate both Lys+ relics arising from long 
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unstable chromosomes, as well as the Ura+ isochromosome relic arising from a shorter unstable 

dicentric chromosome.  

 

Using this Lys+, Ura+ criteria, we next analyzed telomerase mutants, tel1Δ mutants, and wild 

type cells for progression of longer unstable chromosomes to shorter dicentrics to the Ura+ 

isochromosome. In each strain we again identified sectored colonies that had both Lys+ and 

Ura+ cells. And, we again found a higher frequency of Ura+ cells from sectored colonies than 

from round colonies, suggesting that longer unstable chromosomes frequently covert to the 

shorter dicentric. And, the Ura+ cells had a 1.2 Mb isochromosome, confirming the dicentric to 

isochromosome event (Figures 11B and 19). We did find that the frequencies of Ura+ cells in 

sectored colonies in wild type, tel1Δ and telomerase mutant strains are not as high as in rad9Δ 

mutants, for unknown reasons (Figure 19). Nevertheless, we conclude that longer unstable 

chromosomes, most of which probably initiate in the telomere, generate both longer relics 

(Lys+) and shorter, unstable dicentric chromosomes resolved to the isochromosome (Ura+). 

 

Discussion 

 

In this study we provide evidence that replication errors in or near the telomere generates 

unstable chromosomes, easily detected in a Chr VII disome system. The initial unstable 

chromosomes are either lost, resolved by recombination to form relic recombinants, or 

progress to shorter unstable chromosomes that, in turn, may resolve in a centromere-linked T-

403IR-C region we term a "collection site" (Figure 12). The evidence for this model is that first, 

unstable chromosome formation is increased in telomerase and tel1Δ mutants (Figures 8 and 

16), both with telomere-prominent roles (Figures 11A-C). Even rad9Δ mutants with no 

telomere-specific function initiate unstable chromosomes near telomeres (Figure 9). Second, a 

tel1Δ mutation synergizes with an rrm3Δ mutation to form extremely high frequencies of 

unstable chromosomes, furthering the link between DNA replication and telomere errors 
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(Figures 10A-B). Finally, initial longer unstable chromosomes can convert to shorter unstable 

chromosomes (Figure 11).  

 

We also clarify the role of the T-403IR-C site and region as what we call a collection region, 

where events that begin elsewhere resolve to stable chromosomes. Even random errors 

generated by MMS and HU form unstable chromosomes resolved in the collection region. We 

speculate here on the nature of replication error in telomeres that leads to unstable 

chromosomes, and how long unstable chromosomes might progress to short unstable 

chromosomes. (Also see Figure 15 for comments on the T-403IR-C region not being a site of 

initiation but of resolution, or collection, of unstable chromosomes that initiate elsewhere.)   

 

Here we discuss the mechanisms of initiating unstable chromosomes, their resolution, and how 

our conclusions differ from those of a previous related study [149,150].  

 

Telomere error is a common origin of unstable chromosomes in budding yeast 

We propose that telomere error, as opposed to random error along the arm, is perhaps the 

most common origin of unstable chromosomes in budding yeast. Telomere sequences are known 

to be unstable; they fuse in budding yeast [114,137] and in mammalian cells [169,172], and 

form unstable chromosomes (this study). Not unexpectedly, telomeres are a major source of 

rearrangements in evolution [34,186] and experimentally [35,39]. And we note that for 

telomere error in telomerase mutants, ~80% of the recombinants are unstable chromosomes, 

and ~20% are allelic recombinants (Figures 8 and 16). We infer all together that telomere error 

is a predominant source of instability in the genome, in particular in formation of unstable 

chromosomes. That telomeres are a major source of instability is not testable, as there is not 

method to test instability along every kilobase of a chromosome, to our knowledge. 

 

Why are telomeres such a common source of error? We and others posit two explanations, 

discussed in turn below. First, telomerase itself may prevent replication error, or facilitate 
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repair of replication error, by somehow interacting with the replisome and the telomere. 

Second, shorter telomeres per se may simply leave the chromosome end susceptible to 

degradation.   

 

Telomere replication error and instability 

Our previous extensive genetic analysis suggested that instability initiates following DNA 

replication errors [133,153,154]. Our current reevaluation of unstable chromosomes connects 

replication error with the telomere. There is of course ample precedence for problematic 

replication through telomeric sequences; the loss of telomere binding proteins and replication 

factors causes replication fork failure and thus telomere fragility in mammalian cells, in 

budding and in fission yeasts [95,96,163–165].  

 

How might replication of telomeres generate instability, in particular unstable chromosomes? 

We imagine two models, one of events at a failing replication fork and the second behind the 

failed replication fork (Figure 12). Error at the fork may form a so-called "closed fork". Or error 

at the fork may form a reversed fork first, and then forms a closed fork (Figure 12 Box A) 

[84,134]. Reversed forks are popular in many models of fork error [158]. Alternatively, a failing 

fork may replicate to chromosomes' end, and leave error (e.g. single stranded gaps or DNA 

double strand breaks). The damaged chromosome may then fuse to form dicentrics by any of 

several imaginable mechanisms (a faulty template-switch or fold back hairpin in Figure 12 Box 

B; [133,136,178].) Our elusive unstable chromosome may be either a bonafide dicentric made 

as the fork fails, or may be a linear chromosome with gaps formed behind the failed fork, or 

some other unknown structure.   

 

We cannot readily distinguish between the various models. For example, defects in the Rrm3 

DNA helicase increases formation of unstable chromosomes, though it is not known if rrm3Δ 

mutants are more prone to forming a closed fork structure, or preferentially leave gaps in fully 

replicated chromosomes. Similar ambiguity in mechanistic interpretation accompanies mutants 
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in Rad9, Mec1, Rad53, Rad18 and many other proteins required for maintenance of 

chromosome stability [133,153–155]. The only mechanistic clue we currently have is that 

unstable chromosomes typically form in some mutants independent of non-homologous end 

joining (NHEJ), homologous recombination (HR), and single strand annealing (SSA). Thus, we 

proposed a "faulty template-switch" as in closed fork model, to form dicentrics [133]. Mutants 

like tel1Δ rrm3Δ with extremely high frequencies of instability potentially provide tools to 

identify unstable chromosome and further define what happens to failing replication in 

telomeres. 

 

Might telomere-initiated instability be caused by genome-wide replication stress?   

We consider the possibility that telomere error causing unstable chromosomes may be 

indirectly induced by DNA replication stress in the whole genome. It was recently suggested 

that telomerase might move with the replication fork through the telomere [69].  It is possible 

that telomerase might even localize to an internal replication fork when there are errors in TG 

rich sequences. This might result in the titration of telomerase away from the telomeres 

towards internal sites. The competition for telomerase could lead to telomere shortening and 

then terminal replication error [84]. Is there evidence for genome-wide replication stress 

causing telomere instability? We find it curious that cells treated with MMS and HU suffer an 

enrichment of telomeric allelic recombinants (in addition to relics enriched at the collection 

site; Figures 14 and 18). Characterization of the relationship between telomere maintenance 

and genome-wide replication stress awaits further study.  

 

To what extent is instability due to telomere resection or to unstable chromosomes? 

 Telomere dysfunction does result in chromosome end degradation [112,113]. A previous study 

related directly to our current study concluded, in fact, that telomerase defects in budding 

yeast cause chromosome instability by permitting end degradation. Hackett, Feldser, and 

Greider carried out elegant experiments that led to this conclusion [149,150]. They even 

generated a dicentric artificially, showing that it generates recombinants all along the 
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chromosome arm, while a telomerase defect generated recombinants only near the telomere.  

They provided genetic evidence that instability arose due to end degradation (reduced in an 

exo1Δ mutant), and not dicentric formation [149]. 

 

The results of our study suggest a different conclusion, that telomerase defect generates two 

consequences. First, a telomerase defect causes allelic recombination near the telomere, as 

seen by Hackett, et al. [149,150]. And, a second consequence not detected by Hackett, et al., 

a telomerase defect causes formation of unstable chromosomes, and dicentrics, leading to 

chromosome-wide changes. The role of degradation per se we address below. Why do our two 

studies study differ in conclusions? There are a myriad of technical differences we think minor 

(different telomerase alleles; diploids versus disomes; though the same Chr VII arm was used in 

both studies). Yet the key major difference we believe is the following: we can detect both 

stable (allelic) and unstable recombinants (generating relics), while they detected only stable 

allelic recombinants; the generation and fate of unstable chromosomes was completely missed 

in their study (Figure 20). Unstable chromosomes account for about 80% of the rearranged 

chromosome products recovered from a telomerase defect. Why can we detect unstable 

chromosomes but they could not? Our system generates a unique product, a slow growing but 

distinctive sectored colony, arising from unstable chromosomes that would be over-grown were 

it in the presence of allelic recombinants. Their system could not achieve separation of stable 

alleles from unstable chromosomes. Note that we do find, as they did find, that telomerase 

mutant cells generate mostly telomere proximal allelic recombinants.  

 

Below we discuss the possible role of degradation (and in a separate study we examine 

genetically the role of Exo1 in telomerase mutants in instability using the Chr VII disome.)   

 

A speculative role for degradation in early steps of instability 

It may be that telomere resection is involved in forming an early CanR unstable chromosome. 

This supposition comes from a puzzling feature of the Chr VII disome and CAN1: given that the 
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telomere and CAN1 are ~30Kb apart, how does telomere instability inactivate CAN1? There are 

of course many possible explanations, but little data to distinguish between them. DNA 

sequences near the telomere may interact with sequences centromere-proximal to CAN1, 

deleting the terminal > 30 Kb as an initial event. Such an interaction may involve looping of 

DNA, or DNA degradation. Or a first unstable chromosome may occur near the telomere, 

leaving CAN1 intact, and then a second rearrangement eliminates CAN1. Studies where we can 

detect instability arising in a single cell cycle, using mutants with high frequency of instability, 

may address the nature of the initial event(s) arising from the telomere and effecting CAN1. 

 

Unstable chromosome progression to a common collection region  

We have shown that unstable chromosome formed by telomere error progress ~400 Kb to an 

internal region of the chromosomes. This progression may arise by either successive breakage-

fusion-bridge cycles or extensive degradation. The traditional mechanism of progression is the 

breakage-fusion-bridge (BFB) cycle between dicentrics, first proposed by McClintock [18,19]. In 

the BFB model, an initial dicentric chromosome breaks and then the broken sisters fuse to form 

a second, shorter dicentric. The BFB cycle generates signature rearrangements, Kb long 

duplicated and then inverted repeats, that we have not detected in studies of Chr VII. The only 

abnormal structure we have recovered is the isochromosome that does not have extensive BFB-

like repeats [153]. We have ruled out the canonical mechanisms of fusion (NHEJ, HR and SSA 

[133]) for at least some unstable chromosomes, though fusion between sister chromosomes 

might arise by some other mechanism (template switch of replication forks nearing a double 

strand break, for example).  

 

If progression does not arise by cycles of BFB, then how might a long unstable chromosome 

convert to a smaller one? First, progression might arise simply by degradation from the 

telomere.  After degradation, the sisters might then fuse (template switch). The rate of 

degradation is believed to be about 4 Kb per hour; therefore conversion of a linear 

chromosome to a centromeric collection site 400 Kb away seems unlikely (requiring about ~50 
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generation times of degradation). We find telomere-proximal unstable chromosomes convert to 

relics in the collection region in less than 20 generations. In addition, unstable chromosomes 

that are simply being degraded should activate the RAD9 checkpoint and delay colony 

formation; we have not detected differences in sectored colony formation between rad9Δ 

mutants and other mutants with the checkpoint intact (e.g. rad51Δ). Thus, degradation per se 

from linear chromosomes seems an unlikely mechanism of progression. One prediction of a 

linear degradation model is that relic recombinants of different types would arise sequentially; 

we have not yet detected any such pattern, comparing relics from early and late sectored 

colonies.  

 

It seems more likely that an unstable, perhaps dicentric forms near the telomere, which then 

breaks more centromere-proximal. Degradation may ensue from the broken chromosome, 

enabling recombination in the collection region (allelic recombination or dicentric formation).   

 

The collection region 

The enrichment of relics from unstable chromosome in the T-403IR-C region remains perplexing 

(Figures 7C and 15). The T-403IR-C 4kb site is clearly not the reason for enrichment, as it can 

be deleted with no effect on frequency nor enrichment. A clue to the collection site 

mechanism arises from a recent study mapping regions of dicentric breaks provides an 

hypothesis [148]. Basically, when a dicentric forms, it stretches between mother and daughter 

cell, and there may be nucleases at the bud neck that break the dicentric. The preferential 

collection site may thus be a consequence of dicentric size dictating its geometry to the bud 

neck, the site of nuclease cleavage, and the relics recovered.  

 

Ontogeny of unstable chromosomes reveals novel trajectories of instability 

In conclusion, the Chr VII disome provides a model to study how replication fork error in 

telomeres leads to unstable chromosomes, and how initial unstable chromosomes progress. A 

number of questions remain. Development of yeast strains that form unstable chromosomes in 
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a single cell cycle, and at high frequency (~1 in 30 cells), will provide methods to answer the 

many questions of replication, telomere and unstable chromosome biology. 

 

 

Methods 

 

Yeast strains 

Strains are derived from the A364a strain described previously [133,153,187]. The TY200 wild 

type Chr VII disome strain is MATα +/hxk2::CAN1 lys5/+ cyhr/CYHS trp5/+ leu1/+ cenVII ade6/+ 

+/ade3, ura3-52. CAN1 on Chr V has been mutated and inserted in one Chr VII homolog [152]. 

TY206 contains a rad9Δ::ura3 null mutation generated from the TY200 starting strain. 

Additional strains were generated by LiAC/ssDNA/PEG transformation of TY200 or TY206 strains 

with DNA fragments or with plasmids. Strains were verified by genetic analysis, Southern 

analysis, and/or PCR. For all mutants reported, at least two separate strains were made and 

analyzed for similar phenotypes.  

 

Telomerase defective strains were made by transformation of TY200 cells with high-copy 2µ 

plasmids (see Table 2).  

 

The extensively marked Chr VII disome (Figure 9A) was constructed by transforming rad9Δ cells 

with DNA fragments containing selectable markers flanked by 45 bp of homology to the 

targeted Chr VII locus [188]. DNA fragments were synthesized by PCR amplification of drug 

resistant genes from plasmids (HPH from pAG32, KANMX4 from pRS400, NAT1 from pmrc1NAT1) 

with primers containing 45 bp of homology to DNA of each targeted region. The hygromycin 

resistance gene (HPH) replaced Chr VII 75000 bp – 76050 bp, geneticin resistance gene 

(KANMX4) replaced Chr VII 121500 bp – 122100 bp, nourseothricin resistance gene (NAT) 

replaced Chr VII 286400 bp - 287300 bp. Cells were then transformed and candidate drug 

resistant clones were verified by PCR using primers outside of the region. Genetic analysis was 
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performed to verify selectable markers were integrated along the CAN1 homolog (canavanine 

resistant colonies became sensitive to the selectable drugs (hygromycin, geneticin, and 

nourseothricin)). 

 

The URA3 inverted repeat module (Figures 11 and 19) was constructed as previously described 

(Figure 16 from [133]). Briefly, URA3 gene fragments were joined to drug resistance genes to 

generate two cassettes (RA:Nat1:RU or A3:KanMX4) that were inserted into plasmids containing 

~500 bp of sequence flanking sites 403 Kb or 535 Kb along Chr VII (RA-NAT1-RU within pRS406-

403 and A3-KanMX4 within pRS406-535). Plasmids were digested with restriction enzymes to 

liberate the targeting fragment and TY200 cells were transformed and selected for drug 

resistance. Insertions into candidate drug resistant clones were verified by PCR and genetic 

analyses. 

 

tel1Δ and tel1Δ rrm3Δ strains were generated by PCR amplification of KanMX4-marked gene 

replacements from the Euroscarf strain using primers that flank each gene. A URA3 allele was 

introduced to replace the KanMX4 allele of the tel1Δ single mutant. 

 

The following drug concentrations were used for drug resistant selection of transformed cells: 

canavanine (Can; 60µg/mL), G418/geneticin (100µg/mL), hygromycin B (300µg/mL), and 

nourseothricin (Nat; 50µg/mL).  

 

The inverted repeat deletion strains were generated by transformation of cells with DNA 

constructs containing drug resistance genes flanked by 45 bp of homology to the Chr VII region 

to be disrupted [188]. The T-403IR-CΔ spans Chr VII sequences 401498 bp to 405567 bp. The T-

320IR-CΔ spans Chr VII sequences 318631 bp to 319390 bp. Inverted repeat regions were 

removed from both Chr VII homologs by consecutive transformations followed by genetic 

analysis to ensure selective markers integrated into the targeted Chr VII homolog and that all 

Chr VII disome auxotrophic markers were retained. Further, PCR was performed flanking the 
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inverted repeat deletion regions to verify that selective markers replaced the regions. 

Karyotypes of strains were unaltered, as determined by Pulse Field Gel Electrophoresis. 

 

Chromosome instability assays 

Genetic analyses to determine the frequencies of unstable chromosomes, allelic recombinants, 

and chromosome loss were performed as described previously [153]. Briefly, single cells 

retaining both intact Chr VII homologs were plated to rich media plates (YEPD, 2% dextrose) 

and grown for 2-3 days at 30°C to form colonies. Chromosome changes occur as cells grow on 

rich media plates. Individual colonies were suspended in water, cells were counted with a 

haemocytometer and plated to media lacking arginine and serine to measure cell viability and 

selective media to measure instability. To measure cell viability, cells were grown overnight 

(~18 hrs) at 30°C. The average percentage of viable cells was determined by counting the 

number of microcolonies grown within a population (approximately 500 cells were observed per 

sample). To determine frequencies of chromosome loss, cells were plated to selective media 

containing canavanine (60µg/mL) and all essential amino acids except arginine and serine. Loss 

was determined following replica plating to genetically identify Ade-, Trp-, Leu-, Lys- colonies. 

To determine frequencies of allelic recombination or unstable chromosomes, the selective 

media also lacked adenine. Cells were grown on selective media plates for 5 days at 30° C and 

then colonies were counted based on morphology (round or sectored, see Figure 6A). The 

frequency of chromosome events was calculated after normalizing the total number of cells 

plated by the percentage of cell viability. Average frequencies and standard deviations were 

determined from analysis of at least six colonies grown on rich media then plated to selective 

media. Statistical tests were performed using the Kruskal-Wallis method [189]. 

 

To determine frequencies of chromosome changes after exposure to HU or MMS, cells were 

plated to rich media plates with or without drug (YEPD, 2% dextrose; YEPD, 2% dextrose + 

100mM Hydroxyurea; or YEPD, 2% dextrose + 0.01% Methyl methanesulfonate). Cells were 

incubated for 6 hrs at 30°C, and then washed from plates, rinsed with water twice, and plated 
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to canavanine selective medias (with or without adenine) to determine frequency of 

chromosome events as described above. 

 

To determine the frequencies of chromosome events in cells containing telomerase mutations, 

strains containing plasmids (Est1 and Est3 alleles and control vectors) were plated to media 

lacking either histidine (for strains containing the 2µ HIS3 vector, ADH-EST1::HIS3, or ADH-Est1-

K444E::HIS3) or media lacking uracil (for strains containing the 2µ URA3 vector, ADH-

EST3::URA3, or ADH-Est3-R110A::URA3) to retain plasmids. Strains were passaged on each 

respective dropout media plate (-histidine or –uracil) for approximately 70 generations for early 

passage assays or 200 generations for late passage assays. Individual colonies were then plated 

to canavanine selective media to determine frequency of chromosome events as described 

above. 

 

To determine frequencies of microcolonies on canavanine selective media plates, cells from 

the extensively marked rad9Δ cells (Figure 9A) were grown on rich media and individual 

colonies were then suspended in water, counted, and plated for viability and to selective 

media (as described above). About 105 cells were plated to canavanine media lacking adenine, 

and ~8 x 105 cells were plated to media containing canavanine, hygromycin, geneticin, and 

nourseothricin, but lacking lysine and adenine (fewer cells grow under the increased selection; 

Figure 17). Cells were grown for 5 days at 30° C and were then assayed for macrocolony 

(sectored or round colonies) and microcolony growth. Macrocolony frequencies were calculated 

as described above. Microcolony frequencies were determined by counting the number of 

microcolonies within a microscopic field of vision (microcolonies were defined as cell clusters 

containing ≥ 10 cells and < 106 cells and not visible macroscopically by eye.) At least 400 cell 

populations were observed per plate and then the average percentage of microcolonies per 

population was calculated. For example, if four fields of vision are observed with: 5/100 (5%), 

4/150 (2.7%), 4/100 (4%), and 4/150 (2.7%) microcolonies then we estimate that an average of 
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3.6% (frequency of 3.6 x 10-2) of the cell population plated forms microcolonies. Average 

frequencies and standard deviations were determined from the analysis of at least six colonies. 

 

Phenotypic analysis of altered chromosomes 

Pooled Lineage Analysis: Chromosome instability assays were performed from 6 or more 

individual rich-media grown colonies per strain. Then, cells from approximately 50 round or 

sectored CanR Ade+ colonies were pooled, and suspended in water. Approximately 100 cells 

were then plated to each of four or five rich media plates, and grown for 2-3 days to form 

colonies. Thus, about 400-500 cells from round or sectored colonies were allowed to form 

colonies. Colonies were replica plated to synthetic media or media containing drugs 

(hygromycin, geneticin, or nourseothricin) and grown for 2 days at 30°C, and growth assessed. 

For example, a colony that was replica plated and growing on –lysine, - tryptophan, -leucine, 

and –adenine dropout media plates, but not growing on -adenine dropout media containing 

cychloximide drug would be scored as having a recombination event within the first interval of 

the Chr VII disome (this would result in loss of CAN1 but retention of all other Chr VII disome 

genetic markers (Figure 7A), including CYH2 allele which confers sensitivity to cycloheximide 

drug). The percentage of allelic recombinants or relic recombinants per pooled population was 

determined by dividing the number genetic recombinants per interval by the total number of 

recombinant colonies assayed in the pooled population (the total number of recombinant 

colonies does not include colonies that had lost the chromosome or colonies with “other” 

genotypes). “Other” genotypes refer to complex genotypes in which multiple genotypes were 

found within a single colony (for example, a single colony had ~50% of cells with a relic 

recombinant genotype and ~50% of cells with chromosome loss). In these "other" colonies, the 

initial cell from the sectored colony must have been still unstable (a phenotype we called 

"fragmented" in [153]). 

 

Z scores were calculated to determine the statistical significance between the proportion of 

HygR and HygS populations from stable and unstable colony pooled lineages in Figure 9C. 
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Genetic Marker Retention: To determine the presence of genetic markers within cells (as in 

Figures 11B and 17) in which even one cell retained a marker, entire individual round or 

sectored CanR Ade+ colonies (~106 cells/colony) were suspended in microtiter wells containing 

50µl water and replica-pinned onto selective media plates (~105 cells replica-pinned). Cells 

were grown for 2 days at 30°C and then scored for presence or loss of genetic marker based on 

growth of at least one colony on each selective media. To determine quantitatively the 

frequency of cells retaining genetic markers within round or sectored colonies (as in Figure 

11B), cells from individual colonies were suspended in water, counted by haemocytomer, and 

then cells were plated to solid media selecting for each drug resistance or auxotrophic marker. 

Cells were grown for 2 days at 30°C and the number of colonies grown on selective media were 

counted. 

 

Imaging of arrested microcolonies 

Approximately 8 x 105 rad9Δ cells (with extensively marked Chr VII disome homologs, see Figure 

9A) from individual colonies grown on rich media (YEPD, 2% dextrose) were suspended in water 

and plated to selective media containing canavanine, hygromycin, geneticin, and nurseothricin, 

but lacking lysine and adenine. Cells were grown for 3 days at 30° C and then observed for 

microcolonies (~1 c – 1000c). Microcolonies were manually demarcated and imaged daily from 

3d – 5d of growth at 30° C. 

 

Pulsed field gel electrophoresis and southern blot analysis of altered chromosomes 

To identify potentially altered chromosomes, cells from CanR Ade+ sectored colonies (Figure 15) 

or from Ura+ cells isolated from CanR Ade+ sectored colonies (Figure 19) were grown to 

stationary phase in 5mLs of selective media lacking adenine. DNA agarose plugs were prepared 

and chromosomes were separated by pulsed field gel electrophoresis using conditions that 

optimize for separation of 1100 Kb (native) and 1200 Kb (translocation) chromosome sizes. 
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Standard southern hybridization conditions were performed using a 32P-labeled probe to Chr VII 

sequences 503875 bp – 505092 bp.  

 

Southern blot analysis of telomere length 

To determine the length of telomeres in Figures 10 and 16, genomic DNA was prepared from 

two individual colonies per strain (growth conditions are described for each strain below) and 

digested with XhoI restriction enzyme. XhoI-digested genomic DNA was subjected to 0.8% 

agarose gel electrophoresis and hybridized with a 32P-labeled poly(GT) probe. Standard 

hybridization conditions were used.  

 

Figure 10 strain growth conditions: wild type, rrm3Δ, tel1Δ, or tel1Δ rrm3Δ cells were grown 

from freezer stock. Individual colonies were grown on rich media, isolated and then grown in 

liquid rich media from which genomic DNA was prepared. Each mutant strain had grown for 

approximately 80 generations after null deletion at the time of genomic DNA prep. Figure 16 

strain growth conditions: wild type cells were transformed with either the 2µ HIS3 or 2µ URA3 

vectors or the ADH-Est1-K444E::HIS3 or ADH-Est3-R110A::URA3 plasmids and were passaged for 

either ~70 generations (early passage) or ~200 generations (late passage). Individual colonies 

were grown on dropout medium (lacking either histidine or uracil), isolated, and then grown in 

liquid dropout media from which genomic DNA was prepared 
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Figure 6. The Chr VII disome system detects unstable chromosomes. 

Figure 7. Unstable chromosomes resolve to the T-403IR-C region. 

Figure 8. Telomerase defects cause chromosome instability. 

Figure 9. Longer HygR unstable chromosomes are highly unstable. 

Figure 10. Synergistic increase in unstable chromosomes in tel1∆ rrm3∆ double mutants. 

Figure 11. Longer unstable chromosomes progress to a shorter unstable dicentric 

chromosome. 

Figure 12. Telomere replication error generates unstable chromosomes and global 

instability.  
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Table 1. Saccharomyces cerevisiae strains used in Chapter 2. 

Table 2. Plasmids used in Chapter 2. 

 

 

 



 63 

Beyer Figure 6 

 

 

Figure 6. The Chr VII disome system detects unstable chromosomes 

(A) Diagrams of Chr VII homologs in the starting strain (one gray, one black). Genetic markers 

are labeled in their approximate locations (scale above homologs); a (+) or (-) indicates the 

functional status of each allele. In the T-403IR-C site inverted repeats: open and black 

arrowheads are Ty3 LTR sigma 2 and sigma 3, respectively (each is ~200 bp); telomeres: black 

diagonal rectangles; centromeres: gray or black circles. Blue and red boxes: CanR round 

colonies with stable chromosome changes (blue box) or CanR sectored colonies formed by an 

unstable chromosome and forming multiple chromosome changes (red box). Gray and black 

lines represent Chr VII sequences from each homolog. (B) The five possible fates of unstable 
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chromosomes: 1) the same unstable chromosome is inherited by the daughter cell, 2) further 

change to form a different unstable chromosome, 3) loss, 4) cell death, or 5) allelic 

recombination to form a “relic recombinant.” (C) How genetic diversity may arise in a sectored 

colony. See text for explanation. Changes to Chr VII are shown in cells; shaded indicates cell 

death, absence of a Chr VII indicates loss. (D) How relic recombinants arise. The initial 

chromosomes (top) replicate with error, forming a G2 cell with fused sisters of the bottom 

homolog. That unstable chromosome breaks, and undergoes recombination with the homolog 

(denoted by X’s; solid line for this example, dashed lines others that are possible). Co-

segregation of #1 and #3 forms a stable relic recombinant (labeled below). The unstable 

chromosome may instead undergo complex reactions to form an isochromosome (not depicted). 
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Beyer Figure 7 

 

Figure 7. Unstable chromosomes resolve to the T-403IR-C region  

(A) Relic recombinants can form in any genetic interval (labeled 1 through 5). Graph below 

shows the distribution of relics in rad9Δ CanR Ade+ sectored colonies generated by growth with 

or without a 6 hr MMS exposure. N=387 for untreated, and N=260 for MMS-treated. Each 

percent value represents the percentage of relic recombinants in a particular interval. (B) 

Distributions of relic recombinants, loss and “other” from rad9Δ CanR Ade+ sectored colonies. 

N=438 for untreated, and N=332 for MMS-treated. Other: complex genotypes (i.e.: some cells in 

a sectored colony are still unstable, forming a colony on rich media that, upon replica plating, 

is half loss and half a relic recombinant.) (C) Frequency of the three instability events in wild 

type and rad9Δ mutants. Average frequency ± standard deviation shown. Fold changes are in 

parentheses and are relative to same strain without drug treatment, or the T-403IR-C site 
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deletion (rad9Δ T-403IR-CΔ) relative to rad9Δ. Statistically significant differences are in bold 

(**P < 0.01, Kruskal Wallis test).  
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Beyer Figure 8 

 

 

Figure 8. Telomerase defects cause chromosome instability  

(A) The average frequency of unstable chromosomes (horizontal line) from wild type cells 

expressing telomerase alleles. Single points represent individual experiments. Wild type cells 

contain 2u plasmids of either vector alone (2µ HIS3); a wild type telomerase allele (ADH-
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EST1::HIS3); or a dominant negative allele (ADH-Est1-K444E::HIS3). Early and late passage cells 

grew ~70 and ~200 generations from transformation, respectively. Statistically significant 

differences are in brackets (*P < 0.05, **P < 0.01, Kruskal Wallis test). Fold changes between 

pairs of strains indicated above brackets, and within early or late passage group above mean 

bars. (B) Telomerase mutants induce all three forms of instability. Average frequency ± 

standard deviation is shown. Fold changes within respective passage group are shown in 

parentheses. Statistically significant differences are in bold (*P value < 0.05, **P value < 0.01, 

Kruskal Wallis test); EP: early passage cells, LP: late passage cells. (C) Genetic distributions of 

relic recombinants from vector (N=345) and ADH-Est1-K444E (N=712) CanR Ade+ sectored 

colonies. (D) Distributions of relic recombinants, loss or "other" recovered from CanR Ade+ 

sectored colonies from vector (N= 640) and ADH-Est1-K444E (N=844). (E) Genetic distributions 

of allelic recombinants from vector (N=699) and ADH-Est1-K444E (N=747) CanR Ade+ round 

colonies. 
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Beyer Figure 9 

 

Figure 9. Longer HygR unstable chromosomes are highly unstable  
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(A) Diagrams of Chr VII homologs engineered with additional genetic markers (HygR (HPH) at 75 

Kb, GeneticinR (KANMX) at 120 Kb, and NatR (NAT) at 280 Kb). (B) i. Three representative 

microcolonies that ceased growing after day 3 on Can+Hyg-Ade selective plates. ii. 

Macrocolonies after day 5. iii. The average frequency ± standard deviation of micro and macro 

colonies from Can+Hyg-Ade selection and Can-Ade selection. (C) Protocol and results of "rich 

media chase" test of HygR unstable chromosomes. i. Cells from sectored (experimental) or 

round (control) colonies (top) were plated onto rich media and allowed to form colonies 

(middle) that were subsequently phenotyped by replica plating (bottom). Here 2 or 3 and 3 of 3 

experimental and control cells, respectively, formed HygR colonies ii. Bar graph shows the 

average percent of Hyg phenotypes from rich-media grown colonies derived from sectored 

colonies (N=1537) or round colonies (N=2195). Four independent experiments were performed. 

Statistically significant difference *P < 0.01, Z test for differences between two proportions. 
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Beyer Figure 10 

 

 

 

Figure 10. Synergistic increase in unstable chromosomes in tel1Δ rrm3Δ double mutants  
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(A) The average frequency of unstable chromosomes (horizontal line) from wild type and 

mutant cells. Single points represent individual experiments. Statistically significant 

differences are in brackets (**P < 0.01, Kruskal Wallis test). Fold changes shown above 

brackets. Fold changes between wild type and mutant strains are shown above mean bars. (B) 

Frequency of three instability events in tel1Δ rrm3Δ mutants. Average frequency ± standard 

deviation shown. Fold changes are in parentheses and are relative to wild type. Statistically 

significant differences are in bold (*P value < 0.05, **P value < 0.01, Kruskal Wallis test). (C) 

Genetic distributions of tel1Δ allelic recombinants (N=1045) and relic recombinants (N=416) in 

specific genetic intervals from CanR Ade+ round and sectored colonies, respectively. (D) 

Distributions of relic recombinants, loss, or “other” recovered from tel1Δ CanR Ade+ sectored 

colonies (N=638). (E) Telomere length analysis. Southern blot analysis of XhoI-digested DNA 

from exponentially growing cells, using a poly (GT) telomere-specific probe. Two independent 

colonies of each strain were analyzed. Two strains of tel1Δ rrm3Δ were analyzed. 
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Beyer Figure 11 

 

Figure 11. Longer unstable chromosomes progress to a shorter unstable dicentric 

chromosome 

(A) Model of conversion of a long unstable chromosome to a shorter unstable dicentric. The 

URA3 gene was divided into three fragments and inserted into the LTR regions of Chr VII as 

discussed in text and [133]. An initial (or early) fusion between Chr VII sisters (i) with the CAN1 

homolog forms a Lys+ unstable chromosome (ii). The Lys+ unstable chromosome then undergoes 

Rearrangement #1, a fusion of UR and RA gene fragments (in inverted orientation), to generate 

a Lys- dicentric chromosome (iii). The Lys- URA unstable dicentric then undergoes 
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Rearrangement #2 to form the isochromosome (iv). A circle DNA molecule product is 

hypothetical. The Ura+ isochromosome was verified by pulsefield gels to be 1.2 Mb in size, 

larger than the unrearranged 1.1 Mb initial Chr VII (Figure 19). (B) Scheme to test what fraction 

of sectored and round colonies had Ura+ and Lys+ cells. Table shows the percent of sectored 

colonies that had both Lys+ and Ura+ cells, divided by total Lys+ cells, and how many Ura+ cells 

per colony. Average frequency ± standard deviation of Ura+ cells from CanR Ade+ sectored 

colonies that contained any Lys+ cells. 
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Beyer Figure 12 

 

 

Figure 12. Telomere replication error generates unstable chromosomes and global 

instability 

 In i to ii: as telomeres shorten (3 rectangles reduced to 1) unresolved replication errors arise 

at the chromosome end (iii; green diamond represents some error). The, replication errors may 

arise at the fork (iiiA) or after the fork (iiiB). This forms an initial unstable chromosome (iv) 

that undergoes further instability. The unstable chromosome has multiple possible fates (see 

Figure 6B); the one shown here shows formation of the isochromosome (iv to v to vi). Symbols: 

Terminal TG repeats of telomere: black diagonal rectangles; Internal-most TG repeats of 

telomere: maroon diagonal rectangles; Obstacle to the replisome: green diamond; Lagging 

strand synthesis: orange arrows; Leading strand synthesis: blue arrow; T-403IR-C inverted 

repeats (Ty3 LTR sequences, Figure 6A): open and blue arrowheads. 
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Beyer Figure 13 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. The selection scheme used to study chromosome changes 

i. Cells starting with both Chr VII homologs (only the CAN1 homolog is shown) are grown on 

non-selective rich media. As cells divide to form a colony, spontaneous chromosome changes 

arise. The red cell in the colony contains an unstable chromosome (shown as a dicentric). ii. 

Cells are then plated to canavanine media to select for chromosomes that have lost CAN1. 

Shown are three cells; the first two cells die on the selective media because they retained 

CAN1 (CanS), but the red cell had lost CAN1, survives, and contains the unstable chromosome. 

iii. As that red cell then divides on selective media, the unstable chromosome incurs further 

rearrangements (see the five fates of unstable chromosomes, Figure 6B). Thus, the sectored 

colony formed contains cells with many different chromosome rearrangements, as well as cells 

that have lost the chromosome or have died. 
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Beyer Figure 14 

 

Figure 14. Recombinant genetic distributions in wild type and rad9Δ are unchanged after 

random damage 

(A, D) Genetic distributions of allelic recombinants in cells from CanR Ade+ stable colonies after 

either no treatment (wild type N=397, rad9Δ N=420), or a 6 hr HU exposure (wild type N=459, 

rad9Δ N=374), or a 6 hr MMS exposure (wild type N=427, rad9Δ N=476). (B, E) Genetic 

distributions of relic recombinants in cells from CanR Ade+ unstable colonies after either no 

treatment (wild type N=154, rad9Δ N=387), or a 6 hr HU exposure (wild type N=169, rad9Δ 

N=379), or a 6 hr MMS exposure (wild type N=255, rad9Δ N=260). (C, F) Distributions of relic 

recombinants, loss, and “other” from wild type or rad9Δ CanR Ade+ sectored colonies (wild 

type: untreated N=265, HU exposure N=397, MMS exposure N=397, rad9Δ: untreated N=438, HU 

exposure N=493, MMS exposure N=332).  
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HU and MMS exposure induces unstable chromosomes in wild type and rad9Δ (see Figure 7C), 

but surprisingly does not change the genetic distributions of relic, or allelic, recombinants. The 

unchanged distribution of relic recombinants after random damage suggests either that 

unstable chromosomes initiate randomly and then recover to the T-403IR-C region or that even 

random damage initiates telomeric instability (see Discussion). We propose that the T-403IR-C 

region is a “collection site”, as opposed to a fragile site where events begin. 
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Beyer Figure 15 

 

Figure 15. Unstable chromosomes form in the absence of T-403IR-C site with its tRNA genes 

and inverted repeats 
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(A) The T-403IR-C inverted repeats (LTR σ sequences, S2 and S3), and/or the T-320IR-C (LTR δ 

sequences, D4 and D5) inverted repeats, were deleted from both Chr VII homologs (deletion 

sizes indicated). In addition to the LTR sequences, the 4069 bp deletion in the T-403IR-C site 

removed two tRNA genes, PRM8, MST27, and two LTR δ sequences (D7 and D9). (B) Frequency 

of three instability events in inverted repeat deletion strains relative to controls with intact 

inverted repeats. Average frequency ± standard deviation shown. Fold changes are in 

parentheses and are relative to same strain with intact inverted repeats. Statistically 

significant differences are in bold (*P value < 0.05, **P value < 0.01, Kruskal Wallis test). (C) 

Genetic distributions of allelic recombinants in specific genetic intervals from CanR Ade+ 

sectored colonies from rad9Δ (N=837), rad9Δ T-403IR-CΔ (N=609), and rad9Δ T-320IR-CΔ T-

403IR-CΔ (N=878). (D) Genetic distributions of relic recombinants in specific genetic intervals 

from CanR Ade+ sectored colonies from rad9Δ (N=994), rad9Δ T-403IR-CΔ (N=384), and rad9Δ T-

320IR-CΔ T-403IR-CΔ (N=532). (E) Distributions of relic recombinants, loss, or “other” 

recovered from CanR Ade+ sectored colonies from rad9Δ (N=1134), rad9Δ T-403IR-CΔ (N=445), 

and rad9Δ T-320IR-CΔ T-403IR-CΔ (N=594). Relics: relic recombinants, Loss: chromosome loss, 

Other: complex genotypes (i.e.: half of the cells in a colony have lost the chromosome and the 

other half retain a relic recombinant.) (F) Pulsed field gel stained with ethidium bromide. 

Individual CanR Ade+ sectored colonies (unstable colonies) were grown from rad9Δ T-320IR-CΔ 

T-403IR-CΔ. Control: rad9Δ T-320IR-CΔ T-403IR-CΔ stock cells. (G) Southern blot of pulsed field 

gel in Figure 15F using a probe to the Chr VII centromere (Chr VII 500 Kb). 

 

The T-403IR-C Site: A collection site, rather than a fragile site 

 

The T-403IR-C site contains a number of sequence features that suggest it is a site of initial 

instability (Figure 6A). Opposing tRNA genes stall replication forks that converge on this site 

[153]; this is a known termination site [190]; the region contains a number of DNA fragments 

[191] linked to DNA breaks and their subsequent repair; and this site shows evidence of 
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translocations and hyper recombination throughout evolution [186]. Additionally, the T-403IR-C 

site shows increased Rad51 association [160]. 

 

The enrichment of unstable chromosome relics in the T-403IR-C region suggested that unstable 

chromosomes formed in the region. We asked, what is the role of the 403 inverted repeats, if 

any, in the formation and propagation of unstable chromosomes? We deleted the inverted 

repeats and tRNA genes from both Chr VII homologs (T-403IR-CΔ) and measured all forms of 

instability and in a variety cells (wild type, rad9Δ, rad17Δ, rad18Δ, and rad51Δ; Figures 7C and 

15B). We found that the frequencies of unstable chromosomes were unchanged in 2 strains 

(rad9Δ and rad51Δ), and suppressed by, at most, 2 fold relative to strains with the 403 Kb 

inverted repeats in 3 strains (wild type, rad17Δ, and rad18Δ). Two fold changes are statistically 

significant, though we find empirically that two fold changes are at the lower limit of 

interpretation. Additionally, we deleted another pair of inverted repeats, present 320 Kb from 

the telomere, from both Chr VII homologs (T-320IR-CΔ), and again found at most a 2 fold 

reduction in instability. Finally, we evaluated recombinants from cells deleted for the inverted 

repeats. We found that rad9Δ T-403IR-CΔ allelics had a decrease in recombinants within the T-

403IR-C region (to ~20%), for reasons unknown. The distribution of rad9Δ T-320IR-CΔ T-403IR-

CΔ allelic recombinants, and relic recombinants from either rad9Δ IRΔ strain were similar to 

the distribution from rad9Δ (Figures 15D and 15E). We also failed to identify any new relic 

translocations that may have provided clues to mechanism (Figures 15F and 15G). We conclude 

that the T-403IR-C inverted repeats are not required to form unstable chromosomes, can serve 

as a collection site for events that initiate more telomere-proximal, yet do not affect the 

ability of this region to serve as a "collection site" for events initiated telomere-proximally. The 

“collection site” interpretation is supported by the MMS and HU treatment of wild type, rad9Δ, 

tel1Δ and telomerase mutant strains, where random or telomere error generates unstable 

chromosomes that still harbor relics enriched in the T-403IR-C region. What feature(s) of this 

region predisposes it to "collection" remains unclear. 
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Beyer Figure 16 
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Figure 16. Unstable chromosomes are induced by telomerase defects 

(A) Telomerase mutants generate all three forms of instability (allelic recombinants, unstable 

chromosomes, and loss). Average frequency ± standard deviation shown. Fold changes, relative 

to vector and within respective passage group, are shown in parentheses. Statistically 

significant differences are in bold (*P value < 0.05, **P value < 0.01, Kruskal Wallis test); EP: 

early passage cells, LP: late passage cells. (B) Frequency of instability events comparing the 

two telomerase defective strains (Fold changes and statistical tests are between EP and LP 

cells of each strain (*P value < 0.05, **P value < 0.01, Kruskal Wallis test). (C, F) Genetic 

distributions of allelic recombinants in specific genetic intervals from late passage cells 

expressing EST1 alleles (Vector: N=775, ADH-EST1: N=700, ADH-Est1-K444E: N=648) or EST3 

alleles (Vector: N=580, ADH-EST3: N=547, ADH-Est3-R110A: N=788). (D, G) Genetic distributions 

of relic recombinants in specific genetic intervals from late passage cells expressing EST1 
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alleles (Vector: N=291, ADH-EST1: N=287, ADH-Est1-K444E: N=373) or EST3 alleles (Vector: 

N=310, ADH-EST3: N=372, ADH-Est3-R110A: N=437). (E and H) Distributions of relic 

recombinants, loss, or “other” recovered from CanR Ade+ sectored colonies from late passage 

cells expressing EST1 (Vector: N=549, ADH-EST1: N=559, ADH-Est1-K444E: N=645) or EST3 

(Vector: N=562, ADH-EST3: N=656, ADH-Est3-R110A: N=722) alleles. (I) Native telomere length 

analysis. Southern blot analysis of XhoI-digested DNA from exponentially growing cells 

expressing either early passaged (EP) or late passaged (LP) Est1 telomerase dominant negative 

alleles, or vector controls, using a poly(GT) telomere-specific probe. Two independent isolates 

of each strain were analyzed. (J) Native telomere length analysis. Southern blot analysis of 

XhoI-digested DNA from exponentially growing cells expressing either EP or LP cells of Est1 or 

Est3 telomerase dominant negative alleles, using a poly(GT) telomere-specific probe. Two 

independent isolates of each strain were analyzed. 

 

Similar to overexpression of an Est1 dominant negative allele shown in Figure 8, overexpression 

of the Est3 dominant negative mutant allele significantly increased the frequency of instability 

(Figure 16A). The frequency of unstable chromosomes formed in late passages of cells 

expressing ADH-Est3-R110A, relative to early passage, was not significantly increased (Figure 

16B); we attribute this modest increase in instability between early and late cell passages to 

the already substantial increase in unstable chromosomes. We note that telomere lengths of 

cells expressing ADH-Est3-R110A show exaggerated telomere shortening relative to ADH-Est1-

K444 within early passages (Figure 16J; the ADH-Est3-R110A has a stronger instability 

phenotype than the ADH-Est1-K444E allele, showing an ~2 fold increase in unstable 

chromosomes within 3 cell passages.)  

 

The increased frequency of unstable chromosomes formed in late passages, relative to early 

passages, of cells expressing the ADH-Est1-K444E allele is consistent with increased instability 

correlating with shorter telomeres (Figure 16B). The relative contributions of the absence of 

telomerase and shorter telomeres to instability remain difficult to determine (see Discussion on 
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the role of telomerase). Native telomere lengths in cells overexpressing either the ADH-Est3-

R110A alleles also show an expected decrease in telomere length ([180] and Figure 16J). 

 

Recombinants from cells expressing the telomerase alleles were evaluated. We found that 

allelic recombinants from stable colonies were enriched near the chromosome end for cells 

expressing either Est1 or Est3 dominant negative alleles. Relic recombinants from unstable 

colonies from cells expressing either telomerase dominant negative allele showed a shift in 

genetic interval distribution, increasing the percentage of relics recovered within the T-403IR-C 

region. This result suggests that initial events forming in or near the telomere might progress 

towards the middle of the chromosome.  
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Beyer Figure 17 
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Figure 17. Longer unstable chromosomes are highly unstable 

(A) Telomeric genetic markers are rapidly lost from longer unstable chromosomes. CanR Ade+ 

colonies, sectored and round, from rad9Δ cells carrying the extensively marked Chr VII (see 

Figure 9A) were analyzed for retention of telomeric genetic markers. Percentages of cells 

retaining genetic markers from each population are shown. The expected percentage* of 

colonies retaining genetic markers was calculated based on genetic interval sizes (distances 

between genetic markers). (B) Frequency of instability events in rad9Δ cells carrying the 

extensively marked Chr VII (see Figure 9A). Fold changes and statistical significance between 

CanR Ade+ HygR colonies relative to CanR Ade+ colonies  (**P value < 0.01, Kruskal Wallis test). 

 

Cells 
Frequency Allelic  

Recombination (x 10-5) 

Frequency Unstable 

Chromosomes (x 10-5) 

rad9Δ CanR Ade+ 12 ± 6.25 (1.0) 69 ± 16 (1.0) 

rad9Δ CanR Ade+ HygR 1.1 ± 0.6 (0.09)** 5.9 ± 1.25 (0.08)** 
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Genetic 
Marker 

% Sectored Colonies 
Retaining Gene 

(n = 272) 

% Round Colonies 
Retaining Gene 

(n = 90) 

Expected % Colonies 
Retaining Gene  

HPH 16.5% 8.9% 15% 

KANMX 19.1% 11.1% 24% 

LYS5 26.5% 35.6% 44% 

NAT 50.7% 42.2% 56% 

LEU1 99.6% 100% 96% 
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If an initial unstable chromosome forms in or near the telomere, we expect that genetic 

markers near the telomere would be retained within unstable colonies. To test for the 

presence of telomere proximal genetic markers in unstable colonies, we plated cells from 

unstable colonies to each selective marker. To our surprise, unstable colonies retained 

telomere proximal genetic markers nearly as often as did stable colonies, and the percent of 

colonies retaining telomere proximal genetic markers was similar to the expected distribution*. 

We then tested if the longer unstable chromosomes might be formed, but are rapidly lost or 

converted to other forms (see Figure 9).   

 

Under selection for telomeric markers (HygR), we found that fewer macrocolonies form (Figure 

9B). Figure 17B shows the frequency of stable and unstable colonies in the increased selection. 

We found that the decreased frequency of macrocolonies under HygR selection correlated with 

an increase in the frequency of microcolonies. Our results suggest that the microcolonies 

represent cells containing longer unstable chromosomes that are undergoing loss of the drug 

resistant selective markers, and subsequently arresting on the increased selection plates. 

 

*Example of calculating expected gene retentions: the HPH gene is located ~75 Kb from the 

telomere along an ~500 Kb chromosome arm. It is expected that ~15% (75 Kb/ 500 Kb) of 

colonies would retain the HPH gene. 
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Beyer Figure 18 

 

 

 

Figure 18. Telomere dysfunction and replication defects induce unstable chromosomes  

(A) Frequency of three instability events in late passage rrm3Δ cells expressing Est3 alleles. 

Average frequency ± standard deviation is shown. Fold changes relative to wild type cells 

expressing Est3 alleles are shown in parentheses. Statistically significant differences are in bold 

(*P value < 0.05, **P value < 0.01, Kruskal Wallis test). (B) Frequency of three instability events 

in tel1Δ mutants. Average frequency ± standard deviation is shown. Fold changes are in 

parentheses and are relative to same strain without drug treatment. Statistically significant 

differences are in bold (**P value < 0.01, Kruskal Wallis test). (C) Genetic distributions of tel1Δ 

allelic recombinants in cells from CanR Ade+ stable colonies after either no treatment (N=475), 
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or a 6 hr HU exposure (N=442), or a 6 hr MMS exposure (N=482). (D) Genetic distributions of 

tel1Δ relic recombinants in cells from CanR Ade+ unstable colonies after either no treatment 

(N=200), or a 6 hr HU exposure (N=256), or a 6 hr MMS exposure (N=219). (E) Distributions of 

relic recombinants, loss, and “other” from tel1Δ CanR Ade+ sectored colonies. (untreated 

N=331, HU exposure N=408, MMS exposure N=345).   

 

Overexpression of the telomerase dominant negative allele, ADH-Est3-R110A, in rrm3Δ mutants 

did not significantly increase the frequency of unstable chromosomes (Figure 18A).  

 

The genetic distributions of recombinants in tel1Δ rrm3Δ were not analyzed because of the 

high frequency of instability in the strain. We find that even the round tel1Δ rrm3Δ CanR Ade+ 

colonies have some instability relative to our wild type round CanR Ade+ colonies (< 90% of cells 

from a round tel1Δ rrm3Δ CanR Ade+ colony have identical phenotypes), and so we are unable 

to analyze allelic recombinants in the double mutants. 

 

HU and MMS exposures are expected to induce random damage, yet we found that the genetic 

distribution of recombinants in wild type and rad9Δ was largely unchanged relative to 

untreated cells (Figures 7 and 14). Study of tel1Δ mutants provided further insight; that MMS 

and HU induced error is indeed likely to be random. As shown in Figure 11C, we found that 

tel1Δ mutants generated allelic recombinants solely in the telomere-proximal interval. In 

contrast, MMS and HU treated tel1Δ mutants increased the frequency of allelic recombinants 

(and unstable chromosomes), and many allelic recombinants were not in the telomere-proximal 

interval (Figures 18B-E). The increasingly random distribution of allelic recombinants argues 

that MMS and HU cause errors more chromosome-wide than solely at the telomere. However, 

we again find that relic recombinants are most often recovered in the T-403IR-C region, 

suggesting that the T-403IR-C region is serving as a collection site for relic recombinants. 
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Beyer Figure 19 
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Figure 19. Longer unstable chromosomes resolve to an isochromosome  

(A) Using the existing chromosome sequences, an unstable dicentric chromosome is formed, 

which is then converted to a more stable monocentric isochromosome (a relic chromosome 

[153]. A fusion between the T-403IR-C inverted repeats, S2 and S3 LTR σ sequences, forms an 

unstable dicentric chromosome, detected by PCR. A second rearrangement between the D7 and 

D11 LTR δ sequences removes one centromere to form the isochromosome, also detected by a 

different PCR reaction. The URA3 module in Figure 10 serves as a proxy for the S2/S3 and 

D7/D11 chromosome rearrangements. (B) Frequency of instability events in wild type, rad9Δ, 

and tel1Δ cells with integrated URA3 modules (strains TY588, TY416, TY589, respectively). 

Average frequency ± standard deviation shown. Fold changes are in parentheses and are 

relative to wild type. Statistically significant differences are in bold (**P value < 0.01, Kruskal 

Wallis test). (C) Confirmation that a 1.2 MB Ura+ translocation is formed by the dicentric to 

isochromosome fusion reaction. Ethidium bromide stained pulsed field gel. Control: rad9Δ UR-

RA-A3 stock cells. Ura+ colonies were isolated from CanR Ade+ sectored colonies. Arrows 

indicate expected band sizes for unchanged Chr VII (1.1 Mb) or Chr VII URA3 isochromosome 

(1.2 Mb). (D) Southern blot of pulsed field gel in Figure 18C using a probe to the Chr VII 

centromere (Chr VII 500 Kb). Pulsed field gels and southern blots were also performed to verify 

URA3 translocations in wild type UR-RA-A3, and tel1Δ UR-RA-A3 cells (data not shown). (E) 

Percentages of Ura+ cells carrying the URA3 isochromosome, verified by pulsed field gel 

electrophoresis and southern blot (as in Figures 19C and 19D), are shown for each strain 

(column #2). Ura+ cell genotypes were also used to verify the URA3 translocation (column #3). 

Expected genotype of cells carrying the URA3 translocation: Lys-, CyhR, Trp+, Leu+, Ade+, NeoR, 

NatS (if the expected DNA circle has been lost from cells). In each strain, over 98% of Ura+ cells 

displayed the expected genotype. All Ura+ cells that did not have expected genotypes retained 

NatR. We predict that these Ura+ cells formed the isochromosome, but may not have yet lost 

the NatR DNA circle. Ura+ colonies were isolated from CanR Ade+ sectored colonies and then 

replica plated to selective media to infer genotypes of each (wild type: N=1200 Ura+ colonies 



 92 

isolated from N=12 sectoreds, rad9Δ: N=5200 Ura+ colonies isolated from N=7 sectoreds, tel1Δ: 

N=5111 Ura+ colonies isolated from N=6 sectoreds). 

 

The URA3 module serves as a proxy for the rearrangement previously identified in our Chr VII 

disome [153]. The URA3 isochromosome (or translocation) was previously reported in rad9Δ 

[133]. Here we find that URA3 isochromosomes, formed from a dicentric intermediate, also 

form in cells with telomere defects, and wild type cells. Further, we infer that a longer, initial 

unstable chromosome progresses to the dicentric intermediate near the T-403IR-C region and 

then resolves to a relic recombinant (URA3 isochromosome). The presence of URA3 

isochromosome relic recombinants was verified by molecular analysis (pulsed field gel 

electrophoresis followed by southern blotting with a probe to Chr VII) and genetic analysis. 

Ura+ cells from wild type, rad9Δ, and tel1Δ cells all formed the predicted isochromosome at a 

high frequency (Figure 19). The few Ura+ cells that did not retain the expected genotype of the 

isochromosome all retained an unstable NatR product; we predict that this NatR product is in a 

DNA circle expected to form during the URA x A3 recombination events (Figure 11A).  
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Figure 20. Unstable chromosomes were missed in previous studies  

The Hackett and Greider, MCB 2003 [149] paper shows the data that suggests to us that they 

missed unstable chromosomes, a major outcome of telomerase defect; ~80% of telomere error 

forms unstable chromosomes, ~20% forms stable allelic recombinants in our Chr VII disome. To 

state explicitly what they did and found: They used a Chr VII diploid, with generally the same 

genetic markers we used because they use the same Chr VII homolog (except CAN1 and ADE5 

are near the telomere but not exactly where our CAN1 is). They grow their diploid cells without 

telomerase (GAL-EST1 in the off state, in glucose), in liquid media. Events arise and cell death 

occurs. They then plate cells on canavanine selective media, with galactose to turn back on 

EST1. CanR colonies form. They then phenotype the CanR colonies, and find 90% are 

recombinants in the telomere-proximal interval (Fig 1E summary of data in [149]).  

 

We suggest that this analysis completely misses unstable chromosomes. In liquid media, when 

events occur as cells senesce, any CanR allelic recombinants would quickly overgrow any 

unstable chromosomes; in our disome unstable chromosome-generated sectored colonies take 4 

or 5 days to form, while allelic recombinants take 2 days. This difference may be even more 

extreme in a diploid, though we do not know that. (A 2N-1 Chr VII monosome grows very poorly 

compared to a diploid. This is in part why we like the Chr VII disome, as the disome and haploid 

have comparable growth properties.) 

 

We cannot prove their assay misses unstable chromosomes, but we think it is highly likely.  
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Table 1. Saccharomyces cerevisiae strains used in Chapter 2 

 
Strain Genotypea,b,c,d Source 
TY200 Wild type [153] 
TY206 rad9∆::ura3 [153] 
TY216 rad17Δ::hisGura3 [153] 
TY339 rad51Δ::URA3 [133] 
TY416 rad9∆::ura3 403::RA::nat1MX::RU 535::A3::KanMX4 [133] 
TY440 rad18Δ::KanMX4 [133] 
TY580 rad9Δ::ura3 T-403IR-CΔ::KanMX4, Nat1MX This study 
TY581 rad9Δ::ura3 T-320IR-CΔ::URA3, HPH This study 
TY582 rad9Δ::ura3 T-320IR-CΔ::URA3, HPH T-403IR-

CΔ::Nat1MX, KanMX4 
This study 

TY583 T-403IR-CΔ::KanMX4, Nat1MX This study 
TY584 rad17Δ::hisGura3 T-403IR-CΔ::KanMX4, Nat1MX This study 
TY585 rad18Δ::KanMX4 T-403IR-CΔ::HPH, Nat1MX This study 
TY586 rad51Δ::URA3 T-403IR-CΔ::Nat1MX, KanMX4 This study 
TY587 rad9Δ::ura3 75::HPH 122::KanMX4 287::nat1MX This study 
TY588 403::RA::nat1MX::RU 535::A3::KanMX4 This study 
TY589 tel1Δ::HPH 403::RA::nat1MX::RU 535::A3::KanMX4 This study 
TY590 tel1Δ::URA3 [155] 
TY591 rrm3Δ::KanMX4 This study 
TY592 tel1Δ::URA3 rrm3::KanMX4 This study 
aAll strains are disomic for Chr VII and derivatives of TY200 MATa +/hxk2::CAN1 lys5/+ cyhr/CYHs 
trp5/+ leu1/+ Centromere ade6/+ +/ade3, ura3-2 (A364a genetic background) except for mutations 
listed [153]. 
bInverted repeat deletions (T-320IR-CΔ or T-403IR-CΔ) were removed from both Chr VII homologs and 
replaced by selective markers. The first selective marker listed was integrated into the CAN1 Chr VII 
homolog, and the second was integrated into the other Chr VII homolog. 
cThe URA3 module, or selective markers, were integrated into the CAN1 Chr VII homolog. Locations of 
inserts are notated (Kb from the left telomere of Chr VII).  
dTelomerase defective strains expressed plasmids (S2 Table) in either TY200, TY588, or TY591 
background strains. 
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Table 2. Plasmids used in Chapter 2 

 
Plasmid Selective Markers and Alleles Source 
pRS423 2µ HIS3 plasmid [192] 
pRS426 2µ URA3 plasmid [192] 
pVL809 2µ ADH-EST1::HIS3 V. Lundblad, unpublished 
pVL4534 2µ ADH-Est1-K444E::HIS3 V. Lundblad, unpublished 
pVL895 2µ ADH-EST3::URA3 [180,179] 
pVL3492  2µ ADH-Est3-R110A::URA3 [179,180] 
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CHAPTER 3: EXPLORING THE INTERPLAY BETWEEN PATHWAYS REGULATING CHROMOSOME 

STABILITY AND TELOMERE MAINTENANCE  

 
 

Abstract  
 

Telomeres are critical for the maintenance of chromosome integrity; telomere loss or 

dysfunction causes replicative senescence and chromosome instability. Telomere-specific as 

well as DNA damage response (DDR) networks preserve telomere stability and prevent 

senescence and instability. Here we use a specific chromosome instability assay to examine 

how telomere and DDR pathways interact at telomeres. Our chromosome assay provides a rich 

source of information on where chromosome errors initiate and that error converts to either 

allelic recombinants or to unstable chromosomes that progress to rearrange the entire 

chromosome. We have studied the effects of replication maintenance pathways, telomere 

resection pathways, telomere length maintenance, nonhomologous end-joining, and 

homologous recombination on the initiation and resolution of unstable chromosomes formed in 

the telomere. We find principally that mutants in MRX and 9-1-1 complexes, and double 

mutants in particular, form unstable chromosomes at dramatically high frequencies, with 

nearly one in 30 cells undergoing instability. Surprisingly, sir2Δ and sir3Δ suppress the 

instability of the highly unstable tel1Δ rad17Δ double mutants, as well as, rad9Δ and tel1Δ 

single mutants, suggesting an underexplored link between chromosome instability, silencing, 

and telomere biology. Unstable chromosomes arising in the telomere often use non-homologous 

end joining (NHEJ) but form independent of homologous recombination (HR) and are not 

altered by exo1Δ. Some mutants, rif1Δ, rif2Δ and mrc1Δ, have modest instability but a 

decrease in telomeric chromosome rearrangements suggesting some interplay between 

telomerase and internal chromosome errors. In sum the interaction between telomeres and 

DDR pathways suggests a correlation between the regulation of senescence and instability; the 

evasion of senescence leads to chromosome-wide instability initiated by telomere damage 

involving replication errors and nonhomologous end joining.   
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Overview 

 

Background 
 

Building upon the discovery that unstable chromosomes initiate in or near the telomere, I next 

wanted to explore the mechanism(s) involved in forming and resolving unstable chromosomes. 

To ask what pathways regulate the formation of unstable chromosomes, I performed candidate 

genetic screens and asked if any mutants now decreased the frequency of instability (i.e. in the 

absence of the gene, the unstable chromosome cannot form). To explore regulation of unstable 

chromosome resolution, I observed the spectrum of allelic and relic recombinants, as described 

in Chapter 2. 

 

Telomere defects can cause either senescence (exit from cell division) or genetic instability. 

The observation that unstable chromosomes form in the telomere led me to ask how the 

decision of cell senescence versus genetic instability was regulated. I performed a candidate 

genetic screen of mutants involved in telomere maintenance and characterized the unstable 

chromosomes formed by each. This exploratory study resulted in many findings, presented in 

vignettes in the following manuscript (in preparation for submission to Genetics). Highlights of 

this research are listed below: 

 

Key Findings 
 

• Synergistic increase in instability in cells defective for both the MRX complex and 9-1-1 

checkpoint clamp (nearly 1 in 30 cells is unstable) 

• Loss of Sir2 and Sir3 suppresses instability in tel1Δ rad17Δ, tel1Δ, and rad9Δ checkpoint 

mutants 

• Senescence and chromosome stability are regulated by common pathways  

• exo1∆ does not suppress instability in telomerase defective cells 
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• Unstable chromosomes form by either replication errors or nonhomologous end joining 

(NHEJ) at damaged telomeres 

 

Additional insights: 

• Rif proteins and Mrc1 regulate the region of instability (either initiation and/or 

resolution of unstable chromosomes)  

 

Conclusion 
 

The telomere proximal initiation of unstable chromosomes prompted us to ask how the 

unstable chromosomes might be forming at the chromosome end. I found that telomere defects 

can generate unstable chromosomes by two predominant mechanisms (NHEJ or template 

switch-like mechanism during replication error), suggesting that distinct end structures serve as 

substrates for each reaction. Interesting insights provoke further questions and research; the 

altered distribution of chromosome rearrangements in Rif and Mrc1 mutants suggests a role of 

these proteins in regulating chromosome regions incurring damage (see Discussion and Figure 

27 for speculation of the role of these proteins in telomere errors induced by global replication 

stress). Additionally, a relationship between epigenetic and genetic stability was revealed by 

the suppression of instability in Sir mutants (further discussed in Chapter 4). These novel 

connections between telomere biology, instability, and silencing in our system provide exciting 

future directions for this work.  
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Introduction 

 

The telomere functions to protect and maintain the genome by insulating chromosome ends 

from potential damage. The telomere, a repetitive sequence, is maintained in length and 

sequence content by telomerase and a host of regulatory proteins. Telomerase and associated 

regulatory proteins, engage in a variety of activities to regulate replication and repair of the 

telomere. Assisting in telomere biology are DNA Damage Response (DDR) and checkpoint 

proteins, which detect aspects of damaged DNA arising from telomere defects, and signal 

alteration in DNA metabolism to preserve chromosome structure. In the absence of telomerase, 
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regulatory proteins, and/or DDR/checkpoint proteins, the telomere may shorten and 

necessitates repair. In the absence of repair, a critically shortened telomere results in two 

possible consequences: senescence (cell death) or genomic instability (chromosome loss or 

rearrangement) [27,150]. Yet the intricate regulation of each consequence remains unclear.  

 

Telomeres may shorten by two routes either from the “inside-out” (internal damage) or from 

the “outside-in” (terminal damage; Figure 21). Replication errors are a likely culprit for 

internally shortened telomeres. The replisome, an elaborate complex of proteins that form the 

replication machinery, stalls when it encounters impediments along the template DNA. The 

repetitive sequence of the telomere, and the many tightly bound proteins decorating the 

telomere, render it prone to replisome stalls [76,95]. The repetitive G-rich telomere sequence 

forms a secondary structure, called a G quadruplex structure. A specialized helicase, Pif1, is 

thought to remove the telomeric secondary structures to promote replication [76].  

 

In addition to repetitive sequence, the proteins bound to the telomeric DNA might act as a 

barrier to telomere replication. The Rap1 transcription factor avidly binds the repeat sequence 

of the telomere. The C-terminus of Rap1 is bound by either Rif1 and Rif2, proteins that 

negatively regulate telomerase, or the Sir 2 and Sir3 silencing proteins, that establish silencing 

of genes near the telomere (called the telomere position effect (TPE); [193]). The replisome 

has been shown to stall in the telomere in a Sir-dependent manner [75], though conflicting 

results have been reported [96,166]. The activity of the Rrm3 helicase promotes replisome 

passage through the telomere by removing the tightly bound proteins [95]. Overarching 

regulation of replication fidelity is maintained by intricate, and still untold, functions of the S 

phase checkpoint proteins. The checkpoint proteins signal the checkpoint response, allowing 

time for appropriate repair, as well as, stabilize the replisome upon stalling. Thus, the difficult 

to replicate telomeric terrain may be exceptionally dependent upon the checkpoint proteins. 
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Classically, loss of the telomere sequence has been attributed to external errors, losing 

sequence from the end towards the middle of the chromosome. Several mechanisms contribute 

to telomere shortening from the end. The end of the chromosome might be gradually lost in 

the absence of telomerase activity, or the telomere might be resected by an exonuclease 

[27,112,194]. Telomerase is a holoenzyme comprised of the TLC1 RNA template, Est2 catalytic 

subunit, and the Est1 and Est3 regulatory subunits; in the absence of telomerase 3-5 base pairs 

are lost from the chromosome end each cell cycle [107]. The activity of nucleases hastens 

chromosome end degradation, resulting in the loss of up to 30 Kb [195–197]. The Exo1 

exonuclease is thought to play a predominant role in telomere resection. Additionally, if the 

telomere is perceived as a double strand DNA break (DSB) it may be resected in a similar 

manner, initiated by the nuclease activity of the Tel1-MRX complex, Sae2 endonuclease, and 

Dna2-Sgs1 nuclease activities [198].  

 

Telomere damage is a prominent cause of chromosome instability. Loss of telomere protection 

causes at least two types of error leading to instability. First, and more simply, telomere 

dysfunction can lead to fusions between fully replicated chromosomes (often between sister 

chromatids) to form unstable dicentrics [169]. Nonhomologous end joining (NHEJ) aberrantly 

repairs unprotected telomeres to form end-to-end fusions between sister chromatids [137]. 

Second, and more complicated, telomere dysfunction can lead to a more poorly described 

replication error where the replication fork does not succeed in replicating to the 

chromosomes' end. If telomere proximal replication error leads to simple telomere loss (as 

described above), then it might generate a structure that can result in end-to-end chromosome 

fusions by NHEJ (similar to unprotected chromosome ends). Additionally, telomeric replication 

errors might directly resolve to form more complex chromosome changes. For example, some 

form of the still poorly-defined, but very popular, “template switch” at a stalled replication 

fork in the telomere could generate fusion between sister chromatids [133–135,178]. Fusion of 

sisters, by either a simple end fusion reaction or a complex template switch reaction, forms 
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unstable chromosomes with disastrous consequences; the unstable chromosome will rearrange 

in subsequent cell divisions, giving rise to widespread genomic changes.  

 

Uninhibited telomere attrition results in senescence, an exit from the cell cycle [27,199], and 

increased instability [140,149,150]. The genetic pathways regulating senescence have been 

studied extensively [200]. In budding yeast, a genetic model for senescence has been reported 

wherein some proteins accelerate senescence (Tel1 and MRX) and some suppress senescence 

(Rad51 and Rif2; see Figure 22). It seems likely that the molecular structures leading to 

senescence (e.g. shortening telomeres) would lead to instability as well. Yet, the genetic 

pathways remain enigmatic with respect to instability; for example, Tel1 and MRX favor 

senescence (in cells lacking telomerase), yet they prevent instability in wild type cells 

[133,155]. If senescence and instability arise from similar DNA defects, one would posit that 

tel1Δ and mrxΔ would block senescence and instability, as would Rad51; yet, the details of the 

relationship between senescence and instability remain to be tested. 

 

Here we explore the genetic pathways regulating telomeres and ask which determine the fate 

of chromosomes after telomere damage. To our surprise, senescence and instability correlate 

in their genetic pathway requirements, suggesting that short telomere (or other) structures 

might lead to either chromosome fate. We find that damage at both short telomeres, as well 

as, longer telomeres can form unstable chromosomes. In telomerase defective cells, unstable 

chromosomes most often form by NHEJ, while in contrast, those formed in the presence of 

telomerase form by both replication errors and NHEJ. Interestingly, end degradation did not 

play a critical role in generating chromosome instability, in contrast to previous reports [149]. 

Additionally, we found that Sir proteins induce chromosome instability and that Rif proteins 

and the Mrc1 checkpoint protein are involved in the induction of instability at the chromosome 

end, rather than middle of the chromosome. To ease understanding, we present the question, 

the experiment, the results and the interpretations together in each section. In the Discussion 

we address a few particularly compelling issues.  



 103 

 

 

Materials and Methods 

 

Yeast strains 

The A364a strain background was used to derive all strains in this study [133,153,187]. The Chr 

VII disome wild type strain is MATα +/hxk2::CAN1 lys5/+ cyhr/CYHS trp5/+ leu1/+ cenVII 

ade6/+ +/ade3, ura3-52. The endogenous CAN1 on Chr V has been mutated and inserted in one 

Chr VII homolog [152]. Additional strains were generated by transformation of the TY200 strain 

with DNA fragments or with plasmids. Strains were verified by genetic analysis and PCR. For all 

mutants reported, at least two separate strains were made and analyzed for similar 

phenotypes. To generate telomerase defective strains TY200 cells, or specified mutant cells, 

were transformed with high-copy 2µ plasmids. Canavanine (Can; 60µg/mL), G418/geneticin 

(100µg/mL), hygromycin B (300µg/mL), and nourseothricin (Nat; 50µg/mL) drug concentrations 

were used for selection of transformed cells. 

 

 

Chromosome instability assays 

Genetic analyses to determine the frequencies of unstable chromosomes, allelic recombinants, 

and chromosome loss were performed as described previously ([153] and Beyer and Weinert, in 

review).  

 

Briefly, single cells retaining both intact Chr VII homologs were plated to rich media plates 

(YEPD, 2% dextrose) and grown for 2-3 days at 30°C to form colonies. Individual colonies were 

suspended in water, cells were counted with a haemocytometer. Cells were plated to both –

arginine solid media to measure cell viability and to canavanine selective media to measure 

instability. To measure cell viability, cells were grown overnight (~18 hrs) at 30°C. The average 

percentage of viable cells was determined by counting the number of microcolonies grown 
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within a population. To determine frequencies of chromosome loss, cells were plated to 

selective media containing canavanine (60µg/mL) and all essential amino acids except arginine 

and serine. Loss was determined following replica plating to genetically identify Ade-, Trp-, 

Leu-, Lys- colonies. To determine frequencies of allelic recombination or unstable 

chromosomes, the selective media also lacked adenine. Cells were grown on selective media 

plates for 5 days at 30° C and then colonies were counted based on morphology (round or 

sectored). The frequency of chromosome events was calculated after normalizing the total 

number of cells plated to the percent viable cells. Average frequencies and standard deviations 

were determined from analysis of at least six colonies grown on rich media then plated to 

selective media. Statistical tests were performed using the Kruskal-Wallis method [189]. 

 

To determine the frequencies of chromosome events in cells containing telomerase mutations, 

strains containing plasmids (either the 2µ URA3 vector or ADH-Est3-R110A::URA3) were plated 

to media lacking uracil to retain plasmids. Strains were passaged on solid –uracil dropout media 

for approximately 40 generations (2 streakouts) for early passage assays or 100 generations (5 

streakouts) for late passage assays. Individual colonies were then plated to canavanine 

selective media to determine frequency of chromosome events as described above. 

 

Phenotypic analysis of altered chromosomes 

Pooled Lineage Analysis: Chromosome instability assays were performed from 6 or more 

individual rich-media grown colonies per strain. Then, cells from approximately 50 round or 

sectored CanR Ade+ colonies were pooled, and suspended in water. Approximately 100 cells 

were then plated to each of four or five rich media plates, totaling to 400-500 cells from round 

or sectored colonies, and grown for 2-3 days to form colonies. Colonies were replica plated to 

synthetic media and grown for 2 days at 30°C, and growth assessed. For example, a colony that 

was replica plated and growing on –lysine, - tryptophan, -leucine, and –adenine dropout media 

plates, but not growing on -adenine dropout media containing cychloximide drug would be 

scored as having a recombination event within the first interval of the Chr VII disome (this 
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would result in loss of CAN1 but retention of all other Chr VII disome genetic markers, including 

CYH2 allele which confers sensitivity to cycloheximide drug). The percentage of allelic 

recombinants or relic recombinants per pooled population was determined by dividing the 

number genetic recombinants per interval by the total number of recombinant colonies assayed 

in the pooled population (the total number of recombinant colonies does not include colonies 

that had lost the chromosome or colonies with “other” genotypes). “Other” genotypes refer to 

complex genotypes in which multiple genotypes were found within a single colony (for 

example, a single colony had ~50% of cells with a relic recombinant genotype and ~50% of cells 

with chromosome loss). In these "other" colonies, the initial cell from the sectored colony must 

have been still unstable (a phenotype we called "fragmented" in [153]). 

 

Southern blot analysis of telomere length 

To determine the length of telomeres, genomic DNA was prepared from two individual colonies 

per strain (growth conditions are described for each strain below) and digested with XhoI 

restriction enzyme. XhoI-digested genomic DNA was subjected to 0.8% agarose gel 

electrophoresis and hybridized with a 32P-labeled poly(GT) probe. Standard hybridization 

conditions were used.  

 

Cells were grown from freezer stock. Individual colonies were grown on rich media, isolated 

and then grown in liquid rich media from which genomic DNA was prepared. Each mutant strain 

had grown for approximately 80 generations after null deletion at the time of genomic DNA 

prep. For cells containing plasmids, cells were transformed with either the 2µ URA3 vectors or 

the ADH-Est3-R110A::URA3 plasmids and were passaged for either ~40 generations (early 

passage) or ~100 generations (late passage). Individual colonies were grown on dropout medium 

(lacking uracil), isolated, and then grown in liquid dropout media from which genomic DNA was 

prepared 

 

Results 
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Budding yeast Chr VII disome model system 

In this study we analyze chromosome instability in mutants in genes involved in telomere 

biology, and in DDR and checkpoint responses. We use a chromosome assay we have previously 

developed, the Chr VII disome system [133,153]. Following a brief description of the system, 

we provide here a working narrative for how instability events arise that will be useful in 

discussing mutant phenotypes of this study.  

 

How the Chr VII system works 

In brief, the Chr VII disome allows for detection of rare chromosome changes using genetic 

selection common to most yeast instability assays, and features unique to this instability assay. 

The Chr VII disome, shown in Figure 24A contains the CAN1 gene ~30 Kb from the left telomere 

and a mutant CAN1 on Chr V. Genetic markers along the chromosome arms allow for genetic 

inference of chromosome changes. The assay works like this: cells are grown in rich media, 

during which time events occur, then the cells are plated on selective solid media containing 

canavanine. Two types of selective media are used, one with adenine and one without. 

Selection with adenine allows all CanR cells to form colonies, yet the most abundant phenotype 

is CanR Ade- chromosome loss. Selection without adenine formally selects for recombinants 

that lose CAN1 and retain the right arms. CanR Ade+ colonies are of two very distinct 

morphologies: round and sectored colonies. Round colonies arise from allelic recombinants, 

while sectored colonies arise from an unstable chromosome. We find that > 95% of cells from a 

single round colony have identical phenotypes (e.g. either CanR Lys- CyhR Trp+ Leu+ Ade+; or 

CanR Lys- CyhS Trp+ Leu+ Ade+, etc.). We infer the genotype of the first CanR Ade+ cell from the 

single phenotype of the round colony. In contrast, we find that cells from a single sectored 

colony have different phenotypes. We infer that the first CanR Ade+ cell had an unstable 

chromosome.  

 

Allelic and relic recombinants 
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We have two recombinant types that we term "allelic" and "relic". Allelic recombinants are the 

CanR Ade+ round colonies mentioned above. We infer that allelic recombinants arise from an 

initial error that then causes recombination with the intact homolog, and form in rich media 

before selection. A series of observations are consistent with this inference, discussed below in 

reference to tel1Δ and telomerase mutants.  

 

Relic recombinants arise from unstable chromosomes, form on the selective plate after 

selection, and have structures similar to an "allelic recombinant" (Figures 24B and 24C). While 

allelic recombinants reveal the region of the site of initial error, relic recombinants reveal the 

site of an unstable chromosome. This relationship is depicted in Figure 24B. Thus, if the 

unstable chromosome is near the telomere, a stable relic retained telomere-proximal markers 

may be recovered (Figure 24D).   

 

"Exceptional allelic" recombinants 

There are exceptions, we believe, to our hypothesis that allelic recombinants arise from initial 

error and do not arise from an unstable chromosome. We find that mutants that are extremely 

unstable (~50 fold more than wild type cells) generate allelic recombinants that arise either 

from the initial error or from an unstable chromosome. Thus, allelic recombinants in these 

mutants (e.g. rad17Δ) have either of two origins and confound a simple interpretation and 

explanation. We posit that an initial error forms an unstable chromosome before selection, 

and, in some mutants, these unstable chromosomes undergo additional events, resolving to 

allelic recombinants before selection.  

 

How we interpret instability arising in the Chr VII system: a working model for allelic, 

relic and loss events 

The Chr VII disomic system readily allows identification of chromosome-wide changes without 

the loss of essential genes. Importantly, when the disome loses the chromosome, there is little 
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difference in growth between the resulting haploid and the Chr VII disome. This relatively 

equivalent growth may render disomes more useful than diploids. (An earlier Chr VII diploid 

missed the formation of unstable chromosomes, for example [149]). 

 

The major feature of this system is that it detects three different forms of instability as 

described above. Each form has information with respect to mechanism. Our earlier analyses 

suggest the following working hypothesis. After an initial error (e.g. formation of DSB, or gap, 

or stalled fork), the error has three options. First, the error may convert to an allelic 

recombinant by interaction with the homolog. Secondly, the error may convert to an unstable 

chromosome by interaction with the sister. Once an unstable chromosome forms, it converts to 

multiple different changes described further below. Third, if interaction with either the sister 

or homolog fails, the error may convert to chromosome loss. We cannot now prove this 

sequence of error and consequences, but a large body of data is consistent with it, and we use 

it as a working hypothesis.  

 

Using this instability assay, and our interpretations of allelics, relics, and exceptional allelics, 

we study the effects of telomere and DDR proteins, and their interactions.  

 

tel1Δ and telomerase single mutants indicate unstable chromosomes form in the telomere 

We first ask where unstable chromosomes form along the chromosome. We recently reported 

studies of instability in tel1Δ, a DDR kinase largely devoted to telomeres in budding yeast, and 

telomerase, a protein solely devoted to telomeres in budding yeast (Figure 25; details of the 

telomerase dominant negative mutants discussed below). We found that both mutants have an 

enrichment of allelic recombinants in the telomere-proximal genetic interval; the initial error 

is in the telomere. We found unstable chromosomes were formed at a high frequency, and 

relics derived from the unstable chromosomes were enriched in the telomere and in one 

particular internal interval. Therefore, we posited that an initial error can form either an 

allelic recombinant, or an unstable chromosome near the telomere; the unstable chromosome 
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"progresses" to internal region for reasons we discuss elsewhere (having to do with dicentric 

geometry, the bud neck and a hypothetical bud-neck nuclease; Beyer and Weinert in review).  

 

Next, we ask what mechanism(s) regulate the formation of unstable chromosomes in the 

telomere: replication error, end degradation, telomerase activity, nonhomologous end joining 

(NHEJ) or homologous recombination (HR). We assess the pathways in both telomerase wild 

type and telomerase defective cells (when possible).  

 

9-1-1 and MRX Mutants have telomere defects 

 

We first asked if replication error induces the formation of unstable chromosomes at defective 

telomeres. Checkpoint and DDR proteins allow recovery of cells after replication stress [201]. 

The 9-1-1 checkpoint clamp, comprised of the Rad17, Ddc1, and Mec3 proteins, binds to the 5’ 

end of ssDNA-dsDNA junctions and acts as a sensor during the checkpoint response to DNA 

damage and replication fork stalls [202]. Additionally, the 9-1-1 clamp acts in the error free 

template switch DNA damage tolerance (DDT) pathway, promoting repair of structures formed 

by replication errors [85]. The MRX complex, comprised of the Mre11, Rad50, and Xrs2 

proteins, regulates DSB repair and telomere maintenance, but has more recently been 

implicated in replication fork integrity [203,204]. MRX recruits the Tel1 checkpoint kinase, and 

cooperates with the Sae2 endonuclease, all of which have been implicated in the resolution of 

remodeled fork structures at errors near chromosome ends (ends formed by either DSBs or 

unprotected telomeres) [84].  

 

We analyzed instability in mutants of the 9-1-1 and MRX complex, and their interactions. We 

had previously reported the frequencies of instability of single mutants, and here we confirm 

those frequencies, extend the analysis by studying the initial site of error (by allelic 

recombinant distributions) and progression (by relics), and generate and study double mutants.  
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Mutants in MRX and 9-1-1 complexes are very unstable (Table 3). Any single mutant in the 

complex has comparable instabilities to mutants of the other complex subunits. All mutants 

have relics enriched in the internal region of the chromosome (Figure 26). Is the initial error in 

the telomere, denoted by a telomeric-enrichment of allelic recombinants? We found that, like 

tel1Δ, xrs2Δ and, less dramatically, ddc1Δ mutants have a telomere-proximal enrichment of 

allelic recombinants (Figures 26A and 26D). However, rad50Δ and rad17Δ mutants’ allelic 

recombinants are not telomere enriched to the same extent, rather they show a biphasic 

distribution, one in the telomere and the second at the internal interval (Figure 26B and 26C). 

The most parsimonious explanation is that all events initiate in the telomere, and mutants are 

so unstable as to generate exceptional allelics and normal internal-region enriched relics. Test 

of whether MRX and 9-1-1 mutants indeed initiate instability in the telomere awaits 

development of other strategies, including conditional mutants and synchronized, single cell 

cycle assays.  

 

Synergistic increase in unstable chromosomes in cells mutant for both 9-1-1 and MRX 

complex subunits 

 

The enriched distribution of telomeric allelics in tel1Δ and xrs2Δ, and their distribution in 

other 9-1-1 and MRX mutants, suggests that at least half of unstable chromosomes initiate near 

the telomere. If unstable chromosomes form by replication error in the telomere, we predicted 

that there would be an increase in the frequency of unstable chromosomes in cells mutant for 

both the 9-1-1 and MRX complexes. There was good reason to suspect synergism between 

mutants of the complexes, as tel1Δ rad17Δ mutants have very short telomeres, shorter than 

either single mutant and their sensitivity to MMS is partially suppressed by artificially 

elongating the telomere [205].  We deleted both Tel1 and Rad17 and then assayed the double 

mutant cells for instability. We found a remarkable increase in the frequency of unstable 

chromosomes, with nearly 1/100 cells forming unstable chromosomes, and 2/100 cells incurring 

chromosomes loss (an > 500 fold increase relative to wild type cells; Table 3). We found the 
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same synergistic increase in instability for all 9-1-1 and Tel1-MRX double mutant combinations 

tested (rad17Δ xrs2Δ, rad17Δ rad50Δ, tel1Δ ddc1Δ, and tel1Δ rad24Δ; Rad24 is the 9-1-1 clamp 

loader; Table 3). And, the synergistic increase in instability of the MRX-9-1-1 double mutants 

corresponds to shorter telomeres of mutants tested relative to either single mutant (tel1Δ 

rad17Δ and rad17Δ rad50Δ, Figure 26E). In contrast, neither a synergistic increase in instability 

nor shorter telomeres was observed in rad17Δ sae2Δ double mutants (Table 3, Figure 26E, and 

discussed in Figure 26). We suggest that the additive effect of telomere shortening in the 

double mutants may cause the synergistic increase in unstable chromosomes. 

 

Where do double mutants initiate error? We were unable to examine the distributions of allelic 

recombinants in MRX and 9-1-1 double mutants because we failed to detect any truly stable 

cells (even colonies with a nearly-round border had cells with multiple phenotypes; i.e. < 90% 

isogenic). We suggest that mutants are so unstable that unstable chromosomes are 

continuously generated, even after allelic recombination.  

 

Observing telomerase defects causing instability 

  

We next wanted to observe the frequency of instability in telomerase defective cells lacking 

subunits of the 9-1-1 or MRX complexes. To do so, we disrupted telomerase function by 

overexpressing a dominant negative allele of the Est3 telomerase subunit ([179,180] and Beyer 

and Weinert, in review). We use this Est3 dominant negative approach, as mutants display 

shorter telomeres and display senescent defects in certain mutants. We wished to analyze 

instability in telomerase mutants yet avoid, or minimize, senescence phenotypes. 

Overexpression of the telomerase dominant negative mutant alleles in wild type cells do not 

senesce, enabling us to perform our analyses of allelic and relic recombinants. We thus 

transformed wild type and mutant cells with control plasmids (2u vectors) or with mutant 

(EST3 ODN), and passaged cells after early passage (2-3 passages, ~40-60 generations) or late 

passages (after five consecutive passages, ~100-150 generations).  
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Severe growth defects in MRX and 9-1-1 mutants expressing dysfunctional telomerase 

prevent analysis of instability  

 

We expressed the Est3 ODN allele in rad50Δ (a subunit of the MRX complex) mutant cells, and 

rad17Δ (a subunit of the 9-1-1 checkpoint clamp) mutant cells (and also rad51Δ, cells mutant 

for the Rad51 homologous recombination protein); each double mutant displayed an 

exaggerated growth defect within five passages (~100-150 generations), rendering instability 

phenotypes unobservable (our assay requires several passages to observe instability frequencies 

and rearranged chromosome structures). Though we were not able to measure instability in 

these strains, we could monitor instability and chromosome rearrangements in telomerase 

defective cells mutant for proteins involved in other checkpoint proteins (Tel1, Mrc1, and 

Rad9), telomere resection (Exo1), telomerase regulation (Rif2), and nonhomologous end joining 

(Lig4); phenotypes of each strain are described below. 

 

Disruption of telomeric heterochromatin, by deleting Sir2 or Sir3, suppresses instability 

 

Heterochromatin is established at but a few places in the budding yeast genome, and the 

telomere is one of those places (along with the silent mating type loci (HM) and rDNA repeats). 

Sir and Rif proteins bind to Rap1 that binds to TG repeats in the telomere [63,66]. Sir, Rif and 

Rap1 proteins could have some role in regulating replication fork movement through the 

telomere, as well as their roles in transcriptional repression (telomere position effect, TPE) 

and telomerase regulation. For example, fork stalling may be Sir-dependent (replication fork 

stalling was decreased in sir3Δ [75], though conflicting results have been reported [96,166]).  

 

We asked if deletion of the Sir silencing proteins, Sir2 or Sir3, might alter the formation of 

unstable chromosomes. We found that both sir2Δ and sir3Δ suppressed the instability of tel1Δ 

and rad9Δ cells; and, to a lesser extent sir3Δ suppressed rad17Δ, mec1Δ sml1Δ and tel1Δ 
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rad17Δ cells (Table 3). In otherwise wild type cells, both sir2Δ and sir3Δ expressed some 

chromosome instability, suggesting they indeed play a role keeping chromosomes stable. So, in 

wild type cells Sir proteins prevent instability, yet in certain checkpoint mutants (e.g. rad9Δ, 

tel1Δ, not rad17Δ nor mec1Δ sml1Δ) Sir proteins somehow cause instability.   

 

We propose two models to describe how Sir proteins cause instability in checkpoint mutants. In 

one model Sir2/Sir3 directly impede replication movement, causing forks to stall, and then in 

rad9Δ and tel1Δ checkpoint mutants, those stalled forks undergo error and instability. In 

rad17Δ and mec1Δ sml1Δ mutants Sir-dependent functions have little or no role. In a second 

model, the cause of instability might have to do with telomeric silencing (telomere proximal 

effect (TPE), reviewed in [206]). That is, a replication error occurs, TPE then extends to CAN1, 

(30Kb from the telomere), and thus, those cells undergoing error first survive initial canavanine 

selection by silencing, and then survive subsequent canavanine selection by altering their 

defective genome in later cell divisions (indeed, TPE is enhance in some checkpoint mutants 

[207]). In this model, Sir2 and Sir3 do not directly act in repair, but facilitate repair by 

silencing that is now more extensive than in undamaged cells. It may well be that silencing 

facilitates repair in rad9Δ and tel1Δ mutants, explaining why sir2Δ and sir3Δ single mutants are 

more unstable than wild type cells. These complex models remain to be tested in our system; 

the very strong suppression by sir2Δ and sir3Δ of tel1Δ instability encourages the search for a 

mechanism. 

 

The Mrc1, but not Rad9, checkpoint protein affects the distribution of chromosome 

rearrangements 

 

In addition to the checkpoint proteins that facilitate replication, Mrc1 acts to stabilize 

replisomes encountering errors. Mrc1 is a checkpoint protein that links the replisome to the 

DNA helicase, and acts in the DNA replication checkpoint to activate the Rad53 checkpoint 

kinase when forks stall [208,209]. Along with its role in maintaining replication fidelity, Mrc1 
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protects uncapped telomeres, suggesting that Mrc1 might functionally connect replication 

fidelity and telomere maintenance [210]. Curiously, we found that mrc1Δ mutants are not 

unstable, but their distributions of allelic recombinants are nearly random, as opposed to the 

telomeric distribution we most often observe (Table 3 and Figure 27). Interestingly, this shift in 

allelic distributions was not observed in cells mutant for another checkpoint protein, that 

signals redundantly with Mrc1, Rad9; described in Figure 28). We note that mrc1Δ relic 

recombinants are enriched in the internal interval, as we have seen for nearly all mutants 

tested. This result suggests that, in mrc1Δ cells, the initial error forming unstable chromosomes 

does not arise near the chromosome end but are instead randomly distributed.  

 

Next, we measured the instability of cells mutant for mrc1Δ and the Est3 telomerase subunit 

(by expressing Est3 ODN in mrc1Δ). Similar to mrc1Δ and mrc1Δ tel1Δ, we found that mrc1Δ + 

Est3 ODN resulted in only a modest increase in instability (Table 3). However, we found that in 

late passages the mrc1Δ + Est3 ODN cells had a severe growth defect and instability could not 

be measured. The growth defect of mrc1Δ + Est3 ODN cells is consistent with previous reports 

of a growth defect in mrc1Δ tlc1Δ cells after extensive passages, but not early passages 

[211,212], and is consistent with a telomere protective role of Mrc1, perhaps by facilitating 

DNA replication through difficult to replicate regions in short telomeres. Additionally, the more 

random distribution of allelic recombinants observed in mrc1Δ cells was again observed in 

mrc1Δ + Est3 ODN, even with defective telomerase activity. The random allelic distribution of 

mrc1Δ + Est3 ODN cells suggests that functional Mrc1 somehow increases the formation of 

unstable chromosomes near the telomere. 

 

Exo1 degradation does not affect the initiation of unstable chromosomes 

 

One prominent telomere error that can cause genomic instability is the loss of the telomere by 

nuclease degradation; the Exo1 exonuclease contributes to degradation of the chromosome 

end. A previous study analyzed genomic instability in budding yeast telomerase mutants 
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[149,150] and found that instability was dependent on Exo1. The study concluded that a 

telomerase defect in budding yeast leads to changes limited to the telomere by end 

degradation, as opposed to chromosome-wide changes [149]. We recently found that a 

telomerase defect does cause changes to the entire chromosome (Beyer and Weinert, in 

review). We infer that their system (Chr VII diploid) could not detect the major chromosome 

change leading to unstable chromosomes, whereas our system does.  

 

Here we wished to test if Exo1 has a role in instability in the Chr VII disome exhibiting a 

telomerase defect. We found that exo1Δ cells expressing the Est3 ODN allele showed no 

significant difference in the frequency of instability relative to EXO1+ + Est3 ODN cells (Table 

4), in early or late passage. Thus, unstable chromosomes formed by telomerase error in our 

system form independently of Exo1 mediated degradation (either at a linear chromosome end 

or at a stalled fork). However, we did find that Tel1 promotes instability in late passages of 

telomerase defective cells (see Table 4 for discussion), suggesting that resection by the 

combined activity of Tel1 and the MRX complex induces instability. 

 

Short telomere length does not universally correlate with chromosome instability 

 

In general, short or lost telomeres may cause instability. The very short telomeres in tel1Δ 

rad17Δ mutants are consistent with the “shorter telomere-greater instability” hypothesis. 

Previous studies have suggested that chromosome instability forms concurrently with 

shortening of telomeres [149,150,205]. Short telomeres may be recognized as DSBs, and their 

faulty repair may form unstable chromosomes [137]. Telomerase activity acts to extend 

shortened telomeres and, therefore, telomerase is expected to inhibit the formation of 

unstable chromosomes if they are generated at short telomeres. 

 

To test the correlation of short telomeres and instability, we assayed the instability of cells 

with mutation-caused longer telomeres. Cells with mutations of the Rif1 and Rif2 proteins have 
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longer telomeres, and the longer telomeres are telomerase-dependent ([58], Figures 29 and 

30). We thus determined the frequency of instability in wild type, tel1Δ, rad9Δ, rad17Δ, or 

tel1Δ rad17Δ cells upon deletion of Rif1 or Rif2. We found no significant changes in instability 

in either rif1Δ or rif2Δ single or double mutants (Table 5). Overall, we conclude that the loss of 

Rif proteins, and longer telomeres, do not suppress instability in DDR defective cells with 

functional telomerase. 

 

Where events occur is influenced by telomere length or telomerase activity; analyses of 

rif1Δ and rif2Δ mutants 

 

Although telomere length regulation by Rif1 and Rif2 do not affect the initiation of instability, 

we asked if Rif1 and Rif2, and by implication the length of the telomere or role of telomerase, 

might affect where on the chromosome arm events occur. To test this idea, we assayed the 

distribution of allelics and relic chromosomes in Rif mutants with long telomeres (Figure 29). In 

contrast to allelic distributions of cells with telomere length defects (ku70Δ and ku80Δ 

mutants; Figure 29), we found that mutant rif1Δ and rif2Δ allelic recombinants showed random 

distributions, similar to that observed in mrc1Δ cells (Figure 29). Like mrc1Δ, rif1Δ and rif2Δ 

mutants’ relic recombinants are enriched in the middle of the chromosome, suggesting that 

unstable chromosomes resolve to the same position, despite random initiation sites.  

 

What might be the basis for the striking difference in the distribution of allelic recombinants in 

tel1Δ and telomerase mutant cells, relative to those in rif1Δ, rif2Δ and mrc1Δ cells? Telomere 

length alone cannot account for the random distribution of mrc1Δ allelics (although rifΔ 

mutants have long telomeres, mrc1Δ telomeres are modestly shorter than wild type [210]). 

Similarly, the long telomeres conferred by rif1Δ and rif2Δ do not stabilize the genome in any 

mutants with unstable genomes (e.g. rad9Δ, rad17Δ and mec1Δ sml1Δ), arguing against a 

simple correlation between telomere length and instability. We suggest the following heretical 

idea: that telomerase might normally travel with and modestly stabilize the replication fork. In 
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the absence of negative regulators (e.g. rif1Δ and rif2Δ), telomerase dwells at the telomere 

and less so with the traveling fork, which undergoes a higher rate of random error to generate 

random allelic recombinants. mrc1Δ mutants, defective in fork regulation, also suffer random 

error leading to randomized allelic recombinants. Perhaps mrc1Δ mutants have a defect in 

telomere biology as well, as suggested by a recent study and our finding of early senescence in 

mrc1Δ mutants [211].  

 

An alternative explanation for the altered regions of instability initiation in rifΔ and mrc1Δ 

mutants is that Rif and Mrc1 proteins promote replication maintenance throughout the entire 

chromosome. It could be that Rif and Mrc1 proteins are recruited to replication stalls at 

internal regions along the chromosome to promote their recovery. In the absence of the 

proteins, internal errors persist and form unstable chromosomes more often. Consistent with 

this model, there is evidence for the relocalization of Rap1 (and therefore, Rif1 and Rif2 

proteins) upon MMS-induced replication stress [213]. And the Mec1-dependence of Rap1’s 

relocalization upon telomere shortening hints at a role for Mrc1 in the checkpoint signaling of 

this redistribution (Mec1 phosphorylates Mrc1 during the checkpoint response [214]). Whatever 

the mechanism, we find the randomized allelic recombinants in relatively stable rif1Δ, rif2Δ 

and mrc1Δ mutants worthy of further thought.   

 

In addition to the role of Rif2 in regulating the region in which unstable chromosomes form, 

Rif2 inhibits senescence [200]. Rif2 is thought to inhibit senescence by inhibiting telomere 

resection by Tel1-MRX. On the other hand, in rif2Δ mutants the longer telomeres might delay 

senescence and instability if telomere length is a major determinant for both. A delay in 

genomic rearrangements has been observed in cells with elongated telomeres in which 

telomere error was introduced [150,205]. We asked if pre-elongated telomeres of rif2Δ 

mutants would delay the onset of telomerase-induced chromosome instability. Indeed, we 

found that Est3 ODN instability is partially suppressed by rif2Δ in early and late passages (Table 

5). As expected, telomeres are longer in rif2Δ mutants at early passage than at later passage 
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(Figure 30). Though we did not detect an induction of instability in late passages in telomerase 

defective rif2Δ mutants, we did observe an inhibition of instability in late passages of 

telomerase defective tel1Δ mutants; this result suggests that Rif2 and Tel1’s regulation of 

senescence is similar to the regulation of instability in cells with very short telomeres. 

 

Allelic recombinants in senescing rif2Δ mutants  

Recall our previous analysis of rif2Δ (and rif1Δ); they did not alter the frequency of instability 

but did alter the distribution of allelic recombinants suggestive of fewer errors at the 

chromosome end (Figure 29). Interestingly, we found that in rif2Δ + Est3 ODN cells the allelic 

recombinants were skewed towards the chromosome end, similar to those of RIF2+ + Est3 ODN 

cells (Figure 30). Thus, although the increased frequency of instability in telomerase defective 

cells is delayed by rif2Δ, the unstable chromosomes still form near the telomere in early 

passages when the average telomere lengths of the population are longer than those in RIF2+ + 

Est3 ODN cells.  

 

We suggest a simple explanation for why events initiate in the telomere in a rif2Δ + Est3 ODN 

mutant. We suggest that replication forks fail as they enter the telomere, and telomerase 

normally rescues that fork and prevents instability. Even when telomeres are long, a fork may 

fail, and when it does fail, telomerase suppresses untold events.   

 

In conclusion, for study of tel1Δ mutants expressing a telomerase mutant, we find a 

concordance between senescence and instability; consistent with the same DNA structures 

leading to either outcome.  

 

tel1Δ rad17Δ chromosome instability forms independently of HR and NHEJ  

 

Homologous recombination (HR) and non-homologous end joining (NHEJ) have roles in repairing 

DSBs. We predicted that short telomeres arising from various mutants might recombine by HR 
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or fuse by NHEJ to form unstable chromosomes. We asked if unstable chromosomes in tel1Δ 

rad17Δ cells formed by an HR- or NHEJ-dependent mechanism. We deleted Rad52, essential for 

HR, and/or Lig4, essential for NHEJ, in tel1Δ rad17Δ cells and measured frequencies of 

instability. We found that eliminating either HR (rad52Δ) or NHEJ (lig4Δ) does not significantly 

suppress the frequency of unstable chromosomes in tel1Δ rad17Δ cells, though loss of both 

proteins does result in a significant decrease (2-fold decrease) in instability (Table 6) 

(consistent with our previous results showing unstable chromosomes form independently of HR 

and NHEJ in other mutants; [133]). These results suggest that in MRX and 9-1-1 double mutants, 

HR and NHEJ pathways each have a minor role in forming unstable chromosomes, and instead, 

are consistent with fusion by a template-switch like mechanism predominantly forming 

unstable chromosomes. 

 

Lig4 deletion partially suppresses instability of telomerase defective cells  

 

Finally, we wished to test if unstable chromosomes form by HR or NHEJ in cells with a 

telomerase defect. In telomerase+ cells we find that unstable chromosomes form largely 

independent of NHEJ and HR (Table 6). To test if NHEJ and HR are involved in instability in Est3 

defective cells, we expressed the Est3 ODN first in lig4Δ cells. We found that Lig4 deletion 

partially suppressed the frequency of unstable chromosomes in late passages of Est3 ODN 

expressing cells by ~3 fold relative to controls, though the suppression is not significant (Table 

6). Thus, NHEJ is partially responsible for unstable chromosome formation in telomerase 

defective cells.  

 

We could not test the role of HR in forming unstable chromosomes because Est3ODN causes 

rapid senescence of mutants in HR (rad51Δ was tested).  

 

Discussion  
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In this study we analyzed the instability arising from the telomere, using specific mutations in 

telomere and DDR proteins in our Chr VII disome system that can detect three types of 

chromosome events. Our major conclusions are that MRX and 911 synergize dramatically to 

prevent instability; that Sir proteins have prominent roles in suppressing instability of tel1Δ and 

rad9Δ, but not rad17Δ nor mec1Δ sml1Δ mutants; that senescence and instability have common 

pathways; that Exo1-mediated degradation does not alter telomerase-defective instability; 

and, that NHEJ mediates telomerase defective unstable chromosomes but to a lesser-extent 

those arising from other defects (e.g. 9-1-1 MRX double mutants). Each of these is addressed 

briefly in turn.  

 

Synergy between the 9-1-1 clamp and MRX complex 

 

The synergistic increase in instability of 9-1-1 and MRX double mutants suggests that each 

protein complex mediates parallel, alternative pathways that inhibit instability. What the 

parallel pathways are is unknown. The canonical structure bound by MRX is a DSB, in contrast, 

the 9-1-1 clamp binds the 5’ end of ssDNA-dsDNA junctions. We propose two options: the MRX 

and the 9-1-1 complexes might respond to either the same damage structure or two distinct 

structures that both contribute to instability.  

 

MRX and 9-1-1 might respond to the same damaged structure formed by replication errors. In 

addition to its role as a checkpoint sensor, the 9-1-1 clamp also acts in the error free template 

switch DNA damage tolerance (DDT) pathway[85]. The clamp is loaded onto the 5’ ends of 

ssDNA at ssDNA-dsDNA junctions, and is therefore implicated in recognition of DNA gaps in the 

wake of replication errors, or of resected DSBs or uncapped telomeres [215]. It is likely that 

both the S phase checkpoint response and error free DDT pathways are important in preventing 

the formation of unstable chromosomes by replication error in our assay.  
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The MRX complex is traditionally implicated in response to DSBs, but evidence of a critical DSB-

independent role for MRX upon replication stress has begun to accumulate. MRX is required for 

fork integrity at the rDNA replication fork barrier (RFB) and HU-induced replisome stalls 

[203,204]. Additionally, MRX, Tel1, and Sae2 appear to play a significant role in resolving 

remodeled fork structures (cruciform intermediate/regressed fork) at fork errors near 

chromosome ends (so-called “terminal forks” encounter errors at DSBs or uncapped telomeres; 

[84]). It could be that both Tel1-MRX (but not Sae2, in our system) and the 9-1-1 complexes are 

recruited to DSB-independent damage induced by a replication fork stall/collapse. After a fork 

stall, MRX might function to bridge newly-synthesized sister chromatids or may bind to the 

double stranded DNA end formed by a regressed fork to somehow facilitate repair of the 

remodeled fork structure [84,203]. Alternatively, it might be that each complex responds to 

unique structures (9-1-1 complex to ssDNA gaps and MRX to DSBs) if both are generated 

simultaneously by replication stress in our system.  

 

Additionally, each protein complex has defined roles in regulation of resection. While MRX 

promotes resection, the 9-1-1 clamp differentially regulates resection (promotes resection of 

uncapped telomeres, but inhibits resection of internal regions through Rad9 recruitment). Our 

finding that instability forms independently of Exo1 suggests that (at least Exo1-mediated) 

resection is not required for the formation of unstable chromosomes, arguing that the 

regulation of resection by each complex is not involved in the instability detected in this study. 

Details of the parallel pathways regulated by MRX and 9-1-1 remain to be revealed by 

mechanistic studies of instability in our system. 

 

Exo1 not involved in forming unstable chromosomes 

 

We find that Exo1 plays no role in the instability of telomerase defective cells. This result is 

surprising as the Exo1 nuclease mediates extensive telomere resection. Exo1 deletion was 

previously found to suppress mutation in est1 telomerase mutants [149] and to suppress 
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genomic instability of cells surviving telomere loss by the formation of a hairpin capped 

chromosome end (PAL survivors, [140]). In this study we’ve overexpressed a dominant negative 

allele of the Est3 telomerase subunit in strains still expressing wild type subunits of 

telomerase; it could be that the different telomerase defects result in distinct end processing.  

 

NHEJ  

 

NHEJ is required for the formation of unstable chromosomes in the absence of telomerase, but 

to a lesser extent for instability in telomerase functional cells. This result suggests that 

although unstable chromosomes in either telomerase background form in or near the telomere, 

the aberrant structures in telomerase+ and telomerase- cells might differ (e.g. blunt DSB ends 

versus ssDNA formed by resection, ssDNA gaps, or remodeled replication forks). The finding 

that unstable chromosomes are HR and Exo1 independent, and that rad9Δ checkpoint mutants 

have no growth defect in telomerase defective cells is inconsistent with the generation of 

extensive ssDNA by resection of a DSB. It may be that instability is caused by aberrant NHEJ 

repair of a “terminal fork” in telomerase defective cells, and aberrant template switching 

repairs ssDNA gaps or regressed fork structures in telomerase+ cells. Molecular characterization 

of damaged structures awaits conditional induction of instability in our system.  

 

Sir proteins 

 

Above we present two models that may address suppression of instability by deletion of Sir2 

and Sir3 in rad9Δ and tel1Δ: first, that the Sir proteins might directly impede replication fork 

progression, and second, that enhanced TPE may permit survival on canavanine selection prior 

to genomic instability. In addition to these models, we note that another connection between 

heterochromatin and replication has been made. Late replication timing of the telomere is 

dependent upon Sir3 as telomeric origins fired earlier in sir3Δ mutants [42]. It could be that 



 123 

Chr VII telomeric origins fire earlier in the absence of the Sir proteins, allowing more time for 

telomere replication to proceed (and forks to be repaired).  

 

Senescence and instability 

 

The correlation between Tel1’s regulation of senescence and instability is surprising to us. In 

telomerase+ cells we find that Tel1 is critical for preventing unstable chromosomes, as tel1Δ 

cells have at least a 10-fold increase in instability relative to TEL1, but did not observe an 

effect of rif2Δ on the frequency of instability. Tel1-MRX has been shown to delay senescence in 

telomerase defective strains, and has been hypothesized to do so by delaying telomere 

resection. Rif2 inhibits the nuclease activity of MRX. It may be that in early passages, before 

telomeres are very short, the checkpoint activity (and role in maintaining terminal replication 

fork integrity) of Tel1 prevents instability. Yet, as telomeres become very short Tel1-MRX 

activity promotes resection, leading to senescence and instability. Accordingly, loss of Rif2, an 

inhibitor of MRX, allows resection of chromosome ends leading to senescence and instability 

(though the initially longer telomeres of rif2Δ mutants show a delay in this phenotype). In 

general, the roles of Tel1 and Rif2 in instability in telomerase defective cells seem to be 

consistent with their roles in senescence. 

 

Overall, our results suggest that unstable chromosomes form at either long or short telomeres. 

In telomerase defective cells, unstable chromosomes most often form by nonhomologous end 

joining. In cells with functional telomerase, unstable chromosomes form by either replication 

errors or NHEJ and instability is partially suppressed by the loss of Sir proteins. End resection 

by the Exo1 nuclease is not required to form unstable chromosomes at the telomere, however, 

resection by Tel1, likely in coordination with the MRX complex, does induce instability in short 

telomeres (after late passages in telomerase defective cells). Additionally, we find that Rif1, 

Rif2, and Mrc1 play some role in regulating where along the chromosome unstable 

chromosomes form. 



 124 

 

Telomere damage results in chromosome instability and has major consequences for human 

disease and cancer, in particular. Not surprisingly, understanding the role of telomerase, 

telomere-associated proteins, DDR/checkpoint proteins, and their relationships to viability, 

senescence and instability is a complex affair. Exploring the relationship of pathways regulating 

cell senescence and genomic instability continues to provide novel insights into telomere 

biology. 
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Figure Legends 

 

Figure 21. Internal and terminal telomere errors generate telomere damage. 

Figure 22. Genetic regulation of senescence in budding yeast. 

Figure 23. Regulation of genomic instability and senescence upon telomere damage. 

Figure 24. The Chr VII disome system detects unstable chromosomes. 

Figure 25. Telomere defects cause chromosome instability. 

Figure 26. Telomere defects of 9-1-1 and MRX mutants. 

Figure 27. The Mrc1 checkpoint protein regulates where unstable chromosomes form. 

Figure 28. The Rad9 checkpoint protein does not regulate where unstable chromosomes 

form. 

Figure 29. Rif proteins regulate where unstable chromosomes form.  

Figure 30. Telomerase defective chromosome instability is delayed by rif2∆ long telomeres. 
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Table Legends 

 

Table 3. Replication defects induce instability.  

Table 4. Tel1, but not Exo1, telomere resection induces instability.  

Table 5. Longer telomeres delay instability. 

Table 6. Instability is HR-independent and partially NHEJ-dependent.   

Table 7. Saccharomyces cerevisiae strains used in Chapter 3. 

Table 8. Plasmids used in Chapter 3. 
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Beyer Figure 21 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. Internal and terminal telomere errors generate telomere damage. 

Telomere loss can form by internal damage (by replication errors, for example) or by terminal 

damage (gradual loss in the absence of telomerase or by nuclease resection). Short telomeres 

induce senescence, or might evade senescence and generate chromosome rearrangements. 

Diagonal black rectangles: telomeres, red circle: site of damage, yellow shape: nuclease.  
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Beyer Figure 22 

 

 

 

 

 

 

 

 

 

Figure 22. Genetic regulation of senescence in budding yeast. 

Figure adapted from results presented by Ballew and Lundblad [200].  
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Beyer Figure 23 

 

 

 

Figure 23. Regulation of genomic instability and senescence upon telomere damage. 

Telomere damage promotes genomic instability and senescence. Telomere replication errors 

can initiate in short or long telomeres to generate aberrant structures that form unstable 

chromosomes (two hypothetical structures are shown: ssDNA gaps left after the fork error, or 

fork reversal). Diagonal black rectangles: telomeres, red circle: site of damage, yellow shape: 

nuclease. 
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Beyer Figure 24 

 

 

 

Figure 24. The Chr VII disome system detects unstable chromosomes.  

(A) Diagrams of Chr VII homologs in the starting strain (one gray, one black). Genetic markers 

are labeled in their approximate locations (scale above homologs); a (+) or (-) indicates the 

functional status of each allele. In the T-403IR-C site inverted repeats: open and black 

arrowheads are Ty3 LTR sigma 2 and sigma 3, respectively (each is ~200 bp); telomeres: black 

diagonal rectangles; centromeres: gray or black circles. Blue and red boxes: CanR round 
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colonies with stable chromosome changes (blue box) or CanR sectored colonies formed by an 

unstable chromosome and forming multiple chromosome changes (red box). Gray and black 

lines represent Chr VII sequences from each homolog. (B) The five possible fates of unstable 

chromosomes: 1) the same unstable chromosome is inherited by the daughter cell, 2) further 

change to form a different unstable chromosome, 3) loss, 4) cell death, or 5) allelic 

recombination to form a “relic recombinant.” (C) How genetic diversity may arise in a sectored 

colony. See text for explanation. Changes to Chr VII are shown in cells; shaded indicates cell 

death, absence of a Chr VII indicates loss. (D) How relic recombinants arise. The initial 

chromosomes (top) replicate with error, forming a G2 cell with fused sisters of the bottom 

homolog. That unstable chromosome breaks, and undergoes recombination with the homolog 

(denoted by X’s; solid line for this example, dashed lines others that are possible). Co-

segregation of #1 and #3 forms a stable relic recombinant (labeled below). The unstable 

chromosome may instead undergo complex reactions to form an isochromosome (not depicted). 
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Beyer Figure 25 

 

 

Figure 25. Telomere defects cause chromosome instability.  

(A) Telomerase mutants induce all three forms of instability. Average frequency ± standard 

deviation is shown. Fold changes within respective passage group are shown in parentheses. 

Early and late passage cells grew ~40 and ~100 generations from transformation, respectively.  

Statistically significant differences are in bold (*P value < 0.05, **P value < 0.01, Kruskal Wallis 

test); EP: early passage cells, LP: late passage cells. (B) Genetic distributions of allelic 

recombinants in specific genetic intervals from late passage cells expressing EST3 alleles 

(Vector: N=580, ADH-EST3: N=547, ADH-Est3-R110A: N=788). (C) Genetic distributions of relic 
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recombinants in specific genetic intervals from late passage cells expressing EST3 alleles 

(Vector: N=310, ADH-EST3: N=372, ADH-Est3-R110A: N=437). (D) EST3 (Vector: N=562, ADH-

EST3: N=656, ADH-Est3-R110A: N=722) alleles. (E) Genetic distributions of tel1Δ allelic 

recombinants (N=1045) and relic recombinants (N=416) in specific genetic intervals from CanR 

Ade+ round and sectored colonies, respectively. (F) Distributions of relic recombinants, loss, or 

“other” recovered from tel1Δ CanR Ade+ sectored colonies (N=638). 
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Beyer Figure 26 

 

 

Figure 26. Telomere defects of 9-1-1 and MRX mutants.  

(A-D) Genetic distributions of allelic recombinants (xrs2Δ N=219, rad50Δ N=387, rad17Δ N=229, 

ddc1Δ N=404) and relic recombinants (xrs2Δ N=146, rad50Δ N=117, rad17Δ N=192, ddc1Δ 

N=124) in specific genetic intervals from CanR Ade+ round and sectored colonies, respectively. 

(E) Telomere length analysis. Southern blot analysis of XhoI-digested DNA from exponentially 

growing cells, using a poly (GT) telomere-specific probe. Two independent colonies of each 

strain were analyzed. 

 

rad17Δ and sae2Δ do not increase instability  

Sae2 is an endonuclease tightly associated with the MRX complex, acting in resection of double 

strand breaks (DSBs) and processing of telomere overhangs [216,217]. In some reactions, sae2Δ 
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mutants are as defective as MRX single mutants. We deleted both Sae2 and Rad17, and 

measured instability. We found no increase in instability in rad17Δ sae2Δ double mutants 

relative to rad17Δ (and no instability in sae2Δ single mutants; Table 3). Similarly, we find that 

rad17Δ sae2Δ telomeres are no shorter than rad17Δ (Figure 26E). Thus, the 9-1-1 and Tel1-MRX 

pathways, but not Sae2, cooperate to prevent chromosome instability. 
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Beyer Table 3 

 

Table 3. Replication defects induce instability. 

Average frequency ± standard deviation is shown. Fold changes are shown in parentheses 

(single mutant fold changes relative to wild type; double mutant fold changes relative to more 

unstable single mutant; fold changes of mutant cells + plasmids are relative to wild type cells + 

plasmids and within respective passage groups). EP: early passage cells, LP: late passage cells. 

Statistically significant differences are in bold (*P value < 0.05, **P value <0.01, Kruskal Wallis 

test). a Wild type frequencies previously reported (Beyer and Weinert, in review). 

 

	

Cells Allelic Recombination 
(x10-5) 

Unstable Chromosomes 
(x10-5) 

Chromosome Loss 
(x10-5) 

Wild type 14 ± 14 (1.0)a 5.8 ± 3.8 (1.0)a 34 ± 26 (1.0)a 
tel1Δ 25 ± 17 (1.8)** 83 ± 50 (14)** 290 ± 570 (8.5)** 
rad50Δ 83 ± 71 (5.9)** 760 ± 190 (130)** 6300 ± 5400 (185)** 
xrs2Δ 63 ± 34 (4.5)** 900 ± 240 (155)** 3800 ± 2500 (110)** 
rad17Δ 150 ± 150 (11)** 540 ± 180 (93)** 960 ± 1200 (28)** 
ddc1Δ 110 ± 100 (7.9)** 460 ± 160 (79)** 500 ± 430 (15)** 
rad24Δ 94± 60 (6.7)** 600 ± 240 (100)** 690 ± 430 (20)** 
tel1Δ rad17Δ ND 3000 ± 1500 (5.6)** 8000 ± 11000 (8.3)** 
tel1Δ ddc1Δ ND 4000 ± 5300 (7.4)* 13000 ± 14000 (13)** 
tel1Δ rad24Δ ND 2600 ± 1400 (4.8)* 12000 ± 14000 (12)** 
rad17Δ rad50Δ ND 3000 ± 3700 (3.9) 6800 ± 7800 (1.1) 
rad17Δ xrs2Δ ND 1700 ± 1200 (1.9) 3700 ± 3700 (0.98) 
sae2Δ 22 ± 21 (1.6) 12 ± 7.4 (2.1) 48 ± 28 (1.4) 
rad17Δ sae2Δ 52 ± 17 (0.35)** 390 ± 72 (0.72)** 370 ± 150 (0.39)** 
rad9Δ 15 ± 12 (1.1) 91 ± 54 (16)** 550 ± 800 (16)** 
mec1Δ sml1Δ 31 ± 15 (2.2)** 370 ± 120 (64)** 2000 ± 3000 (59)** 
sir2Δ 10 ± 25 (0.71)* 13 ± 19 (2.2) 4.2 ± 10 (0.12)** 
sir3Δ 48 ± 50 (3.4)* 11 ± 45 (1.9)** 180 ± 330 (5.3) 
tel1Δ sir2Δ 1.4 ± 0.92 (0.06)** 14 ± 14 (0.17)** 7.9 ± 5.7 (0.03)** 
rad9Δ sir2Δ 11 ± 25 (0.73)** 15.5 ± 20 (0.17)** 15 ± 34 (0.03)** 
tel1Δ sir3Δ 26 ± 41 (1.0) 4.8 ± 6.1 (0.06)** 2.6 ± 5.3 (0.01)** 
rad9Δ sir3Δ 51 ± 55 (3.4)* 15 ± 12 (0.16)** 170 ± 180 (0.31)** 
rad17Δ sir3Δ 164 ± 55 (1.1) 380 ± 100 (0.7) 740 ± 290 (0.77) 
mec1Δ sml1Δ sir3Δ 120 ± 57 (3.8)** 190 ± 61 (0.5) 920 ± 540 (0.46) 
tel1Δ rad17Δ sir3Δ 330 ± 450 (ND) 1300 ± 1700 (0.43)** 3800 ± 7400 (0.48)** 
mrc1Δ 48 ± 8.2 (3.4)** 23 ± 16 (4.0)** 370 ± 440 (11)* 
EP Vector 24 ± 11 (1.0) 96 ± 9.2 (1.0) 140 ± 37 (1.0) 
EP mrc1Δ + vector 81 ± 47 (3.4)** 30 ± 9.4 (0.31)** 200 ± 48 (1.4)* 
EP rad9Δ + vector 8.0 ± 3.8 (0.33)** 89 ± 17 (0.93) 350 ± 125 (2.5)** 
EP Est3 ODN 20 ± 13 (1.0) 93 ± 42 (1.0) 100 ± 25 (1.0) 
EP mrc1Δ + Est3 ODN 55 ± 28 (2.7)** 64 ± 69 (0.69) 160 ± 54 (1.6)* 
EP rad9Δ + Est3 ODN 81 ± 86 (4.0)* 78 ± 83 (0.84) 150 ± 77 (1.5) 
LP Vector 21 ± 18 (1.0) 46 ± 8.8 (1.0) 190 ± 96 (1.0) 
LP mrc1Δ + vector ND ND ND 
LP rad9Δ + vector 16 ± 6.6 (0.76) 225 ± 73 (4.9)** 850 ± 160 (4.5)** 
LP Est3 ODN 53 ± 53 (1.0) 260 ± 260 (1.0) 490 ± 480 (1.0) 
LP mrc1Δ + Est3 ODN ND ND ND 
LP rad9Δ + Est3 ODN 2.8 ± 1.0 (0.05)** 180 ± 170 (0.7) 650 ± 200 (1.3) 
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Beyer Table 4 

 

Table 4. Tel1, but not Exo1, telomere resection induces instability 

Average frequency ± standard deviation is shown. Fold changes are shown in parentheses (fold 

changes of mutant cells + plasmids are relative to wild type cells + plasmids and within 

respective passage groups). EP: early passage cells, LP: late passage cells. Statistically 

significant differences are in bold (*P value < 0.05, **P value <0.01, Kruskal Wallis test). a Wild 

type frequencies previously reported (Beyer and Weinert, in review). 

 

We found tel1Δ + Est3 ODN cells did not show a growth defect compared to control cells (Table 

4). We could therefore measure chromosome instability with our Chr VII disome, and identified 

a complex phenotype. We found that tel1Δ + Est3 ODN cells showed a 2-3 fold increase in all 

events (allelic, unstable, loss) in early passage instability relative to tel1Δ + vector control 

cells (Table 4). We then observed a modest decrease in the frequency of instability in tel1Δ + 

Est3ODN cells in late passage cells relative to controls. The result suggests that Tel1 initially 

suppresses instability in a telomerase defective cell until telomeres get shorter in later passage 

cells, where Tel1 enhances instability. This late passage phenotype is in fact similar to what 

others have reported; that Tel1 enhances senescence, which by definition is a late passage 

phenotype. We cannot test the role of MRX and telomerase defect because of the rapid 

senescence even in our Est3ODN system. Others have concluded, and we concur, that perhaps 

	

Cells Allelic Recombination 
(x10-5) 

Unstable Chromosomes 
(x10-5) 

Chromosome Loss 
(x10-5) 

EP Vector 24 ± 11 (1.0) 96 ± 9.2 (1.0) 140 ± 37 (1.0) 
EP tel1Δ + vector 38 ± 11 (1.6) 120 ± 33 (1.2) 1400 ± 2500 (10)** 
EP exo1Δ + vector 49 ± 19 (2.0)* 21 ± 6.4 (0.22)** 67 ± 19 (0.48)** 
EP Est3 ODN 20 ± 13 (1.0) 93 ± 42 (1.0) 100 ± 25 (1.0) 
EP tel1Δ + Est3 ODN 98 ± 100 (4.9) 370 ± 280 (4.0)* 2500 ± 4000 (25)** 
EP exo1Δ + Est3 ODN 9.7 ± 5.9 (0.49) 86 ± 59 (0.92) 250 ± 190 (2.5) 
LP Vector 21 ± 18 (1.0) 46 ± 8.8 (1.0) 190 ± 96 (1.0) 
LP tel1Δ + vector 43 ± 52 (2.0) 130 ± 99 (2.8)** 360 ± 200 (1.9)* 
LP exo1Δ + vector 28 ± 8.1 (.3) 60 ± 13 (1.3) 100 ± 34 (0.53) 
LP Est3 ODN 53 ± 53 (1.0) 260 ± 260 (1.0) 490 ± 480 (1.0) 
LP tel1Δ + Est3 ODN 150 ± 320 (2.8) 96 ± 55 (0.37) 300 ± 170 (0.61) 
LP exo1Δ + Est3 ODN 64 ± 58 (1.2) 370 ± 280 (1.4) 370 ± 190 (0.75) 
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telomere resection by Tel1 and MRX promotes senescence, and we speculate instability, in a 

telomerase deficient background.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 138 

Beyer Figure 27 

 

 

 

 

Figure 27. The Mrc1 checkpoint protein regulates where unstable chromosomes initiate 

(A-C) Genetic distributions of allelic recombinants (mrc1Δ N=696, EP mrc1Δ + Vector N=478, EP 

mrc1Δ + Est3 ODN N=550) and relic recombinants (mrc1Δ N=598, EP mrc1Δ + Vector N=318, EP 

mrc1Δ + Est3 ODN N=410) in specific genetic intervals from CanR Ade+ round and sectored 

colonies, respectively. EP: early passage cells.  
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Beyer Figure 28 

 

 

 

 

 

 

 

 

 

Figure 28. The Rad9 checkpoint protein does not regulate where unstable chromosomes 

initiate 

(A-E) Genetic distributions of allelic recombinants (rad9Δ N=837, EP rad9Δ + Vector N=405, EP 

rad9Δ + Est3 ODN N=316, LP rad9Δ + Vector N=343, LP rad9Δ + Est3 ODN N=538) and relic 

recombinants (rad9Δ N=994, EP rad9Δ + Vector N=228, EP rad9Δ + Est3 ODN N=219, LP rad9Δ + 

Vector N=427, LP rad9Δ + Est3 ODN N=346) in specific genetic intervals from CanR Ade+ round 

and sectored colonies, respectively. EP: early passage cells, LP: late passage cells. 

 

Mrc1 and Rad9 checkpoint proteins both mediate the activation of Rad53 in response to DNA 
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and recombinant distributions at early and late passage (Table 3). First, rad9Δ + Est3 ODN 

survive early and late passage, while mrc1Δ mutants survived only an early passage. Second, 

rad9Δ + Est3 ODN early passage showed telomere-enrichment of allelic recombinants, while 

late passage did not (rather, late passage allelics showed an internal enrichment). We suggest 

that late passage cells undergo more extensive instability leading to exceptional allelics 

amongst the allelic recombinants. In any case, Rad9 and Mrc1 play distinct roles at the 

telomere, with Mrc1 activation more important to prevent telomere erosion [209].  
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Beyer Table 5 

 

Table 5. Longer telomeres delay instability 

Average frequency ± standard deviation is shown. Fold changes are shown in parentheses 

(single mutant fold changes relative to wild type; double mutant fold changes relative to more 

unstable single mutant; fold changes of mutant cells + plasmids are relative to wild type cells + 

plasmids and within respective passage groups). EP: early passage cells, LP: late passage cells. 

Statistically significant differences are in bold (*P value < 0.05, **P value <0.01, Kruskal Wallis 

test). a Wild type frequencies previously reported (Beyer and Weinert, in review). 

 

 

 

 

 

	

Cells Allelic Recombination 
(x10-5) 

Unstable Chromosomes 
(x10-5) 

Chromosome Loss 
(x10-5) 

Wild type 14 ± 14 (1.0)a 5.8 ± 3.8 (1.0)a 34 ± 26 (1.0)a 
tel1Δ 25 ± 17 (1.8)** 83 ± 50 (14)** 290 ± 570 (8.5)** 
rad9Δ 15 ± 12 (1.1) 91 ± 54 (16)** 550 ± 800 (16)** 
rad17Δ 150 ± 150 (11)** 540 ± 180 (93)** 960 ± 1200 (28)** 
tel1Δ rad17Δ ND 3000 ± 1500 (5.6)** 8000 ± 11000 (8.3)** 
ku70Δ 12 ± 4.1 (0.86) 14 ± 9.0 (2.4)* 33 ± 30 (0.97) 
rad9Δ ku70Δ 23 ± 23 (1.5) 110 ± 100 (1.2) 470 ± 430 (0.85) 
rad17Δ ku70Δ 120 ± 19 (0.8) 550 ± 230 (1.0) 390 ± 150 (0.4) 
ku80Δ 15 ± 7.5 (1.1) 42 ± 26 (7.2)** 46 ± 37 (1.3) 
rad9Δ ku80Δ 11 ± 2.6 (0.73) 99 ± 110 (1.1) 230 ± 140 (0.42) 
rad17Δ ku80Δ 180 ± 43 (1.2) 530 ± 230 (0.98) 610 ± 150 (0.63) 
rif1Δ 16 ± 14 (1.1) 9.3 ± 3.1 (1.6)** 63 ± 120 (1.8) 
tel1Δ rif1Δ 66 ± 43 (2.6)* 56 ± 34 (0.67) 4300 ± 7000 (15)* 
rad9Δ rif1Δ 10 ± 4.2 (0.67) 51 ± 21 (0.56) 270 ± 190 (0.49) 
rad17Δ rif1Δ 100 ± 51 (0.67) 540 ± 230 (1.0) 75 ± 56 (0.08) 
tel1Δ rad17Δ rif1Δ 480 ± 900 (ND) 2500 ± 1200 (0.83) 3900 ± 3700 (0.49) 
rif2Δ 17 ± 17 (1.2) 3.5 ± 2.2 (0.6) 71 ± 115 (2.1) 
tel1Δ rif2Δ 96 ± 46 (3.8)** 50 ± 38 (0.6) 1100 ± 1800 (3.8)* 
rad9Δ rif2Δ 11 ± 6.8 (0.73) 59 ± 20 (0.65) 520 ± 790 (0.94) 
rad17Δ rif2Δ 190 ± 110 (1.3)  380 ± 63 (0.7) 1100 ± 1100 (1.1) 
tel1Δ rad17Δ rif2Δ ND 1700 ± 470 (0.6) 2800 ±2600 (0.35) 
EP Vector 24 ± 11 (1.0) 96 ± 9.2 (1.0) 140 ± 37 (1.0) 
EP rif2Δ + vector 28 ± 40 (1.2) 26 ± 11 (0.27)** 97 ± 43 (0.69) 
EP Est3 ODN 20 ± 13 (1.0) 93 ± 42 (1.0) 100 ± 25 (1.0) 
EP rif2Δ + Est3 ODN 15 ± 8.7 (0.75) 42 ± 22 (0.45)** 94 ± 20 (0.94) 
LP Vector 21 ± 18 (1.0) 46 ± 8.8 (1.0) 190 ± 96 (1.0) 
LP rif2Δ + vector 15 ± 5.2 (0.71) 39 ± 19 (0.85) 120 ± 16 (0.63) 
LP Est3 ODN 53 ± 53 (1.0) 260 ± 260 (1.0) 490 ± 480 (1.0) 
LP rif2Δ + Est3 ODN 17 ± 15 (0.32) 100 ± 25 (0.38) 100 ± 21 (0.2) 



 142 

 

Beyer Figure 29 

 

 

 

 

Figure 29. Rif proteins regulate where unstable chromosomes form 

(A-D) Genetic distributions of allelic recombinants (ku70Δ N=482, ku80Δ N=593, rif1Δ N=571, 

rif2Δ N=658) and relic recombinants (ku70Δ N=419, ku80Δ N=363, rif1Δ N=371, rif2Δ N=311) in 

specific genetic intervals from CanR Ade+ round and sectored colonies, respectively. (G) 

Telomere length analysis. Southern blot analysis of XhoI-digested DNA from exponentially 

growing cells, using a poly (GT) telomere-specific probe. Two independent colonies of each 

strain were analyzed.  
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Beyer Figure 30 

 

Figure 30. Telomerase defective chromosome instability is delayed by rif2Δ long telomeres 

(A-F) Genetic distributions of allelic recombinants (LP + Vector N=377, LP + Est3 ODN =431, EP 

rif2Δ + Vector N=453, EP rif2Δ + Est3 ODN N=551, LP rif2Δ + Vector N=656, LP rif2Δ + Est3 ODN 

N=732) and relic recombinants (LP + Vector N=284, LP + Est3 ODN =498, EP rif2Δ + Vector 

N=174, EP rif2Δ + Est3 ODN N=326, LP rif2Δ + Vector N=340, LP rif2Δ + Est3 ODN N=509) in 

specific genetic intervals from CanR Ade+ round and sectored colonies, respectively. (G) 

Telomere length analysis. Southern blot analysis of XhoI-digested DNA from exponentially 
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growing cells, using a poly (GT) telomere-specific probe. Two independent colonies of each 

strain were analyzed. EP: early passages; LP: late passages.  
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Beyer Table 6 

 

 

Table 6. Instability is HR-independent and partially NHEJ-dependent 

Average frequency ± standard deviation is shown. Fold changes are shown in parentheses 

(single mutant fold changes relative to wild type; double mutant fold changes relative to more 

unstable single mutant; fold changes of mutant cells + plasmids are relative to wild type cells + 

plasmids and within respective passage groups). EP: early passage cells, LP: late passage cells. 

Statistically significant differences are in bold (*P value < 0.05, **P value <0.01, Kruskal Wallis 

test). a Wild type frequencies previously reported (Beyer and Weinert, in review). 

 

 

 

 

 

 

 

 

 

	

Cells Allelic Recombination 
(x10-5) 

Unstable Chromosomes 
(x10-5) 

Chromosome Loss 
(x10-5) 

Wild type 14 ± 14 (1.0)a 5.8 ± 3.8 (1.0)a 34 ± 26 (1.0)a 
tel1Δ 25 ± 17 (1.8)** 83 ± 50 (14)** 290 ± 570 (8.5)** 
rad17Δ 150 ± 150 (11)** 540 ± 180 (93)** 960 ± 1200 (28)** 
lig4Δ 21 ± 23 (1.5) 4.9 ± 1.9 (0.84) 120 ± 300 (3.5) 
rad52Δ ND 18 ± 8.6 (3.1)** 32 ± 13 (0.94) 
tel1Δ rad17Δ ND 3000 ± 1500 (5.6)** 8000 ± 11000 (8.3)** 
tel1Δ lig4Δ 55 ± 21 (2.2)** 86 ± 54 (1.0) 115 ± 45 (0.4) 
rad17Δ lig4Δ 150 ± 92 (1.0) 630 ± 140 (1.2)* 1700 ± 1800 (1.8) 
tel1Δ rad17Δ lig4Δ ND 2300 ± 1200 (0.77) 14000 ± 20000 (1.7) 
tel1Δ rad17Δ rad52Δ ND 4600  ± 3600 (1.5) 3300 ± 4700 (0.41) 
tel1Δ rad17Δ lig4Δ rad52Δ ND 1550 ± 840 (0.52)** 16000 ± 24000 (2.0) 
EP Vector 24 ± 11 (1.0) 96 ± 9.2 (1.0) 140 ± 37 (1.0) 
EP lig4Δ + vector 14 ± 14 (0.58) 44 ± 8.0 (0.46)** 150 ± 180 (1.1) 
EP Est3 ODN 20 ± 13 (1.0) 93 ± 42 (1.0) 100 ± 25 (1.0) 
EP lig4Δ + Est3 ODN 36 ± 78 (1.8) 62 ± 93 (0.67) 64 ± 20 (0.64)** 
LP Vector 21 ± 18 (1.0) 46 ± 8.8 (1.0) 190 ± 96 (1.0) 
LP lig4Δ + vector 13 ± 8.9 (0.62) 31 ± 9.0 (0.67)* 89 ± 44 (0.47)* 
LP Est3 ODN 53 ± 53 (1.0) 260 ± 260 (1.0) 490 ± 480 (1.0) 
LP lig4Δ + Est3 ODN 30 ± 26 (0.57) 91 ± 70 (0.35) 130 ± 51 (0.26) 
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Table 7. Saccharomyces cerevisiae strains used in Chapter 3 

 

aAll strains are disomic for Chr VII and derivatives of TY200 MATa +/hxk2::CAN1 lys5/+ 
cyhr/CYHs trp5/+ leu1/+ Centromere ade6/+ +/ade3, ura3-2 (A364a genetic background) except 
for mutations listed [153]. 

 

Strain Genotypea,b Source 

TY200 Wild type (Admire, et al. 2006) 
TY206 rad9∆::ura3 (Admire, et al. 2006) 
TY216 rad17Δ::hisGura3 (Admire, et al. 2006) 
TY590 tel1Δ::URA3 (Kaochar, et al. 2010) 
TY593 tel1Δ::HPH1 (Kaochar, et al. 2010) 
TY522 xrs2Δ::KanMX (Kaochar, et al. 2010) 
TY523 rad50Δ::KanMX (Kaochar, et al. 2010) 
TY594 ddc1Δ::KanMX This study 
TY503 rad24Δ::KanMX (Kaochar, et al. 2010) 
TY595 tel1Δ::URA3 rad17Δ::Nat1MX This study 
TY596 tel1Δ::URA3 ddc1Δ::KanMX This study 
TY597 tel1Δ::URA3 rad24Δ::KanMX This study 
TY598 rad17Δ::hisGura3 rad50Δ::KanMX This study 
TY599 rad17Δ::hisGura3 xrs2Δ::KanMX This study 
TY600 sae2Δ/Δ::KanMX, Nat1MX This study 
TY601 rad17Δ::hisGura3  sae2Δ::KanMX::Nat1MX This study 
TY220 mec1∆::URA3  sml1∆::KanMX (Admire, et al. 2006) 
TY602 sir2Δ::KanMX This study 
TY603 sir3Δ::KanMX This study 
TY604 tel1Δ::URA3 sir2Δ::KanMX This study 
TY605 rad9Δ::ura3 sir2Δ::KanMX This study 
TY606 tel1Δ::URA3 sir3Δ::KanMX This study 
TY607 rad9Δ::ura3 sir3Δ::KanMX This study 
TY608 rad17Δ::hisGura3 sir3Δ::KanMX This study 
TY609 mec1∆::URA3  sml1∆::Nat1MX sir3Δ::KanMX This study 
TY610 tel1Δ::URA3 rad17Δ::Nat1MX sir3Δ::KanMX This study 
TY611 mrc1Δ::Nat1MX (Admire, et al. 2006) 
TY612 exo1Δ::KanMX (Kaochar, et al. 2010) 
TY613 ku70Δ::KanMX This study 
TY614 rad17Δ::hisGura3 ku70Δ::KanMX This study 
TY444 ku80Δ::KanMX (Paek, et al. 2009) 
TY454 rad9Δ::ura3 ku80Δ::KanMX (Paek, et al. 2009) 
TY615 rad17Δ::hisGura3  ku80Δ::KanMX This study 
TY616 rif1Δ::KanMX This study 
TY617 tel1Δ::HPH1 rif1Δ::KanMX This study 
TY618 rad9Δ::ura3 rif1Δ::KanMX This study 
TY619 rad17Δ::hisGura3 rif1Δ::KanMX This study 
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bTelomerase defective strains expressed plasmids (Table 8) in either TY200, TY206, TY216, 

TY593, TY523, TY611, TY621, TY447, TY612 background strains. 

 

Table 8. Plasmids used in Chapter 3 

 

 

 

 

 

 

 

 

 

 

 

 

	

Plasmid Selective Markers and Alleles Source 
pRS426 2µ URA3 plasmid (Christianson, et al. 1992) 
pVL3492  2µ ADH-Est3-R110A::URA3 (Lubin, et al. 2013, Lee, et al. 2010) 
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CHAPTER 4: DISCUSSION AND FUTURE DIRECTIONS 

 

The Life Cycle of Unstable Chromosomes 

 

My thesis work has given us greater insight into the initiation of instability in our system and 

has provided new strategies to characterize instability. The novel connections established 

between telomere and replication error provoke further questions. Here I speculate on a few 

findings of interest and ponder the many remaining questions (several of which were prompted 

during a stimulating discussion of my thesis defense). 

 

Initiation 

How do Telomere Errors Form Unstable Chromosomes? 

 

Collectively my thesis research suggests that the majority, if not all, of the errors that form 

unstable chromosomes initiate in the telomere. By what mechanism do unstable chromosomes 

form at the telomere?  

  

Telomere errors commonly initiate genomic instability. My research has found that defects in 

telomere maintenance form unstable chromosomes near the telomere. Interestingly, the 

mechanisms that generate telomere-proximal unstable chromosomes in telomerase functional 

cells differ from those in telomerase defective cells. These results suggest that telomere 

defects form different structures, each of which can generate unstable chromosomes.  

 

Unstable chromosomes formed in telomerase functional cells likely form by a replication error. 

The Tel1 checkpoint kinase and Rrm3 helicase synergize to prevent instability (Chapter 2). The 

Rrm3 DNA helicase removes tightly bound proteins from DNA during replication [95]. Because 

rrm3Δ mutants experience increased stalling in the telomere, it could be that replication stalls 
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through the telomeric chromatin lead to incomplete replication of the telomere in our system 

[95]. A replication fork error in the telomere might require replication fork bypass, which Tel1 

has been shown to play a role in (Tel1 processes regressed replication fork structures; [84]). 

Additionally, the 9-1-1 and MRX complexes synergize to prevent instability (Chapter 3). Details 

of the parallel pathways suggested by this interaction are unclear, however, both protein 

complexes have been implicated in recovery from replication errors [85,203,204].  

 

Interestingly, unstable chromosomes in telomerase defective cells often require NHEJ (more so 

in late passages than in early passages; Chapter 3). The requirement of NHEJ suggests that a 

distinct telomere structure initiates instability in the absence of telomerase. For example, 

NHEJ is performed at double stranded ends that have not been resected. Consistent with a 

minor role of resection in the formation of unstable chromosomes, I found that Exo1, a 

nuclease responsible for extensive telomere degradation [218], did not alter instability in 

telomerase defective cells (Chapter 3). NHEJ repairs argue against a role for the 9-1-1 clamp in 

forming unstable chromosomes in telomerase defective cells, in contrast to its critical role in 

instability of telomerase functional cells. The 9-1-1 clamp is loaded onto ssDNA-dsDNA regions, 

such as those found in gaps left behind the replication fork. ssDNA gap structures would have to 

be processed to a DSB before NHEJ repair could occur, and are not likely a predominant 

structure at the telomeres of telomerase defective cells. Additionally, if the 9-1-1 complex 

were acting at telomerase defective telomeres, it is expected that exo1Δ deletion would 

suppress the instability, as the 9-1-1 complex has been shown to stimulate resection of 

uncapped telomeres by Exo1 [215]. Collectively, these results suggest that a DSB near the 

telomere, or an unprotected telomere, might initiate instability in telomerase defective cells, 

and that the frequency of DSB-like structures increases in late passages. 

 

I propose a cohesive working model of the distinct telomere defects initiating instability in 

both telomerase defective and telomerase+ cells (Figure 31). In both telomerase functional 

cells, or in early passages of telomerase defective cells, telomeres have not yet eroded. The 
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longer telomeres are prone to replication error through the telomeric repeats, perhaps arising 

due to tight protein-DNA complexes (removal of these barriers is Rrm3 dependent). Replication 

errors caused by telomeric impediments might leave behind ssDNA gaps that are prone to 

errors during replication bypass pathways (inappropriate template switching could form a 

closed fork or hairpin capping of the end, or fork regression; 9-1-1 and Tel1-MRX dependent 

repair). In contrast, as the telomeres shorten in telomerase defective cells, replication fork 

errors generally arise at the end of the chromosome when encountering the eroded telomere. 

The terminal replication fork can result in a chromosome end that is recognized as a DSB 

structure (NHEJ and resection substrate), or in a regressed fork. The regressed fork also forms 

a structure resembling a DSB end. This model might explain the increased NHEJ-dependency of 

instability, and the tel1Δ suppression detected in late passages of telomerase defective cells. 

Tests for the molecular structures predicted by this model will require a high frequency of 

instability (as observed in 9-1-1 MRX double mutants) combined with conditional induction of 

instability (a project in progress). 
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Figure 31. Telomere replication errors induce chromosome instability and senescence. 

Short and long/normal length telomeres can lead to replication errors of distinct structures 

that generate instability. Short telomeres can also generate senescence. Detailed description 

of the working model is in text. Red circles indicate sites of replication error induced by an 

unknown lesion (potentially protein bound tightly to DNA or secondary structures formed by the 

telomere). 

 

Does Global Replication Error Cause Telomere Error? 

 

Surprisingly, I found that random replication error (induced by treating cells with HU or MMS) 

also caused an increase in initial errors formed near the telomere (Chapter 2). This suggests 

that, in addition to the direct induction of replication error through the telomere, telomere 

errors might arise indirectly during global replication stress. Indeed, cells mutant for S phase 

checkpoint proteins, even those without known telomere specific roles, have short telomeres 

and unstable chromosomes form most often near the telomere ([207] and research presented in 

Chapters 2 and 3).  

 

Relocalization of telomere binding proteins upon global replication stress might directly affect 

the replication of the telomere (Figure 32). Telomere binding proteins that act to maintain 

telomere integrity (e.g. Rap1 and its Rif and Sir binding proteins, and Ku proteins) relocalize 

from the telomere to internal sites of DNA damage [60,114,213,219]. In conditions of MMS-

induced global replication stress, Rap1 relocalizes to internal chromosome regions; whether 

these regions have incurred replication stalls is not yet clear [219]. The titration of telomere 

binding proteins, which prevent telomeric error and facilitate repair, from the end could result 

in telomere damage (by incomplete replication or increased replication fork stalls). 
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Additionally, telomerase itself might relocalize for repair of internal replication fork stalls. 

Indeed, de novo telomeres are added to interstitial telomeric sequences that have encountered 

replication errors [220]. Therefore, internal replication error might sequester telomerase itself 

away from the telomeres, leading to telomere shortening. 

 

The checkpoint response regulates the relocalization of telomere binding proteins. The 

relocalization of Rap1 is Mec1-dependent [213]. The shift from telomere rearrangements to 

internal rearrangements in mrc1Δ mutants hints at a role for Mrc1 in promoting Rap1 

relocalization through the Mec1 checkpoint (Chapter 3). It could be that in the absence of 

Mrc1, Rap1 does not relocalize to internal regions, thereby maintaining protection of the 

chromosome ends and decreasing telomeric rearrangements. The Rad9 checkpoint protein, 

which has redundant roles with Mrc1 in signaling, was shown to be required for Rap1 and Sir 

protein relocalization upon MMS treatment [219]. Curiously, in contrast to mrc1Δ mutants, we 

did not find a more randomized distribution of allelic recombinants in rad9Δ mutants, 

suggesting Mrc1 plays a predominant role in regulating localization of initial unstable 

chromosome formation (Chapter 3). It will be interesting to observe the distribution of allelic 

recombinants in cells lacking both Rad9 and Mrc1 checkpoint proteins, to determine if initial 

unstable chromosomes form randomly along the chromosome, a result that would suggest that 

the random allelic distribution is due to relocalization of telomere binding proteins. 

 

Why might telomere-binding proteins relocalize to internal regions during global replication 

stress? It is likely that Rap1, and other telomere binding proteins, function to repair damage 

throughout the chromosomes. For example, Rap1 is a transcription factor that upregulates 

expression of genes involved in DNA damage repair [221] and genes that induce senescence 

[213]. The expression of Rap1 target genes, such as the RNR genes, promotes global replication 

in conditions of replication stress [221]. Interestingly, loss of two Rap1 binding proteins, Rif1 

and Sir3, result in early origin firing of telomeric origins [42,43]. Perhaps the early firing of 

telomeric origins has evolved as a strategy to mitigate telomere specific damage during global 



 154 

replication stress (when Rap1 is titrated away from the telomere); telomere replication would 

have more time to complete, and to repair errors, if the telomeric origins fired earlier in S 

phase. 

 

Alternatively, in extreme cases of DNA damage, telomere binding protein relocalization might 

promote cell death. The induction of senescence genes by Rap1 relocalization upon telomere 

shortening (induced in telomerase mutants) might reinforce the cellular commitment to 

senescence, thereby preventing further genomic instability [213]. Extensive telomere 

shortening leads to senescence (essentially cell death) and so this may be one mechanism to 

select against cells that experience extraordinary levels of replication stress likely to result in 

faulty repair. Why the induction of senescence might have been selected for in a single-celled 

organism is discussed further below. 
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Figure 32. Global replication stress induces telomere error.  

Working model describing the telomere specific error induced by random replication stress. 

Under random replication stress the telomere binding proteins (green rectangles) are 

relocalized to internal sites of damage (red circles), resulting in loss of protective proteins at 

the telomere (black diagonal rectangles). Telomere attrition and/or telomere replication errors 

might arise over time in the absence of binding proteins. Internal damage is repaired (blue 

circles), but telomere damage has accrued. Telomere errors induce genomic instability and/or 

senescence. Green rectangles represent telomere binding proteins that have a protective role 

at sites of damage (e.g. Rap1, Rif1, Sir3, Yku). 

 



 156 

Progression and Resolution of Unstable Chromosomes 

Why Does an Unstable Chromosome Formed in the Telomere so Often Resolve to the Middle of 

the Chromosome? 

 

Telomere proximal unstable chromosomes often resolve to the middle of the chromosome, 

suggesting a common mechanism of unstable chromosome resolution (Chapter 2). Dicentric 

chromosomes are involved in the progression of instability in our system [133,153]. Dicentric 

chromosome breakage could form DSBs. Unstable dicentric chromosomes have been shown to 

break most often at telomere fusions and near the centromere [147,148,174]. It could be that 

an original replication error initiates instability in the telomere. Then, the unstable dicentric 

chromosome later breaks near the centromere (near the fragile site, located within 100 Kb of 

the centromere). The previously identified dicentric chromosome and isochromosome formed 

in the “fragile region” (which we now consider a “collection region”) [133,153] might arise by 

replication error at the DSB, leading to the predicted template switch mechanism. A DSB near 

the fragile region provides a simple explanation of how to get from a rearrangement near the 

telomere to resolution some 400 Kb away from the end. 

 

Connections Between Epigenetic and Genetic Stability 

 
Many proteins, including the Sir silencing proteins, bind telomeres to form a heterochromatic 

domain at the chromosome end [65]. The proteins involved in silencing genes at the telomere, 

also bind to proteins along the nuclear periphery to tether the telomere to the nuclear 

membrane [222,223]. These interactions delineate the telomere chromatin architecture and 

play a role in the replication and repair of the telomere and are therefore important for 

telomere maintenance [222–224]. We found that Sir protein deletion (sir2Δ and sir3Δ) 

suppressed the instability of some checkpoint mutants (Chapter 3). A simple model for the 

suppression in instability upon SIR deletion is that the telomere-bound Sir proteins might 
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directly act as an impediment to replication through the telomere. Alternatively, there could 

be a more intricate relationship between replication and heterochromatin.  

 

In the Chr VII disome system, the Sir proteins promote instability in some way. As mentioned in 

Chapter 3, it might be that Sir proteins are localizing to replication stress incurred in the 

telomere and heterochromatin is extended to the CAN1 gene. Indeed, replication stress might 

induce unscheduled silencing. Sir proteins were found to recruit to stalled forks in budding 

yeast [219]. Additionally, telomeric heterochromatin has been shown to spread in checkpoint 

mutants in budding yeast [207], and replication stress induces heterochromatin spreading from 

the silent mating type locus in fission yeast [225]. Whether or not Sir protein localization, and 

ultimately gene silencing, provides a beneficial function during replication stress remains 

unclear. Although the link between unscheduled silencing and replication fork stalling is not 

yet clear, correlations between the responses seem to be conserved from yeast to man, 

suggesting a fitness advantage to silencing upon replication stress [226]. In our system, the 

heterochromatin spreading might allow cells to survive canavanine selection before the 

chromosome undergoes further rearrangements to lose the gene.  

 

The dramatic suppression of tel1Δ instability by sir2Δ or sir3Δ suggests that the Sir proteins are 

required to form nearly all unstable chromosomes in tel1Δ mutants. It might be that Sir protein 

recruitment to replication stalls and DSBs most often precedes unstable chromosome 

formation. Sir proteins may directly promote DSB repair (aberrant DSB repair of short 

telomeres by NHEJ, for example), as Sir proteins do relocalize to sites of DSB damage [60,227]. 

Alternatively, Sir proteins might indirectly alter DSB repair. Sir deletion causes derepression of 

the silent mating type loci in budding yeast, leading to a change in mating type and gene 

expression (i.e. a haploid cell’s gene expression is now altered to resemble the transcriptome 

of a diploid cell; [228]). Indeed, Sir protein functions in NHEJ repair are primarily dependent 

upon the haploid cell type [229]. It could be that changes to gene expression in Sir mutants 

inhibit an error-prone DNA damage repair that forms unstable chromosomes (NHEJ being a 
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likely culprit as lig4Δ partially suppresses instability; Chapter 3). These hypotheses remain to 

be tested in our system, but will likely prove fruitful to the field’s understanding of the 

interplay between epigenetic and genetic stability. 

 

Genomic Instability Evades Senescence 

 
Though correlations between telomere defects, aging, and cancer have long been observed the 

mechanistic understanding of the relationship between senescence and genomic instability 

continues to evolve [230]. Senescence is the exit of cells from the cell cycle; cells cease to 

proliferate, resulting in eventual cell death [27,231]. Initially, senescence was attributed solely 

to telomere shortening, however, several mechanisms to induce senescence have now been 

described in human cells including DNA damage, oncogene activation, and reactive oxygen 

species [232]. The activation of the DNA damage response (DDR) is triggered in each scenario 

and is emerging as the causative mechanism of senescence [230].  

 

Senescence can be viewed as a route to inhibit the unrestricted growth of genomically unstable 

cells. The results of my work presented in Chapter 3 are consistent with a similar role of the 

DDR in regulating both senescence and instability. It is likely that a persistent DDR induces 

senescence, the optimal outcome that eliminates cells with extensive DNA damage from the 

population. However, the damage that triggered the DDR to induce senescence might, albeit 

rarely, evade senescence and instead form an unstable chromosome. The formation of an 

unstable chromosome would lead to rapid genomic changes observed in genomic instability. 

The idea that senescence evolved to eliminate damaged cells from the population makes sense 

in a multicellular organism (wherein the death of a single mutated cell benefits the organism 

on a whole by preventing disease, for example), but how does the unicellular budding yeast 

benefit from this advantage (in this case, death of the single cell results in death of the entire 

organism) [233]? Though untested, it could be that senescence, and eventual death, of a single 

yeast cell in nature might benefit the community of yeast cells (i.e. senescence is a form of 
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“altruistic suicide” [233]). For example, if in close vicinity, a community of yeast cells might 

thrive on the nutrients provided by the dead yeast cell. Further studies are required to parse 

out details of the induction of senescence and inhibition of instability by the DDR pathway. 

 

Why Linearize the Chromosome? 

 

The ends of the linear chromosome present problems to the cell: incomplete replication of the 

chromosome and possible misidentification of the ends as DSBs. The telomere functions to 

remedy these problems by serving as a substrate for replication by telomerase and preventing 

DDR and aberrant repair at telomeres. Yet there is another, arguably simpler, genome 

structure that would bypass the need for telomeres altogether; why don’t eukaryotes simply 

circularize their chromosomes?  

 

Eukaryotic genomes have not evolved to be structurally organized into circular chromosomes 

and two primary consequences of circular chromosomes may explain why that is. First, 

recombination between circular chromosomes is expected to produce dicentric chromosomes, 

which are known to cause genomic instability and cell death. Indeed, telomerase deficient 

fission yeast cells that formed circular chromosomes to escape senescence had excessive 

meiotic defects, suggesting that unstable dicentric chromosomes commonly form [234]. 

Additionally, engineered circular chromosomes, ranging in size from 36 to 110 Kb, result in 

instability in fission yeast cells [235]. Interestingly, instability of the circular chromosomes 

increased with increasing size and the instability was suppressed by overexpression of 

topoisomerase II, a protein that relieves torsional strain in DNA by cleaving and re-ligating the 

backbone. It is likely that the size of eukaryotic genomes proves problematic for the 

maintenance of circular chromosomes, and would leave the genome highly susceptible to 

torsional stress accrued during transcription and replication and a high frequency of instability 

due to the generation of dicentric chromosomes. Regardless of the evolutionary “why”, the 

telomere has proven to be a critical genome guardian for eukaryotes and further insights into 
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its maintenance will improve our understanding of youth and vitality and hopefully provide 

remedies to ease aging and treat disease. 

 

Future Directions 

 

My work has established a role for the telomere in forming unstable chromosomes in the Chr VII 

disome system. Additionally, I’ve developed a strategy to extensively characterize instability, 

giving us greater insight into the model system. The next goal will be to gain molecular 

evidence of unstable chromosome structures so that we may begin to ascribe mechanism to the 

events. Ideally, we could eventually follow the dynamics of instability in real time. This 

approach requires a very high frequency of instability. The synergistic increase in instability of 

9-1-1 MRX double mutants is advantageous for this approach. Additionally, a conditional 

induction of unstable chromosomes is required to monitor events from start to finish. 

Generating conditional 9-1-1 and MRX alleles is a promising future direction that may provide 

clarity in research directions to address the many remaining questions described above. 
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