
 

 

 

Tel1p and Mec1p Regulate Chromosome Segregation and Chromosome Rearrangements 
in Saccharomyces cerevisiae 

 
by 

Jennifer Lynn McCulley 
 

 
Department of Pharmacology and Cancer Biology 

Duke University 
 

Date:_______________________ 
Approved: 

 
___________________________ 

Dr. Thomas D. Petes, Chair 
 

___________________________ 
Dr. Sue Jinks-Robertson 

 
___________________________ 

Dr. Daniel J. Lew 
 

___________________________ 
Dr. Steven B. Haase 

 
___________________________ 

Dr. Christopher M. Counter 
 

Dissertation submitted in partial fulfillment of 
the requirements for the degree of Doctor 

of Philosophy in the Department of 
Pharmacology and Cancer Biology in the Graduate School 

of Duke University 
 

2010 
 
 
 

 

 

 

 

 



 

 

ABSTRACT 

Tel1p and Mec1p Regulate Chromosome Segregation and Chromosome Rearrangements 
in Saccharomyces cerevisiae 

 
by 

Jennifer Lynn McCulley 

 
Department of Pharmacology and Cancer Biology 

Duke University 
 

Date:_______________________ 
Approved: 

 
___________________________ 

Dr. Thomas D. Petes, Chair 
 

___________________________ 
Dr. Sue Jinks-Robertson 

 
___________________________ 

Dr. Daniel J. Lew 
 

___________________________ 
Dr. Steven B. Haase 

 
___________________________ 

Dr. Christopher M. Counter 
 

An abstract of a dissertation submitted in partial 
fulfillment of the requirements for the degree 
of Doctor of Philosophy in the Department of 

Pharmacology and Cancer Biology in the Graduate School 
of Duke University 

 
2010 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright by 

Jennifer Lynn McCulley 

2010 

 



 

iv 
 

Abstract 
Cancer cells often have elevated frequencies of chromosomal aberrations, and it 

is likely that loss of genome stability is one driving force behind tumorigenesis. 

Deficiencies in DNA replication, DNA repair, or cell cycle checkpoints can all contribute 

to increased rates of chromosomal duplications, deletions and translocations.  The 

human ATM and ATR proteins are known to participate in the DNA damage response 

and DNA replication checkpoint pathways and are critical to maintaining genome 

stability.  The Saccharomyces cerevisiae homologues of ATM and ATR are Tel1p and 

Mec1p, respectively. Because Tel1p and Mec1p are partially functionally redundant, loss 

of both Tel1p and Mec1p in haploid yeast cells (tel1 mec1 strains) results in 

synergistically elevated rates of chromosomal aberrations, including terminal 

duplications, chromosomal duplications, and telomere-telomere fusions.  To determine 

the effect of Tel1p and Mec1p on chromosome aberrations that cannot be recovered in 

haploid strains, such as chromosome loss, I investigated the phenotypes associated with 

the tel1 mec1 mutations in diploid cells.  In the absence of induced DNA damage, tel1 

mec1 diploid yeast strains exhibit extremely high rates of aneuploidy and chromosome 

rearrangements.  There is a significant bias towards trisomy of chromosomes II, VIII, X, 

and XII, whereas the smallest chromosomes I and VI are commonly monosomic.  

The telomere defects associated with tel1 mec1 strains do not cause the high rates 

of aneuploidy, as restoring wild-type telomere length in these strains by expression of 

the Cdc13p-Est2p fusion protein does not prevent cells from becoming aneuploid.  The tel1 

mec1 diploids are not sensitive to the microtubule-destabilizing drug benomyl, nor do 

they arrest the cell cycle in response to the drug, indicating that the spindle assembly 

checkpoint is functional. The chromosome missegregation phenotypes of tel1 mec1 

diploids mimic those observed in mutant strains that do not achieve biorientation of 

sister chromatids during mitosis.  
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The chromosome rearrangements in tel1 mec1 cells reflect both homologous 

recombination between non-allelic Ty elements, as well as non-homologous end joining 

(NHEJ) events. Restoring wild-type telomere length with the Cdc13p-Est2p fusion protein 

substantially reduces the levels of chromosome rearrangements (terminal additions and 

deletions of chromosome arms, interstitial duplications, and translocations).  This result 

suggests that most of the rearrangements in tel1 mec1 diploids are initiated by telomere-

telomere fusions.  One common chromosome rearrangement in tel1 mec1 strains is an 

amplification of sequences on chromosome XII between the left telomere and rDNA 

sequences on the right arm.  I have termed this aberration a “schromosome.” 

Preliminary evidence indicates that the schromosome exists in the tel1 mec1 cells as an 

uncapped chromosome fragment that gets resected over time.  
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1. Introduction 
Although a high level of genetic instability is a characteristic of cells in most solid 

tumors, the mechanism that generates this instability is not well understood.  In my 

thesis research, I investigated the roles of two yeast proteins, Tel1p and Mec1p, in 

regulating genome stability in diploid cells.  I showed that mutations in the genes 

encoding these proteins result in a high level of chromosome rearrangements (primarily 

reflecting homologous recombination between ectopic repeats) and aneuploidy.  I found 

that the mechanisms responsible for these two mutant phenotypes were different.  The 

chromosome rearrangements were initiated by fusions between telomeres.  The 

aneuploidy was unrelated to telomere dysfunction or a defective spindle assembly 

checkpoint, but likely reflects a role of Tel1p and Mec1p at the kinetochore.  Below, I 

review background information concerning the relationship between genome instability 

and cancer, the roles of Tel1p and Mec1p in relating genome stability, and several other 

relevant topics. 

1.1 Genome instability and cancer 
 

Many solid tumors contain genome aberrations such as duplication or loss of 

entire chromosomes (aneuploidy), reciprocal or non-reciprocal translocations between 

chromosomes, and interstitial or terminal amplification of single genes or large regions 

within a chromosome (Albertson et al., 2003). Since cell viability requires that genetic 

information be transferred faithfully between generations, cells have evolved many 

mechanisms to control the level of genetic deletions, duplications, and chromosome 

rearrangements. Deficiencies in any process involved in the duplication, transmission, or 

repair of the genetic material (including high-fidelity DNA replication, telomere 

maintenance, DNA damage repair, and functional mitotic checkpoints) may lead to 

genome instability and thus contribute to tumorigenesis.  
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1.1.1 Types of genetic instability in tumors 

 
The rate of spontaneous mutations is too low to account for the large number of 

genetic changes observed in most cancers. According to the mutator hypothesis, an early 

step in tumorigenesis is the acquisition of a mutator phenotype, which serves to 

destabilize the genome and facilitate the accumulation of further mutations that directly 

deregulate cellular growth controls (Loeb, 1991). Cancer cells that have rapidly changing 

karyotypes are called CIN tumors (chromosome instability; Lengauer et al., 1998).  

Although the causal mutation or mutations in CIN tumors have not been identified for 

most tumors of this class, some mutations have been observed in genes that participate 

in the spindle assembly checkpoint (SAC; for review see Kops et al., 2005).  The other 

type of genetic instability, microsatellite instability (MIN), is present only in a small 

fraction of tumors and is caused by mutations in the mismatch repair pathway (Boyer et 

al., 1995). The identification of the causal role of mutations in the mismatch repair 

pathway in the generation of MIN tumors is a clear validation of Loeb’s mutator 

hypothesis.   

While most solid tumors show a high degree of aneuploidy, it is still debated as 

to whether the aneuploidy is a cause of tumorigenesis, or a secondary consequence of 

the unregulated growth associated with metastatic tumors. Several arguments support 

the hypothesis that aneuploidy may be linked causally to tumorigenesis.  First, 

aneuploidy is observed early in the process of tumorigenesis (Shih et al., 2001), 

suggesting that aneuploidy may directly influence the rate of tumor growth. Second, in a 

study in Chinese hamster embryo cells, the degree of aneuploidy correlated with the 

rate of chromosome rearrangements (deletions, duplications and translocations; 

(Duesberg et al., 1998). Third, mathematical models describing the onset of colorectal 

cancer are consistent with tumor cells acquiring a CIN phenotype prior to the loss of 

tumor suppressors to facilitate oncogenic initiation (Nowak et al., 2002).  
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Conversely, some research indicates that aneuploidy can act as a barrier to 

tumorigenesis (Williams et al., 2008).  In one experiment, researchers generated mouse 

cell lines that possessed an extra copy of a single chromosome.  They demonstrated that 

the metabolic properties of the cells were altered; cellular proliferation decreased, and 

tumorigenesis was impaired in the aneuploid cells.  To explain the observation that most 

metastatic tumors are composed of highly aneuploid cells, Williams and Amon 

suggested that, although most aneuploid cells are incapable of generating a tumor, the 

cellular stress associated with aneuploidy facilitates a higher mutation rate and 

tumorigenesis in a very small number of cells (Williams and Amon, 2009).  These 

mutator cells continue to accumulate additional alterations, leading to cancer. 

1.1.2 Pathways affecting genome stability are dysregulated in cancer 
cells 

Malignant oncogenesis arises as a result of progressive dysregulation of six 

independent cellular pathways that control cell growth: most cancer cells activate 

telomerase, become insensitive to growth inhibitory signals, overproduce positive 

growth signals, avoid apoptosis, increase the capacity for angiogenesis, and, 

consequently, become metastatic (Hanahan and Weinberg, 2000).  Two of these 

pathways relevant to my thesis will be described in detail below. 

1.1.2.1 Dysfunctional telomere regulation 

The state of the telomeres is particularly important in preventing oncogenesis in 

two different ways. First, in normal mammalian tissues, telomerase (the enzyme 

involved in the elongation of telomeres) is inactive and telomeres progressively shorten 

during each cell division. After many divisions in cell culture, telomeres reach a 

critically short length and the cells containing these short telomeres are eliminated 

through apoptosis (Linskens et al., 1995). Thus, the lack of telomerase in normal cells 

restricts their potential for unlimited growth. In contrast, telomerase is activated in 
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about 90% of tumor cells (Kim et al., 1994). This activation allows for the large number of 

cell divisions required to form a tumor. 

Abnormal telomeres can also contribute to genetic instability by a different 

mechanism. Although most tumors have activated telomerase, telomeres in cancer cells 

are generally shorter than those of normal cells and are structurally abnormal as well 

(Feldser et al., 2003; Hackett and Greider, 2002).  These abnormal telomeres have an 

elevated frequency of telomere-telomere fusions, resulting in the creation of dicentric 

chromosomes.  Subsequent breakage of the dicentric chromosome can result in genetic 

instability by repeated breakage-fusion-bridge cycles.  As described below, mutations 

affecting telomere length also result in elevated rates of genetic instability in 

Saccharomyces cerevisiae. 

1.1.2.2 Defective response to growth inhibitory signals 

Aberrant expression of telomerase alone is insufficient for tumorigenesis; 

additional changes are required (Kendall et al., 2005). For example, the DNA damage 

response (DDR) is activated early in carcinogenesis, most likely due to aberrant 

replication intermediates.  This activation is thought to protect the genome from 

mutations or other genetic alterations that would otherwise set the cell on the path to 

transformation (Bartkova et al., 2005; Gorgoulis et al., 2005). Components of the DDR are 

often disabled in metastatic tumors. For example, the majority of tumors lack the p53 

tumor suppressor protein; p53 responds to DNA damage to arrest the cell cycle and 

promote apoptosis if timely repair is not achieved (Hollstein et al., 1991; Levine, 1997). In 

summary, the DDR plays an important role in preventing cellular transformation early 

in the process, but selective pressure results in suppression of the DDR in later stages of 

tumor growth.   
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1.1.3 ATM and ATR 

There are many diseases that cause, among other pathophysiological conditions, 

a predisposition to early-onset cancer. Ataxia Telangiectasia (A-T) is one such disease.  

Patients with A-T develop cerebellar neurodegeneration, immunodeficiency, and are 

predisposed to developing lymphatic malignancies (Ahmed and Rahman, 2006; Kastan 

and Bartek, 2004; Renwick et al., 2006). This disease is the result of homozygous 

mutations in the ATM (Mutated in Ataxia Telangiectasia) protein, which, along with the 

related protein ATR (ATM and Rad3-related), is involved in the regulation of many 

cellular processes, including the DNA damage response (DDR), DNA replication 

checkpoint (DRC), and telomere maintenance (Cimprich and Cortez, 2008; Jeggo and 

Lobrich, 2006; Metcalfe et al., 1996).  Cells from patients with A-T are radiosensitive, 

have very short telomeres, and often contain chromosomes with telomere-telomere 

fusions (Kojis et al., 1989; Metcalfe et al., 1996; Takagi et al., 1998).  

Up to 30% of individuals with A-T develop lymphoid tumors (Lavin, 2008), and 

heterozygous mutations in ATM increase breast cancer susceptibility (Swift et al., 1987).  

Importantly, the estimated prevalence of heterozygous ATM mutations in the human 

population is approximately 1% (Renwick et al., 2006).  Thus, a substantial number of 

sporadic breast cancers may have a genetic basis related to heterozygous ATM 

mutations. One of the larger studies of heterozygous carriers confirmed that there was 

an almost 5-fold increase in relative risk for breast cancer among women under 50 years 

of age (Thompson et al., 2005).  

While ATM is not essential for growth in mammals, the lack of the related kinase 

ATR is lethal in both mice and humans (Brown and Baltimore, 2000; de Klein et al., 

2000).  ATR is thought to play an important role in normal cell cycle progression as well 

as coordinating the cellular response to DNA damage (Cimprich and Cortez, 2008).  

Patients with the rare disease Seckel Syndrome have mutations in the ATR gene, and 
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this results in phenotypes of microcephaly and dwarfism (O'Driscoll et al., 2003). 

Additionally, cells from Seckel patients accumulate chromosome breaks at common 

fragile sites in the genome, suggesting elevated levels of genome instability (Casper et 

al., 2004). As described below, some of the phenotypes associated with human cells with 

ATM and ATR mutations (telomere abnormalities, sensitivity to DNA damaging agents, 

and elevated levels of chromosome breaks) are recapitulated in yeast strains with 

mutations in the homologous TEL1 and MEC1 genes. 

1.2 Roles of Tel1p and Mec1p in regulating genome stability 
 

1.2.1 Relationship of Tel1p and Mec1p to ATM and ATR 

The Saccharomyces cerevisiae homologues of ATM and ATR are Tel1p and Mec1p, 

respectively, and these proteins are involved in maintaining genome stability in yeast as 

central mediators of the DNA damage and replication checkpoints and telomere 

maintenance (Ritchie et al., 1999; Zhou and Elledge, 2000). TEL1 was originally isolated 

as a mutant that had very short (50 bp) telomeres (Greenwell et al., 1995; Lustig and 

Petes, 1986), while MEC1 was identified as causing sensitivity to DNA damaging agents 

when mutated (Kato and Ogawa, 1994). Although the phenotypes associated with the 

tel1 and mec1 mutations are not identical to those associated with mutations of ATM and 

ATR in mammalian cells, Fritz et al. (2000) made the striking observation that the TEL1 

gene, when transformed into an A-T cell line, could complement many of the mutant 

phenotypes associated with the ATM mutation. 

Tel1p and Mec1p are structurally related serine/threonine kinases that belong to 

the phosphatidylinositol 3 (PI3) kinase-like family. They are partially functionally 

redundant, as TEL1 has been shown to partly restore the DNA damage checkpoint in 

cells with a mec1 deficiency (Clerici et al., 2004), and cells lacking tel1 and mec1 are more 

sensitive to DNA damaging agents than either single mutant (Morrow et al., 1995). 
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Because of this redundancy in function, tel1 or mec1 mutations alone demonstrate low or 

moderate effects on genome stability in mutational assays in yeast, but a deficiency of 

both genes leads to synergistically elevated levels of genome instability events (Craven 

et al., 2002; Mieczkowski et al., 2003; Myung et al., 2001b).  For example, tel1 mec1-1 cells 

show a synergistically high forward mutation rate, an increased rate of deletions, and 

formation of dicentric and circular chromosomes (Craven et al., 2002).  A more extended 

discussion of the chromosome abnormalities observed in strains lacking Tel1p and 

Mec1p will be given below. 

1.2.2 Tel1p and Mec1p regulate the DNA damage response through 
multiple pathways 

1.2.2.1 Activation of Tel1p and Mec1p by DNA damage 

In response to DNA damage such as a double-strand break (DSB), Tel1p and 

Mec1p are recruited to the site of the break, where they initiate a signal transduction 

cascade that results in phosphorylation and activation of effector proteins, transcription 

of DNA repair genes, and cell cycle arrest (Putnam et al., 2009b). This coordinated 

response of DNA repair and cell cycle arrest elicited by Tel1p and Mec1p ultimately 

ensures that the DNA has time to be repaired prior to mitosis. Failure to repair a DSB 

before chromosome segregation would result in loss of a chromosome or chromosome 

fragment.  

Tel1p and Mec1p are directed to two different types of DNA damage, although 

there may be some functional overlap.  Tel1p is thought to respond to an unprocessed 

DSB, such as that generated initially by ionizing radiation (Kitagawa and Kastan, 2005).  

As shown in Fig. 1.1, the Mre11-Rad50-Xrs2 (MRX) complex recognizes broken 

chromosome ends and recruits Tel1p to the site of the break (Nakada et al., 2003).  While 

the activation mechanism for Tel1p is not completely elucidated, it is known that the 

Tel1p homologue ATM exists as a dimer in human cells.  DNA damage causes the 
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autophosphorylation of the inactive ATM dimer, which dissociates ATM into active 

monomers that are competent to phosphorylate target proteins (Bakkenist and Kastan, 

2003). Mec1p, in contrast, is activated in response to large regions of single-stranded 

DNA (ssDNA) that arise due to uncoupling of the helicase from the polymerase at 

stalled replication forks, or through extensive resection of broken chromosome ends to 

generate long single-stranded overhangs (Zou and Elledge, 2003).  These long single-

stranded regions are coated with the ssDNA-binding replication protein A (RPA), which 

recruits Mec1p through its accessory protein Ddc2p (Brush et al., 1996; Zou and Elledge, 

2003).  Localization of the specialized DNA damage clamp 9-1-1 (Rad17p-Ddc1p-Mec3p) 

complex to the site of DNA damage occurs independently of Mec1p-Ddc2p (Kondo et 

al., 2001; Melo et al., 2001). Colocalization of Mec1p-Ddc2p and 9-1-1 is sufficient for 

activation of the DNA damage response (Bonilla et al., 2008). The replication protein 

Dpb11p can also activate Mec1p at sites of DNA damage, and this activation is 

synergistic with that of 9-1-1 (Mordes et al., 2008; Navadgi-Patil and Burgers, 2008).    
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Figure 1.1 Model for the cellular response to DNA damage. 
 
DNA damaging agents such as ionizing radiation creates DSBs within the DNA. The DSBs are 
detected by the Mre11p-Rad50p-Xrs2p (MRX) complex, which activates Tel1p to initiate the DNA 
damage response.  MRX can also resect the end of the DSB, exposing regions of ssDNA which is 
coated with replication protein A (RPA) and subsequently recruits Mec1p-Ddc2p. Localization of 
the DNA damage clamp 9-1-1 also activates the DDR.  In addition to resected ends, stalled 
replication forks can generate RPA-coated regions of ssDNA that lead to Mec1p activation.  
 

1.2.2.2 Cell cycle arrest mediated byTel1p and Mec1p 

The cell can be halted at various “checkpoints” depending on when the DNA 

damage occurs during the cell cycle and the type of activating lesion.  The role of Telp1 

and Mec1p in activating the G1/S, intra-S, and replication checkpoints has been well 

characterized (Elledge, 1996; Putnam et al., 2009b).  Once recruited to the break site, 

Tel1p and Mec1p phosphorylate many substrates to elicit the DDR cascade (Smolka et 

al., 2007).  In addition to RPA (Brush et al., 1996), a primary target of Mec1p is Rad9p, 

which amplifies the DDR signal by stimulating Mec1p-dependent phosphorylation of 

the effector kinases Rad53p and Chk1p (Emili, 1998; Toh and Lowndes, 2003; Vialard et 
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al., 1998). The phosphorylation of Chk1p begins the process of cell cycle arrest 

(Schollaert et al., 2004).  This arrest is accomplished through Chk1p-dependent 

phosphorylation of Pds1p (also known as securin), which blocks the ubiquitination and 

degradation of Pds1p by the anaphase-promoting complex (APC; Sanchez et al., 1999).  

Pds1p inhibits the metaphase to anaphase transition by sequestering the separase 

protein Esp1p, thus preventing the cleavage of cohesin and separation of sister 

chromatids that normally happens in anaphase (Sanchez et al., 1999; Wang et al., 2001).  

Rad53p also contributes to the prevention of Pds1p degradation by inhibiting the Pds1p-

Cdc20p interaction (Agarwal et al., 2003). The cell cycle arrest incurred by preventing the 

degradation of Pds1p through phosphorylation by Tel1p and Mec1p allows the cell time 

to repair the DNA damage, to complete replication, and to avoid a catastrophic mitosis. 

In addition to preventing premature sister chromatid separation, Tel1p and 

Mec1p prevent spindle elongation through the action of downstream effector Rad53p 

and its phosphorylation target Cdc5p (Zhang et al., 2009).  In rad53 cells, elongated 

spindles lead to unequal segregation of DNA (Bachant et al., 2005). These elongated 

spindles are a consequence of aberrantly high levels of microtubule motor proteins 

Kip1p and Cin8p, which are negatively regulated by APC subunit Cdh1p (Zhang et al., 

2009).  In response to DNA damage, Mec1p phosphorylates Rad53p, which inhibits 

Cdc5p-mediated inhibition of Cdh1p, thus keeping Kip1p and Cin8p levels low and 

restraining spindle elongation. Rad53p and Chk1p also regulate the mitotic exit network 

(MEN) and the Cdc14p early anaphase release (FEAR) pathways, respectively, to inhibit 

mitotic exit in response to DNA damage (Liang and Wang, 2007).  

1.2.2.3 Transcriptional activation of DNA repair genes by Tel1p and Mec1p in 
response to DNA damage 

The transcriptional response to DNA damage is largely indicative of a general 

stress response, but certain DNA repair-specific genes are upregulated in a Mec1p-

dependent manner (Gasch et al., 2001). As described above, Telp1 and Mec1p 
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phosphorylate Rad53p when responding to DSBs, and a phosphorylation target of 

Rad53p is the protein kinase Dun1p (Chen et al., 2007). The transcription of DNA repair 

genes is elicited through the activated Dun1p, which de-represses numerous genes 

important in responding to DNA damage. For example, Dun1p phosphorylates the 

transcriptional repressor Crt1p in response to DNA damage (Fu et al., 2008).  Under 

normal circumstances, Crt1p inhibits the transcription of the four ribonucleotide 

reductase (RNR) genes that are responsible for regulating the pools of nucleotides. In 

response to DNA damage, elevated nucleotide levels are necessary to promote repair 

synthesis and to re-start stalled replication forks (Desany et al., 1998). When Crt1p is 

phosphorylated by Dun1p, it no longer represses the transcription of the RNR genes and 

nucleotide production is elevated.   

Tel1p and Mec1p also indirectly regulate the RNR inhibitor Sml1p in response to 

DNA damage to further elevate nucleotide levels.  Phosphorylation of Sml1p by Dun1p 

targets Sml1p for degradation (Zhao and Rothstein, 2002).  Sml1p is an inhibitor of 

Rnr1p, the large subunit of RNR (Zhao et al., 2000). As described above, Tel1p and 

Mec1p are indirectly required to degrade Sml1p because they are required for Rad53p 

phosphorylation, which activates Dun1p. Thus, through multiple pathways, Tel1p and 

Mec1p ensure that there are adequate nucleotide pools to repair DNA damage. 

1.2.2.4 Interactions between Tel1p and Mec1p and DSB-repair pathways 

Once localized to the site of DNA damage, Tel1p and Mec1p signal to 

downstream effectors that recruit DNA repair proteins.  One important phosphorylation 

target is the histone H2A, which marks damaged chromatin (Rogakou et al., 1998). 

Phosphorylation by Tel1p and Mec1p on serine 129 of H2A occurs rapidly in response to 

DNA damage, and this phosphorylation is required for the efficient repair of DNA 

damage (Downs et al., 2000); the phosphorylated form of H2A is called “γH2A.”  Mec1p-

independent phosphorylation of H2A on serine 122 is also important for the DDR 
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(Harvey et al., 2005).  γH2A forms foci at the site of DSBs and acts to recruit repair factors 

such as Rad52p (Barlow and Rothstein, 2009) as well as to activate Rad9p and Rad53p 

(Toh and Lowndes, 2003; Toh et al., 2006). γH2A is also required for damage-induced 

cohesin binding to prevent premature dissolution of sister chromatids while repair is 

ongoing (Strom et al., 2007; Unal et al., 2007). Finally, γH2A recruits the INO80 chromatin 

remodeling complex to DNA, where the Ies4p subunit is a phosphorylation substrate of 

Mec1p; this recruitment is also important for the efficient repair of DNA damage 

(Downs et al., 2004; Morrison et al., 2007).  

1.2.3 Genetic instability observed in strains of the tel1 mec1 genotype 

 
Tel1p and Mec1p are related proteins with discrete functions, but which also 

have some functional overlap. TEL1 was originally isolated as a mutant that had very 

short telomeres (Greenwell et al., 1995; Lustig and Petes, 1986), while MEC1 was 

identified as a gene causing sensitivity to DNA damaging agents when mutated (Kato 

and Ogawa, 1994). The argument that these two proteins are functionally redundant is 

partly based on the observations that the double mutant tel1 mec1 strains are more 

sensitive to DNA damage than either single mutant strain (Morrow et al., 1995) and have 

a more profound telomere defect (Ritchie et al., 1999). In addition, the double mutant 

strains have synergistically elevated levels of genome instability in a variety of assays 

(described below) including telomere length, mitotic chromosome loss, mitotic 

recombination, rates of gross chromosome rearrangements (GCR), rates of CAN1 

deletions, formation of telomere-telomere fusions, and frequencies of chromosome 

rearrangements. 

The tel1 strain was originally described as a mutant that reduced telomere length 

from the wild-type length of about 400 bp to about 50 bp (Lustig and Petes, 1986).  The 

Petes lab subsequently showed that the hypomorphic mec1-21 allele reduced telomere 
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lengths by about 50 bp (Ritchie et al., 1999). Double mutant tel1 mec1 strains have very 

short telomeres and undergo cellular senescence (Ritchie et al., 1999). Occasional 

survivors of the senescence process elongate their telomeres by a Rad52p-dependent 

recombination process (Ritchie et al., 1999).  This telomere phenotype of the double 

mutant strains mimics that observed in yeast cells deficient in the telomerase RNA TLC1.  

Subsequently, TEL1 was shown to participate in the recruitment of telomerase proteins 

Est1p and Est2p to the telomeres (Goudsouzian et al., 2006).  In addition, the single-

stranded telomere binding protein Cdc13p was identified as a phosphorylation target of 

Tel1p and Mec1p (Tseng et al., 2006). 

When strains with the temperature-sensitive mec1-4 allele are incubated at the 

restrictive temperature, DSBs are observed by contour-clamped homogeneous electric 

field (CHEF) gel analysis; these DSBs occur in regions of the chromosome that are 

replicated slowly even in wild-type strains, supporting a role for MEC1 in stabilization 

of the replication fork in hard-to-replicate regions of the genome (Cha and Kleckner, 

2002).  Most mutants that have high levels of DSBs have high levels of mitotic 

recombination and chromosome loss.  Craven et al. (2002) measured mitotic 

recombination and chromosome loss in diploids that were wild-type, mec1, tel1, and tel1 

mec1. Mitotic recombination and chromosome loss rates were elevated about 10-fold in 

mec1 strains relative to wild-type and were not affected by the tel1 mutation.  The double 

mutant strains had about 100-fold elevation in the rates of both chromosome loss and 

recombination.  These results suggest a very high level of DSBs in the double mutant 

strain. 

The Kolodner lab has developed an assay for measuring gross chromosome 

rearrangements (GCR).  This assay, which will be described in more detail in another 

section of the thesis, involves measuring the rate of deletions of two closely-linked genes 

(CAN1 and URA3) located near the end of chromosome V.  As will be discussed further 
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below, most of the observed deletions result in loss of all sequences centromere-distal to 

the marker genes.  This sequence loss is accompanied by fusion of the resulting 

shortened chromosome to a fragment derived from a non-homologous chromosome or 

de novo addition of a telomeric repeat to the shortened chromosome (Chen and 

Kolodner, 1999). In this assay, tel1 strains had a GCR rate similar to wild-type, whereas 

mec1 mutants had a GCR rate about 200-fold higher than wild-type (Myung et al., 2001b).  

Strains with the tel1 mec1 genotype had a GCR rate about 13,000-fold higher than wild-

type, one of the highest GCR rates observed in any genotype examined.  In a related 

study, Craven et al. (2002) observed a rate of CAN1 deletions in the tel1 mec1 strain that 

was more than 1000-fold higher than that observed in a wild-type strain.  

Another phenotype associated with the tel1 mec1-21 genotype is an elevated rate 

of telomere-telomere fusions (TTFs; Mieczkowski et al., 2003). TTFs were measured 

using a PCR assay that detected fusions between the two types of subtelomeric repeats, 

X and Y’ elements, located on different chromosomes (Chan and Tye, 1983; Walmsley et 

al., 1984).  X elements are present at the ends of all yeast chromosomes centromere 

proximal to TG1-3 repeats, while Y’ elements are only present in a subset of chromosome 

ends.  Two X or two Y’ elements fused together create a palindromic sequence that 

cannot be easily detected by PCR.  However, a fusion between an X element and a Y’ 

element generates a structure that can be PCR amplified. Single mutant mec1-21 and tel1 

strains have very low rates of TTFs, but the tel1 mec1-21 haploids have an approximately 

100-fold elevated level of TTFs (Mieczkowski et al., 2003).  Telomeres of wild-type length 

can be restored in tel1 mec1 strains by expressing a Cdc13p-Est2p fusion protein that 

constitutively recruits telomerase to telomeres (Evans and Lundblad, 1999; Tsukamoto et 

al., 2001). This fusion protein suppresses TTFs (Mieczkowski et al., 2003), suggesting that 

the severe telomere defect of tel1 mec1-21 mutants is responsible for initiating TTFs 

between chromosomes.  In addition, expression of the fusion protein substantially 
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reduces the rate of CAN1 deletions (Mieczkowski et al., 2003), arguing that many of these 

deletions reflect breakage of the dicentric chromosomes that would be generated by a 

TTF.  

The final phenotype that will be discussed is the elevated rate of chromosome 

rearrangements in tel1 mec1 strains.  These rearrangements have been detected in two 

different ways.  First, as described above, in strains with a deletion of CAN1, PCR 

procedures were used to sequence the breakpoints of the deleted version of chromosome 

V with the added DNA sequence.  In the tel1 mec1 strains, all GCR events reflect fusion 

of chromosome V to a non-homologous chromosome or circularization of chromosome 

V (Craven et al., 2002; Myung et al., 2001b). Since these fusions have no extended 

sequence homology, they represent non-homologous end joining (NHEJ) events.  No de 

novo telomere additions were observed, indicating a requirement of Tel1p and/or Mec1p 

for this process. 

Chromosome rearrangements can also be detected using DNA microarrays 

(Comparative Genome Hybridization, CGH analysis).  Unselected wild-type, tel1, mec1-

21 and tel1 mec1-21 haploids were subcultured for about 200 cell generations, followed 

by CGH analysis (Vernon et al., 2008).  The wild-type and tel1 strains had no 

chromosome aberrations or aneuploidy.  The mec1-21 and tel1 mec1-21 strains were 

usually disomic for chromosome VIII. The disomy of chromosome VIII could be 

suppressed by overexpressing DNA2 (Vernon et al., 2008), an essential replication-

associated helicase located on that chromosome. Thus, it is likely that acquisition of an 

extra copy of DNA2 through disomy of chromosome VIII confers a growth benefit to the 

mec1-21 and tel1 mec1-21 haploid strains. 

The tel1 mec1-21 strains, but not any of the other strains tested, had high levels of 

chromosome rearrangements.  Of 21 sub-cultured strains, 20 had deletions, duplications, 

or translocations.  Most of these alterations involved chromosome III and all of the well-
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characterized rearrangement were a consequence of homologous recombination 

between repeated genes (Vernon et al., 2008). Most of these events involved repetitive Ty 

elements. 

The chromosome rearrangements in the tel1 mec1 haploid that were selected 

using GCR assays involving deletions of CAN1 and/or URA3 were exclusively the result 

of NHEJ between the deleted chromosome and other chromosome fragments. However, 

the chromosome rearrangements that were non-selectively observed in the tel1 mec1-21 

haploid by microarrays involved homologous recombination between dispersed repeats.  

The reason for this difference is obvious.  The events selected on chromosome V 

required a deletion of CAN1 but retention of an essential gene (PCM1) located about 10 

kb centromere-proximal to CAN1.  There are no repeated sequences in this region.  In 

addition, the selected events occurred at a frequency of about 10-5 to 10-6.  The unselected 

and much more frequent events involved ectopic recombination between repetitive 

elements, a mechanism that would not be detectable with the GCR/CAN1 deletion 

system.  In support of this interpretation (Vernon et al., 2008), when a repeated gene is 

placed between the CAN1-URA3 markers and PCM1, translocations reflecting 

homologous recombination between repeated genes are more common than NHEJ 

events (Putnam et al., 2009a). 

While these previous studies have established that haploid tel1 mec1 strains have 

very elevated rates of genome instability, certain types of chromosome aberrations, such 

as large deletions or chromosome loss, cannot be recovered in haploid cells.  For this 

reason, I investigated the genetic instability associated with the tel1 mec1 mutations in 

diploid cells. I show that tel1 mec1 diploid strains have extremely high rates of 

chromosome rearrangements and aneuploidy (Chapters 3 and 4).  Furthermore, these 

two types of chromosome aberrations occur through independent mechanisms, as fixing 
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the telomere defect of tel1 mec1 strains has no effect on aneuploidy, but reduces the 

frequency of chromosome rearrangements. 

1.3 Pathways of DNA lesion repair by recombination 
 

As described above, one important source of DNA damage in tel1 mec1 cells is 

likely to be DSBs induced by breakage of a dicentric chromosome.  There are two 

general pathways of repair of DSBs, homologous recombination (HR) and non-

homologous end joining (NHEJ). Characteristics of each of these pathways will be 

described below. 

1.3.1 Homologous recombination (HR) 

 
The two pathways employed to repair DSBs are shown in Fig. 1.2. In 

Saccharomyces cerevisiae, the high-fidelity homologous recombination (HR) pathway of 

DSB repair is favored over non-homologous end joining (NHEJ) under most 

circumstances (Paques and Haber, 1999).  There are four different HR pathways (to be 

discussed further below) that are abbreviated SSA, SDSA, DSBR, BIR (Fig. 1.2). All of 

these HR pathways begin with 5’-3’ end resection by the exonucleases Mre11p, Sae2p, 

Dna2p, and/or Exo1p (Friedel et al., 2009). If the resection reveals flanking homologous 

sequences between the two broken ends, they can re-anneal at the regions of homology; 

this pathway (single-strand annealing or SSA) always results in loss of information 

between the two homologous regions (Fig. 1.2). The SSA pathway is Rad51p-

independent (Ivanov et al., 1996; Malkova et al., 1996; Sugawara and Haber, 1992).  
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Figure 1.2 Model for the repair of double-strand breaks (DSBs). 
 
DSBs generated through endogenous or exogenous sources utilize non-homologous end joining 
(NHEJ) or homologous recombination (HR) pathways for repair. Details are described in the text. 
DSBR, double-strand break repair; SDSA, synthesis-dependent strand annealing; BIR, break-
induced replication; SSA, single-strand annealing. Solid lines indicate one DNA strand; the 
orientation of each strand is shown by 5’ or 3’. Newly synthesized DNA is indicated by dotted 
lines.  This figure is adapted from Krogh and Symington, 2004. 

 

5’-3’ end resection generates a single-stranded 3’ overhang that can also invade 

sequences of homology on a sister chromatid (if the cell is in the G2 phase of the cell 

cycle), homologue (if the cell is diploid), or non-allelic regions of homology (such as the 

repetitive Ty elements dispersed throughout the genome, described below).  After the 

DSB has been resected to expose ssDNA, replication protein A (RPA) coats the region of 

ssDNA until it is displaced by Rad51p with the help of Rad52p (Sung, 1997).  Together 

with Rad54p and Rdh54p, the Rad51p nucleoprotein filament then invades the 

homologous region to generate a “D-loop” structure (Petukhova et al., 1998; Petukhova 

et al., 2000). 
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Following processing of the broken DNA ends, the DNA can be repaired 

through several different mechanisms (Fig 1.2; Moynahan and Jasin; Paques and Haber, 

1999). Synthesis-dependent strand annealing (SDSA) occurs when the invading DNA 

strand dissociates from the homologous template after a short amount of DNA synthesis 

and religates to the other side of the DNA break (McGill et al., 1989). This repair event 

results in gene conversion events that are not associated with crossovers. Alternatively, 

second-end capture of the other broken DNA strand by the homologous template 

generates a double Holliday junction that can be resolved to generate crossovers or non-

crossovers in the double-strand break repair model (DSBR; non-crossover outcome 

pictured in Fig. 1.2; Szostak et al., 1983). Finally, the invading strand can set up a stable 

replication fork and copy the DNA from the site of the break through the end of the 

chromosome.  This event (break-induced replication or BIR) is inherently non-reciprocal 

(Malkova et al., 1996).  If the BIR event involves an interaction of two homologues, it 

results in loss of heterozygosity (LOH) for all markers distal to the DSB. Although some 

proteins are required for all HR pathways, some proteins are specific to individual HR 

pathways (Krogh and Symington, 2004). For example, one protein that is important for 

BIR, but not other HR pathways, is Pol32p, a non-essential subunit of the Polδ 

replication complex (Lydeard et al., 2007).  

1.3.2 Chromosome rearrangements generated by homologous 
recombination (HR) between ectopic repeated genes 

Homologous recombination usually repairs DSBs using allelic sequences on the 

sister chromatid or, in diploid cells, on the homologue (Paques and Haber, 1999). 

However, if a DSB occurs in a repeated gene, HR can occur between non-allelic 

sequences; such events are called “ectopic recombination” (Paques and Haber, 1999). For 

example, translocations involving ectopic repeats have been observed in yeast strains 

with low levels of DNA polymerase alpha (Lemoine et al., 2005) or IR radiation (Argueso 
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et al., 2008). Most of these translocations reflect BIR events between the Ty 

retrotransposons located on non-homologous chromosomes. Intrachromosomal 

recombination events involving non-allelic Ty elements have also been observed 

(Argueso et al., 2008). Ty elements are repetitive 6.1 kb DNA sequences randomly 

dispersed throughout the genome (Kim et al., 1998). There are at least 30-50 Ty elements 

per haploid genome in Saccharomyces cerevisiae, depending on the specific strain (Gabriel 

et al., 2006).  Ty elements, which are structurally related to retroviruses, have long-

terminal repeats (LTRs) of 330 bp called delta elements.  In addition to intact Ty 

elements, there are more than 200 solo delta elements. Chromosome rearrangements 

involving solo delta elements have also been observed (Argueso et al., 2008). 

Another highly repetitive region in the Saccharomyces cerevisiae genome is the 

large array of tandemly repeated ribosomal DNA (rDNA) units on chromosome XII 

(Petes, 1979).  The rDNA array consists of 100-150 copies of a 9.1 kb sequence that 

encodes the 35S and 5S rRNA genes (Fig. 4.1). Due to the repetitive nature of the rDNA 

gene cluster, the number of rDNA repeats per cluster is highly variable even in wild-

type cells. This variability is a consequence of unequal mitotic crossovers within the 

rRNA gene cluster (Andersen et al., 2008; Casper et al., 2008; Szostak and Wu, 1980). The 

rRNA genes have a polar replication fork barrier (RFB) that prevents DNA polymerase 

from colliding with RNA polymerase transcribing the 35S gene; the Fob1p binds to the 

RFB and is required for this barrier to function (Kobayashi, 2003). Spontaneous 

crossovers within the rRNA gene cluster are likely to be initiated by DSBs occurring at 

the barrier because deleting the FOB1 gene reduces recombination between the rDNA 

repeats (Defossez et al., 1999; Johzuka and Horiuchi, 2002; Kobayashi et al., 1998). 

1.3.3 Non-homologous end joining (NHEJ) 

In conditions in which repair of a DSB by homologous recombination is difficult 

or impossible (for example, a DSB in a single-copy region of a haploid strain in G1), 
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yeast cells will perform non-homologous end joining (NHEJ). NHEJ is an error-prone 

recombination pathway in which two broken ends of DNA are joined without extensive 

processing of the broken ends (Fig. 1.2). NHEJ often results in the deletion or insertion of 

a small number (<10) of bases close to the break site.  The NHEJ pathway requires 

certain proteins that are not required for HR including Ku70p and Ku80p, Lig4p, Lif1p, 

and Nej1p (Dudasova et al., 2004). In diploid cells that express both MATa and ΜΑΤα 

information, the expression of NEJ1 is repressed, resulting in inefficient NHEJ (Kegel et 

al., 2001; Lee et al., 1999; Valencia et al., 2001). Interestingly, Nej1p is a target of the DDR 

and Nej1p phosphorylation is Dun1p-dependent (Ahnesorg and Jackson, 2007). This 

observation indicates that NHEJ is also directly regulated by the DDR.  

While HR is the predominant repair pathway in diploid yeast, NHEJ is very 

efficient in higher eukaryotes such as mammals (Shrivastav et al., 2008).  One possible 

reason is that yeast lack homologues of the NHEJ-promoting mammalian proteins DNA-

PKcs, BRCA1, and Artemis. Furthermore, since imprecise NHEJ is required to generate 

antibody diversity during V(D)J recombination (Jung et al., 2006), there may have been 

selective pressure favoring NHEJ pathways in mammals. HR is also more problematic in 

higher eukaryotes whose genomes contain a lot of repetitive DNA. 

In wild-type yeast strains, the telomeres are not a substrate for NHEJ (Marcand et 

al., 2008); NHEJ events between different chromosomes would result in dicentric 

chromosomes. In strains with various defects in telomere structure, however, telomere-

telomere fusions (TTFs) occur by NHEJ. In yeast, TTFs are found in cells that lack TEL1 

and MEC1 (Mieczkowski et al., 2003) and the efficient production of these events is 

dependent on Lig4p.  End-to-end chromosome fusions have also been documented in 

mammalian cells that lack telomere-associated proteins ATM, Ku, DNA-PK, or TRF2 (de 

Lange, 2002; Kojis et al., 1989; Pandita, 2002). TTFs are also common in cancer cells prior 

to telomerase activation (Hackett and Greider, 2002). 
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1.4 Genetic regulation of the frequency of gross chromosome 
rearrangements (GCR) and chromosome losses/gains in yeast 
 

As discussed above, there are many genes involved in regulating genetic stability 

in yeast.  In this section of the Introduction, I will first describe assays used to detect 

these genes and the screens that have performed with these assays.  I will then discuss 

some of the pathways that have been identified in these screens, including genes 

involved in sister chromatid cohesion, kinetochore structure, spindle pole body 

structure and the spindle assembly checkpoint.  

1.4.1 Screens identifying mutants with elevated rates of genetic 
instability 

One extensively-used assay for detecting genome-destabilizing mutants is the 

gross chromosome rearrangement (GCR) assay developed in the Kolodner lab 

(described above).  These researchers introduced a URA3 marker next to the CAN1 gene 

located near the end of chromosome V in a haploid strain (Chen and Kolodner, 1999); 

there are no essential genes between these markers and the telomere of V and the first 

essential gene (PCM1) centromere-proximal to CAN1 is about 10 kb away. They then 

selected strains that simultaneously became resistant to both canavanine and 5-fluoro-

orotate. Such strains have a terminal deletion in which both reporter genes and all 

sequences distal to the reporter have been lost.  The breakpoint of the deletion on 

chromosome V is between the reporters and PCM1.  Chromosomes with a deletion that 

includes the telomere would be expected to be very unstable.  In the strains that lost the 

two reporter markers, the deletion derivative of chromosome V was fused to telomere-

containing fragments of other chromosomes or acquired a telomere by de novo addition 

(Chen and Kolodner, 1999).   

In wild-type strains, the frequency of simultaneous loss of both CAN1 and URA3 

was very low, about 10-10/division (Chen and Kolodner, 1999).  The frequency of loss 
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was greatly elevated (>100-fold) in certain mutants affecting DNA replication (rfa1, rfa3, 

rfa5, rad27), recombination (rad52, rad50, mre11, xrs2, sgs1), telomere addition or 

regulation (pif1, rif1, rif2), chromatin assembly (cac1, asf1, cac2), and DNA damage 

checkpoints (mec1, rad53, dun1, chk1, ddc2, pds1, rad17, rad24, rad9; Chen and Kolodner, 

1999; Schmidt et al., 2006). In addition to studies of the frequencies of GCR in single 

mutant strains, these researchers also investigated some combinations of double and 

triple mutations.  When these mutations affected different pathways, striking elevations 

in the frequencies of GCR were observed.  For example, strains that lacked Rad52p 

(required for homologous recombination) and Lig4p (required for NHEJ) and had the 

pif1-m2 mutation (which increases the frequency of telomere additions) had GCR rates 

that were 10,000-fold elevated compared to wild-type (Myung et al., 2001a).  

In addition to the GCR studies described above, Yuen et al. (2007) screened 4,700 

different “knock out” yeast strains for mutations that elevated the frequency of 

chromosome loss or chromosome recombination.  They identified about 130 genes that, 

when mutated, increased the frequency of chromosome loss or chromosome 

rearrangements.  Many of these genes overlapped with those characterized by the GCR 

assays, affecting DNA replication, DNA repair, or some other aspect of DNA 

metabolism.  However, they also identified mutants affecting chromosome loss that 

were not detected in the GCR assays.  One large class of such mutations affected the 

spindle assembly checkpoint (SAC) including bub1, mad2, and mad1. Another class was 

mutations involved in assembling the spindle (ase1 and cin2).  One important caveat in 

this type of screen is that genes encoding essential functions important for maintaining 

genetic stability, such as MEC1, would not be identified.  Since many of the genes 

involved in kinetochore and spindle structure, as well components of the cohesin 

complex, are essential, many genes were missed in the Yuen et al. screen.  In a screen of 

45 temperature-sensitive alleles of essential genes, Ben-Aroya et al. (2004) identified nine 
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mutants that had elevated levels of chromosome loss or rearrangements; four of these 

(yor262W, dre2, swc4, and yhr122w) had defects in sister chromatid cohesion.  

In contrast to large studies identifying mutants with elevated chromosome loss, a 

number of small searches for mutations that result in increased rates of chromosome 

gain have also been done.  Chan and Botstein (1993) identified two increase-in-ploidy 

mutants, ipl1 and ipl2. Ipl1p regulates kinetochore-microtubule attachments and Ipl2p is 

involved in the organization of the cytoskeleton. Howlett and Schiestl (2004) showed 

that mutations affecting nucleotide excision repair (rad1, rad2, and rad4) resulted in 

elevated rates of chromosome loss, although these effects were small (about 5-fold). 

Finally, by examining 230 haploid strains from the “knock-out” collection with DNA 

microarrays, Hughes et al. (2000) identified twenty-two mutants that were aneuploid for 

one or more chromosomes. Among those aneuploid strains were several mutants (bub1, 

bub3, and bim1) affecting the structure of the spindle or the spindle assembly checkpoint.  

1.4.2 Regulation of genetic stability by sister chromatid (SC) cohesion 

A genetic screen looking for elevated levels of chromosome loss identified 

mutants (smc1, smc3, scc1, scc2) in the sister chromatid (SC) cohesion pathway (Michaelis 

et al., 1997).  In addition to having high rates of chromosome loss, these mutants were 

capable of separating sister chromatids in the absence of APC function. In a second 

screen, Warren et al. (2004) identified mutants that were synthetically lethal with chl1.  

Chl1p is a helicase-like protein that helps establish SC cohesion following DNA 

replication (Skibbens, 2004). This screen identified numerous genes involved directly 

with DNA replication or the DNA replication checkpoint including rad53, mrc1, rrm3, 

csm3, tof1, and xrs2. These mutants also had high levels of chromosome loss, suggesting 

that a loss of SC cohesion results in genome instability.  From these data, Skibbens (2004) 

concluded that the MRX complex and components of the DNA replication checkpoint 

are important in ensuring SC cohesion.   
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In response to DNA damage, cohesin is recruited to approximately 100 kb 

surrounding the site of a DSB (Unal et al., 2004).  In addition to enhanced cohesion on the 

broken molecule, damage-induced cohesion is generated on undamaged chromosomes 

(Strom et al., 2007; Unal et al., 2007). As described above, this response is due to DDR 

signaling from Tel1p and Mec1p through γH2A. Interestingly, Mec1p is required for the 

damage-induced cohesion to a much greater extent than Tel1p or γH2A.  This preference 

for Mec1p is due to the direct role for Chk1p, a substrate of the Mec1p kinase, in 

phosphorylating the cohesin subunit Scc1p (Heidinger-Pauli et al., 2008).  

There is also evidence for cohesion being important for genome stability in 

higher eukaryotes. Cohesin subunit SMC1 is a target of ATM in human cells and is 

recruited to the site of DNA damage (Kim et al., 2002; Yazdi et al., 2002).  Additionally, 

Barber, et al. (2008) demonstrated that 10 of 11 mutations identified in a panel of 132 

colorectal cancers were in genes that functioned in cohesion, and down-regulation of 

some cohesion-related genes such as Smc1l1 and Mre11a resulted in chromosome 

instability. 

1.4.3 Regulation of genetic stability by kinetochores 

The accurate segregation of chromosomes requires the proper function of many 

proteins that compose the kinetochore (the proteinaceous complex assembled on the 

centromere; Tanaka et al., 2005), the microtubules attached to the kinetochore, and the 

spindle pole body (the microtubule organizing center of the yeast cell).  Below, I discuss 

some of the proteins that compose these various structures and the evidence that 

mutations in these proteins lead to genetic instability (primarily chromosome mis-

segregation). 

Each yeast kinetochore is comprised of over 60 proteins (Tanaka et al., 2005).  The 

proteins bind in specific complexes to the centromere, an approximately 130 bp 

conserved region of DNA in each yeast chromosome.  The protein complex that binds 
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directly to the centromere DNA is the CBF3 complex, and all of these proteins are 

essential for growth (Lechner and Carbon, 1991). The Dam1 complex directly interacts 

with microtubules, and the Ndc80, MIND, and COMA complexes are located between 

the internal (CBF3) and external (Dam1) kinetochore complexes.  These complexes 

bridge the gap between the inner and outer kinetochore (Cheeseman et al., 2001; De Wulf 

et al., 2003; Ortiz et al., 1999; Pinsky et al., 2003; Wigge and Kilmartin, 2001).  

Many of these kinetochore proteins are important for the segregation of sister 

chromatids.  For example, proteins comprising the inner kinetochore CBF3 complex, 

such as Ncd10p, have greatly elevated rates of chromosome mis-segregation when 

mutated (Hyman and Sorger, 1995).  Each yeast kinetochore also contains a variant 

histone H3 protein (Cse4p), and disruption of the proper localization pattern of this 

histone variant results in elevated levels of genome instability (Au et al., 2008).  

1.4.4 Regulation of genetic stability by spindle structure or by the 
spindle assembly checkpoint (SAC) 

1.4.4.1 Proteins of the microtubules and the spindle pole body 

The spindle is composed of microtubules attached to the spindle pole body at 

one end and to the kinetochore at the other. Microtubules are composed of polymerized 

alpha/beta-tubulin dimers; TUB1 and TUB3 encode alpha tubulin and TUB2 encodes 

beta tubulin (Carminati and Stearns, 1999). Mutants defective in beta-tubulin or beta-

tubulin folding genes (CIN1, CIN2, and CIN4) have high rates of chromosome mis-

segregation (Hoyt et al., 1990).  Associated with the microtubules are many plus and 

minus end-directed motor proteins, such as Cin8p and Kip1p, that are involved in 

moving chromosomes along the microtubules towards the spindle poles, ensuring 

proper chromosome segregation. Mec1p-dependent inhibition of Cin8p is known to 

restrain spindle elongation in response to DNA replication blocking agents such as 
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hydroxyurea, and loss of this inhibition results in premature spindle elongation and 

unequal partitioning of DNA into each daughter cell (Bachant et al., 2005). 

The spindle pole body (SPB), which organizes microtubules in S. cerevisiae 

contains at least 17 proteins (Jaspersen and Winey, 2004).  The SPB is integrated in the 

nuclear envelope with microtubules extending into the cytoplasm (cMTs) and into the 

nucleus (nMTs); the nuclear microtubules are also called kinetochore microtubules 

(kMTs).  The SPB core proteins (Spc110p, Spc42p and Spc29p) interact with gamma 

tubulin (encoded by TUB4) and the gamma tubulin-associated proteins Spc97p and 

Spc98p.  The gamma tubulin complex nucleates the kMTs.  The complete details of the 

assembly of the SPB have not yet been worked out. Since many of the proteins of the 

SPB are encoded by essential genes, the effect of null mutations on chromosome 

segregation have not been examined.  However, a mutation in SPC105 is associated with 

elevated levels of chromosome non-disjunction (Nekrasov et al., 2003).  

1.4.4.2 Spindle assembly checkpoint proteins 

The SAC is required for ensuring the correct attachment of kinetochores to 

microtubules and for the proper biorientation of the chromosomes at metaphase through 

the action of Bub1p, Bub3p, Mad2p, Mad3p, and Mps1p (Kadura and Sazer, 2005; Lew 

and Burke, 2003; Musacchio and Salmon, 2007).  There are two types of kinetochore 

defects that can activate the spindle assembly checkpoint: a lack of kinetochore 

attachment to microtubules (Rieder et al., 1995) and a lack of tension between sister 

kinetochores (Li and Nicklas, 1995; Stern and Murray, 2001). Significantly, mutants 

defective in the SAC are known to have elevated rates of aneuploidy (Bernard et al., 

1998; Hughes et al., 2000; Warren et al., 2002) and have been implicated in oncogenesis in 

mammals (Baker et al., 2005; Burds et al., 2005; Cahill et al., 1998; Draviam et al., 2004; 

Jallepalli and Lengauer, 2001).  More specifically, decreased expression of Mad2 is found 
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in breast cancer and mutations in Bub1 and Bubr1 have been identified in colorectal 

cancers. 

1.4.4.3 Interplay between the DNA damage response (DDR) and the spindle 
assembly checkpoint (SAC) 

Researchers have found multiple connections between the DDR and the SAC, 

both of which function to halt the cell cycle in response to cellular insults.  First, the 

Mad2p is required for a complete cell cycle arrest in response to DNA damaging agents 

such as MMS and hydroxyurea in fission yeast, baker’s yeast, and human cells (Collura 

et al., 2005; Garber and Rine, 2002; Kim and Burke, 2008; Mikhailov et al., 2002; Sugimoto 

et al., 2004). Second, defective telomeres activate both the DDR and the SAC in baker’s 

yeast and fruit flies (Maringele and Lydall, 2002; Musaro et al., 2008). Third, both the 

DNA damage checkpoint and the spindle assembly checkpoint halt the cell cycle by 

preventing Pds1p degradation (Cohen-Fix and Koshland, 1997). In the DDR, Chk1p 

phosphorylates and stabilizes Pds1p (Searle et al., 2004), whereas Mad2p interacts with 

Cdc20p to prevent the ubiquitination and destruction of Pds1p by the APC (Fang et al., 

1998). Fourth, Rad53p and Rad9p are phosphorylated in the presence of the SAC-

eliciting agent nocodazole (Clemenson and Marsolier-Kergoat, 2006). Interestingly, this 

phosphorylation is independent of Tel1p and Mec1p but is abolished in strains lacking 

BUB1 or MAD2.  Finally, it has been shown that cells from A-T patients and 

heterozygous carriers have a defective SAC (Shigeta et al., 1999; Takagi et al., 1998).  In 

summary, the DDR and the SAC are activated by some of the same conditions and arrest 

the cell cycle through some of the same mechanisms.  

1.5 Rationale for my thesis research  
 

In most of the studies described above, genetic instability was examined in 

haploid strains using assays that were specific to certain loci. In my research, I used two 

assays that would allow detection of chromosome rearrangements throughout the 
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genome. These assays were CHEF (contour-clamped homogeneous electric field) gel 

electrophoresis and comparative genome hybridization (CGH) microarrays.  In addition, 

I examined diploid strains, allowing the detection of large deletions that would be lethal 

in a haploid strain.  I concentrated my analysis of diploids that were homozygous for 

mutations in the related TEL1 and MEC1 genes because previous studies from the Petes 

and Kolodner labs had shown that this mutant background was likely to have a very 

high level of chromosome aberrations.  

Since the cells of metastatic tumors usually have high levels of aneuploidy and 

chromosome rearrangements, one important question is whether these two phenotypes 

reflect the same mutational defect or arise as independent genetic defects. In my thesis 

research, I show that one genetic background can give rise to both changes in 

chromosome number and changes in chromosome structure.  Furthermore, these two 

types of genome instability events are mechanistically separable, as repairing the 

telomere defect in tel1 mec1 strains reduces the frequency of translocations without 

affecting the frequency of aneuploidy.  
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2. Materials and Methods 

2.1 Strain construction and subculturing of yeast strains 
 

Chemicals were purchased from Sigma, St. Louis, MO, unless otherwise noted.  

All strains were constructed in the MS71 background (MATα ade5-1 leu2-3 trp1-289 ura3-

52 his7-2 LEU2; Strand et al., 1995) using standard gene-replacement techniques 

(Goldstein and McCusker, 1999; Schiestl and Gietz, 1989).  Gene deletions were verified 

via PCR. When the essential gene MEC1 is deleted, the viability can be rescued by a 

concurrent deletion of SML1, which elevates nucleotide pools and allows for viability 

(Zhao et al., 1998).  All mec1::NAT strains described in this paper contain a sml1::HYG 

deletion as well.  Genotypes and strain construction methods can be found in Table 2.1 

for haploids and Table 2.2 for diploids; oligonucleotide sequences can be found in Table 

2.3. 

Because tel1 mec1 strains have an extremely unstable genotype, the diploid 

strains were constructed while expressing a complementing wild-type copy of MEC1 on 

a TRP1-marked plasmid (pSAD3-3b/MEC1; Desany et al., 1998) so the cells were not 

Mec1p-deficient until the start of the analysis.  To begin the analysis, the tel1 mec1 strains 

were streaked on non-selective YPD media to facilitate loss of the complementing 

plasmid.  These plates were replicated to SD-trp to identify colonies that had lost the 

wild-type copy of MEC1, which was a very rare event.  The trp1-deficient colonies were 

streaked to YPD to create “subculture zero,” the first time the strains were deficient in 

Mec1p.  In the initial analysis, five individual colonies from the subculture zero plate 

were streaked again to YPD to create subculture one.  For subcultures two through five, 

cells from the heavy growth area of the plate (not single colonies) were restreaked on 

YPD.  Each subculture equals approximately 20 cell divisions; hence, five subculturings 

equals approximately 100 generations of growth. 
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Plasmid pVL1107-URA3 was constructed by replacing the LEU2 gene of plasmid 

pVL1107 (Evans and Lundblad, 1999) with a wild-type copy of URA3. The wild-type 

URA3 gene was PCR-amplified using genomic DNA from yeast strain S25 and the 

oligonucleotides LEU-URA-UP and LEU-URA-DN (Table 2.2) to create a PCR product 

containing the wild-type URA3 gene with 50 bp of flanking LEU2 homology on either 

side.  This PCR product was transformed into a wild-type yeast strain containing 

plasmid pVL1107 to replace the LEU2 gene in the plasmid with URA3.  The transformed 

plasmid was then recovered and confirmed via PCR. 

Plasmids pRS316-SRL2 and pRS426-SRL2 were constructed by PCR-amplifying 

SRL2 along with 500 bp of its native promoter and 300 bp of its native terminator using 

the primers JLMo220 and JLMo221. JLMo220 contained a SacI restriction enzyme site, 

while JLMo221 contained a KpnI restriction enzyme site.  Plasmids pRS316 (Sikorski and 

Hieter, 1989) and pRS426 (Christianson et al., 1992) were digested with SacI and KpnI 

along with the SRL2 PCR product and the SRL2 insert was ligated into each vector. The 

plasmids were confirmed with restriction digestion and sequencing. 

2.2 Contour-clamped homogeneous electric field (CHEF) 
analysis and Southern blotting 
 

Contour-clamped homogeneous electric field (CHEF) analysis and Southern 

blotting techniques were performed as previously described (Narayanan et al., 2006).  

Briefly, yeast strains were inoculated into two 10 ml volumes of YPD, or selective SD-trp 

media if the strain contained the pSAD3-3b/MEC1 plasmid.  The cultures were grown 

for two days until fully saturated.  The OD600 of each strain was measured, and 5 x 107 to 

1 x 108 cells were harvested in an eppendorf tube. The samples were spun down, and 

resuspended in 200 µl of melted 0.5% lowmelt agarose (FMC BioProducts, Rockland, 

ME) in 0.1 M EDTA pH 7.5.  4 µl of 25 mg/ml Zymolase 20T (MP Biomedical, Solon, 

OH) in 10 mM KPO4 were added, the samples were vortexed, and used to fill two plug 
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molds.  Plugs were solidified at 4°C for 10 minutes and then incubated in a solution of 

0.5 M EDTA, 10 mM Tris pH 7.5.  The plugs were incubated at 37°C overnight.  To this 

solution, 200 µl of a solution containing 5% sarcosyl, 5 mg/ml proteinase K, and 0.5 M 

EDTA pH 7.5 was then added.  The plugs were incubated at 50°C 5 hours to overnight.  

To prepare the CHEF gel, the plugs were incubated in 0.5X TBE buffer for an hour and 

then loaded onto a 1% agarose gel (Bio-Rad, Hercules, CA). The CHEF gels were run on 

a BioRad CHEF Mapper for 32 hours and 47 minutes, with a size range of 400 kilobases 

to 1700 kilobases, an angle of 120 degrees, an initial switch time of 46.67 seconds, and a 

final switch time of 2 minutes and 49.31 seconds. The ramping was linear, and the power 

was 5.0 V/cm. 

For Southern blots, the CHEF gel was transferred to a Hybond membrane 

(Amersham Biosciences, Little Chalfont, Buckinghamshire) for 48 hours using high-salt 

wicking conditions.  The DNA was crosslinked to the membrane using UV irradiation, 

and then the membrane was pre-hybridized with a solution containing 6X SSC, 0.5% 

SDS, and 5X Denhardt’s for an hour at 65°C.  PCR products of specific loci were used as 

probes.  50 ng of PCR DNA was denatured, then incubated with a Ready-To-GoTM DNA 

Labeled Beads (GE Healthcare, Little Chalfont, Buckinghamshire) and 0.5 µCi of 32P-

dCTP for 24 hours at 65°C.  The membrane was washed for 30 minutes and exposed to a 

PhosphoImager screen (Molecular Probes) for 1 hour to 10 days depending on signal 

strength.  The PhosphoImager screen was scanned with a Typhoon 9200 scanner 

(Molecular Dynamics). 

2.3 Comparative genome hybridization (CGH) microarray 
analysis 
 

Comparative genome hybridization (CGH) microarray analysis followed the 

techniques of Lemoine et al. (2005). Genomic DNA was isolated from control and 

experimental yeast strains following standard techniques.  The DNA was then sonicated 
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in 500 µl water using 40 x 1 sec pulses of a Branson Digital Sonifier set to 20% amplitude.  

Zymocolumns (Zymo Research) were used to concentrate 5 µg of DNA in 10.5 µl water.  

A Bio Prime Array CGH kit (Invitrogen, Carlsbad, CA) was used to label control DNA 

with Cy3 and experimental DNA with Cy5 (Cyanine Smart Pack dUTP, PerkinElmer 

Life Sciences, Boston, MA).  The labeled DNA was purified again with Zymocolumns, 

then combined and hybridized to a microarray containing all 6,000 yeast ORFs and 6,000 

intergenic regions (Lemoine et al., 2005). Each locus was represented in duplicate on the 

microarray for a total of 24,000 spots.  The hybridization was carried out at 65°C for at 

least 16 hours.  The arrays were washed for 30 minutes, and then scanned using a 

GenePix 4000B scanner (Axon Instruments).  GenePix Pro 5.0, the UNC Microarray 

Database (www.genome.unc.edu, Chapel Hill, NC) and CGH Miner (http://www-

stat.stanford.edu/~wp57/CGH-Miner/) were used to analyze the data. The normalized 

ratio of red to green signal was used to determine the relative copy number of the 

experimental sample.  A yellow spot indicates an equivalent level of hybridization 

between the wild type control and experimental strain, a green spot indicates a deletion 

of that particular locus in the experimental strain, and a red spot indicates an 

amplification.  Plotting these data can identify regions of chromosomal amplifications 

and deletions. CGH microarray analysis can differentiate between trisomic 

chromosomes and higher order aneuploidies.  tel1 mec1 diploids demonstrated a few 

tetrasomic chromosomes after 100 generations of growth; these were identified as 

having a normalized probe intensity across the chromosome of twice the amount of a 

normalized probe intensity across a trisomic chromosome. 

Band arrays (Argueso et al., 2008) were performed by running DNA from the 

strain of interest across 5 lanes of a 1% lowmelt agarose CHEF gel.  The aberrant band 

was excised, purified with a Quiagen gel purification kit, and then labeled with Cy5 
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DNA and hybridized to the microarray as described.  A CHEF plug containing all of the 

DNA from a wild-type strain was treated similarly and labeled with Cy3 DNA. 

2.4 Analysis of aneuploidy frequency 
 

Chi-square analysis was performed to determine whether the amount of trisomy 

for any particular genotype was significantly different than that of the te11 mec1 strains.  

The number of independently subcultured strains for each genotype was multiplied by 

16 (the number of different chromosomes in a yeast cell) to get a total number of 

chromosomes analyzed for that genotype (for example, 20 strains analyzed x 16 = 320 

total chromosomes).  Then, the number of trisomies for each genotype was added 

together (for example, 50 trisomic chromosomes identified, out of 320 total 

chromosomes that each had the potential to become trisomic) and this ratio was 

compared between different genotypes using the Fisher exact probability test or chi-

square analysis tool on the VassarStats website (http://faculty.vassar.edu/lowry/ 

VassarStats.html). 

2.5 Benomyl assays 
 

For the benomyl spot assay, cultures were grown in YPD overnight to saturation, 

then reinnoculated to OD600=0.2.  After 3 hours, the ODs were again measured, and all of 

the cultures, except for the tel1 mec1 strain, were normalized to an OD600 of 0.5. Because 

tel1 mec1 strains grow poorly even in YPD, a 6-fold excess of cells was collected for the 

experiment. Three ten-fold serial dilutions were made and then 3 µl of each dilution was 

spotted on YPD plates or YPD plates containing 10 µg/ml, 20 µg/ml, 40 µg/ml, or 70 

µg/ml benomyl (Sigma, St. Louis, MO). 

When following the morphology of individual cells over time to monitor the cell 

cycle, the protocol from Hoyt et al. (1991) was minimally modified.  A culture of cells in 

YPD was inoculated overnight such that the cells would be in log phase in the morning 
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(OD600 between 0.2 – 0.6). The cultures were washed twice in water, reinnoculated to an 

OD600 of 0.2 in 5 ml of YPD pH 3.5, and incubated with 5 µg/ml alpha factor (Sigma, St. 

Louis, MO; 5 mg/ml stock in DMSO).   The cells were arrested with alpha factor for 2.5 

to 3 hours at 30°C, then washed twice in water and resuspended in YPD containing 50 

µg/ml pronase (10 mg/ml stock in water; Sigma P5147, St. Louis, MO). 500 µl of 

released cells were sonicated for 10 x 1 second pulses on a Branson Digital Sonifier at 

20% amplitude.  150 µl of cells were spread on a YPD or a YPD + 70 µg/ml benomyl 

plate.  Pictures were taken at 100X magnification immediately after the cells were plated 

(time zero) and after 8 hours at room temperature using a Sony Cybershot DSC-H10 

digital camera with a microscope attachment (manual setting, F8.0 aperture, 200, 0.5m 

set focus, no flash).  Unbudded cells at time zero were compared with the 8 hour time 

point, and the number of cells derived from each single cell after 8 hours was recorded.  

Because the alpha factor arrest was nearly complete (at least 94% for wild-type, 90% for 

mad2, and 80% for tel1 mec1 strains), any single cell at time zero was considered 

unbudded, and any small projections from the cell were considered shmoos.  

Occasionally the shmoos were still visible on the original cell after 8 hours, but these 

could be differentiated from buds by comparing the cell morphology at time zero.  At 

least 100 cells were counted for each strain, and the experiments were repeated in 

duplicate.  
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Table 2.1 Description of the haploid strains used in this study. 
 
  Strain name Relevant Genotype                     Construction details 
MS71 α ade5-1 his7-2 leu2-3 LEU2 trp1-

289 ura3-52 
(Strand et al., 1995) 

JMY314-1a α ade2-1 leu2-3,112 his3-11 trp1-1 
ura3-1 can1-100 RAD5 sml1::HIS3 

Spore colony from JMY314 (Mallory and 
Petes, 2000) 

JAY82 α ade2-1 leu2-3,112 his3-11 trp1-1 
ura3-1 can1-100 RAD5 sml1::HPH 

Transformation of JAY60 with sml1::HPH; 
pAG32 (hphMX4) template (Goldstein and 
McCusker, 1999); primers JAO19 and 
JAO20 

LDY2B a sml1::HPH Transformation of MS71 MAT a with 
sml1::HPH; JAY82 template; primers 
JAO21 and JAO22 

PG256 α tel1::KANMX Transformation of MS71 with 
tel1::KANMX; pFA6-kanMX4 template 
(Wach et al., 1994); primers Tel1KanMXF 
and Tel1KanMXR 

JLMy62-2b a tel1::KANMX mec1::NAT 
sml1::HPH + pSAD3-3b/MEC1 

Spore colony from JLMy62 

JLMy62-4d α mec1::NAT sml1::HPH + 
pSAD3-3b/MEC1 

Spore colony from JLMy62 

JLMy62-6b α tel1::KANMX mec1::NAT 
sml1::HPH + pSAD3-3b/MEC1 

Spore colony from JLMy62 

JLMy62-7c a + pSAD3-3b/MEC1 Spore colony from JLMy62 
JLMy62-9a α tel1::KANMX sm1l::HPH + 

pSAD3-3b/MEC1 
Spore colony from JLMy62 

JLMy62-10b a tel1::KANMX + pSAD3-
3b/MEC1 

Spore colony from JLMy62 

JLMy62-10c a mec1::NAT sml1::HPH + 
pSAD3-3b/MEC1 

Spore colony from JLMy62 

JLMy62-15c α tel1::KANMX + pSAD3-
3b/MEC1 

Spore colony from JLMy62 

JLMy62-17c α tel1::KANMX mec1::NAT 
sml1::HPH + pSAD3-3b/MEC1 

Spore colony from JLMy62 

JLMy62-18c a tel1::KANMX mec1::NAT 
sml1::HPH + pSAD3-3b/MEC1 

Spore colony from JLMy62 

JLMy62-20c a tel1::KANMX sml1::HPH + 
pSAD3-3b/MEC1 

Spore colony from JLMy62 

JLMy62-21c α + pSAD3-3b/MEC1 Spore colony from JLMy62 
JLMy148-1a a bub1::NAT Spore colony from JLMy148 
JLMy148-4d α bub1::NAT Spore colony from JLMy148 
JLMy149-1a a bub1::NAT Spore colony from JLMy149 
JLMy149-4b α bub1::NAT Spore colony from JLMy149 
JLMy176 a mec1::NAT sml1::HPH + 

pSAD3-3b/MEC1 + pVL1107-
URA3 

Transformation of JLMy62-10c with 
pVL1107-URA3 ((Evans and Lundblad, 
1999) and Chapter 2) 

JLMy195 a fob1::NAT tel1::KANMX 
sml1::HPH + pSAD3-3b/MEC1 

Transformation of JLMy62-20c with 
fob1::NAT; pAG25 template (natMX4) 
(Goldstein and McCusker, 1999); primers 
AMC065 and AMC066 (Casper et al., 2008) 
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Table 2.1 Continued. 
 

Strain name Relevant Genotype                        Construction details 
JLMy213 α fob1::NAT tel1::KANMX 

sml1::HPH + pSAD3-3b/MEC1 
Transformation of JLMy62-9a with 
fob1::NAT; template AMC156 (Casper et 
al., 2008); primers JLMo104 and JLMo105.  
This creates a PCR product with over 500 
bp of homology on either side of the 
fob1::NAT locus in AMC156 to facilitate 
transformation into JLMy62-9a. 

JLMy214-10b α fob1:: NAT tel1::KANMX 
mec1::NAT sml1::HPH + pSAD3-
3b/MEC1 

Spore colony from JLMy214 

JLMy214-19c a fob1:: NAT tel1::KANMX 
mec1::NAT sml1::HPH + pSAD3-
3b/MEC1 

Spore colony from JLMy214 

JLMy214-22d a fob1:: NAT tel1::KANMX 
mec1::NAT sml1::HPH + pSAD3-
3b/MEC1 

Spore colony from JLMy214 

JLMy217-17d a fob1:: NAT tel1::KANMX 
mec1::NAT sml1::HPH + pSAD3-
3b/MEC1 

Spore colony from JLMy217 

JLMy240-3b α pol32::NAT tel1::KANMX 
sml1::HPH 

Spore colony from JLMy240 

JLMy248-1b α pol32::NAT tel1::KANMX 
mec1::NAT sml1::HPH + pSAD3-
3b/MEC1 

Spore colony from JLMy248 

JLMy248-2b α pol32::NAT tel1::KANMX 
mec1::NAT sml1::HPH + pSAD3-
3b/MEC1 

Spore colony from JLMy248 

JLMy250-21c a pol32::NAT tel1::KANMX 
mec1::NAT sml1::HPH + pSAD3-
3b/MEC1 

Spore colony from JLMy250; pVL1107-
URA3 plasmid not retained 

JLMy250-41c a pol32::NAT tel1::KANMX 
mec1::NAT sml1::HPH + pSAD3-
3b/MEC1 

Spore colony from JLMy250; pVL1107-
URA3 plasmid not retained 

JLMy271 α CEN2::pCORE tel1::KANMX 
mec1::NAT sml1::HPH + pSAD3-
3b/MEC1 

Transformation of JLMy62-6b with 
CEN2::pCORE; pCORE template (Storici et 
al., 2001); primers JLMo191 and JLMo192 

JLMy281 a CEN2::pCORE Transformation of JLMy62-7c with 
CEN2::pCORE; pCORE template; primers 
JLMo191 and JLMo192; pRS314-MEC1 
plasmid not retained  

JLMy283 
JLMy284 

a cen2::CEN14 Transformation of JLMy281 with 
cen2::CEN14; MS71 template; primers 
JLMo193 and JLMo194 

JLMy288-14a a tel1::KANMX mec1::NAT 
sml1::HPH cen2::CEN14 + 
pRS314-MEC1 

Spore colony from JLMy288 

JLMy288-21a a tel1::KANMX mec1::NAT 
sml1::HPH cen2::CEN14 + 
pRS314-MEC1 

Spore colony from JLMy288 

JLMy290-31c a tel1::KANMX mec1::NAT 
sml1::HPH cen2::CEN14 + 
pRS314-MEC1 

Spore colony from JLMy290 
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Table 2.1 Continued. 
 

Strain name Relevant Genotype Construction details 
JLMy290-40a α tel1::KANMX mec1::NAT 

sml1::HPH cen2::CEN14 + 
pRS314-MEC1 

Spore colony from JLMy290 

JLMy309 a mad2::NAT Transformation of JLMy62-7c with 
mad2::NAT; pAG25 template (natMX4) 
(Goldstein and McCusker, 1999); primers 
JLMo216 and JLMo217; pSAD3-3b/MEC1 
plasmid not retained 

JLMy317 
JLMy319 

α mad2::NAT Transformation of JLMy62-21c with 
mad2::NAT; pAG25 template (natMX4) 
(Goldstein and McCusker, 1999); primers 
JLMo216 and JLMo217; pSAD3-3b/MEC1 
plasmid not retained 

JLMy394 a bub1-ΔK::KANMX Transformation of JLMy62-7c with bub1-
ΔK::KANMX; pFA6a-GFP(S65T)-kanMX6 
template (Longtine et al., 1998; Wach et al., 
1994); primers JLMo231 and JLMo232; 
pSAD3-3b/MEC1 plasmid not retained.  
This truncation deletes the C-terminal 
amino acids 609-1021 of Bub1p (Fernius 
and Hardwick, 2007). 

JLMy401-2b α bub1-ΔK::KANMX 
tel1::KANMX mec1::NAT 
sml1::HPH + pSAD3-3b/MEC1 

Spore colony from JLMy401 

JLMy401-16c α bub1-ΔK::KANMX Spore colony from JLMy401; pSAD3-
3b/MEC1 plasmid not retained 

JLMy401-18c a bub1-ΔK::KANMX 
tel1::KANMX mec1::NAT 
sml1::HPH + pSAD3-3b/MEC1 

Spore colony from JLMy401 

JLMy438 a chk1::NAT Transformation of JLMy62-7c with 
chk1::NAT; pAG25 template (natMX4) 
(Goldstein and McCusker, 1999); primers 
JLMo247 and JLMo248; pSAD3-3b/MEC1 
plasmid not retained 

JLMy440 α chk1::NAT Transformation of JLMy62-21c with 
chk1::NAT; pAG25 template (natMX4) 
(Goldstein and McCusker, 1999); primers 
JLMo247 and JLMo248; pSAD3-3b/MEC1 
plasmid not retained 

JLMy464 a sgo1::KANMX Transformation of JLMy62-7c with 
sgo1::KANMX; pFA6-kanMX4 template 
(Wach et al., 1994); primers JLMo251 and 
JLMo261; pSAD3-3b/MEC1 plasmid not 
retained 

JLMy466 α sgo1::KANMX Transformation of JLMy62-21c with 
sgo1::KANMX; pFA6-kanMX4 template 
(Wach et al., 1994); primers JLMo251 and 
JLMo261; pSAD3-3b/MEC1 plasmid not 
retained 
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Table 2.2 Description of the diploid strains used in this study. 
 
 Strain name Relevant Genotype                 Construction details 
JLMy39.1 a/α TEL1/tel1::KANMX 

sml1:HPH/SML1 
LDY2B x PG256 

JLMy43.2 a/α TEL1/tel1::KANMX 
mec1::NAT/MEC1 
sml1::HPH/SML1 

Transformation of JLMy39.1 with 
mec1:NAT; pAG25 template (natMX4) 
(Goldstein and McCusker, 1999); primers 
JLMo26 and JLMo27 
 

JLMy62 a/α TEL1/tel1::KANMX 
mec1::NAT/MEC1 
sml1::HPH/SML1 + pSAD3-
3b/MEC1 

Transformation of JLMy43.2 with 
plasmid pSAD3-3b/MEC1 (Desany et al., 
1998) 

JLMy80 
JLMy81 

a/α tel1::KANMX/tel1::KANMX 
mec1::NAT/mec1::NAT 
sml1::HYG/sml1::HYG + pSAD3-
3b/MEC1 

JLMy62-2b x JLMy62-6b 

JLMy82 
JLMy83 

a/α tel1::KANMX/tel1::KANMX 
mec1::NAT/mec1::NAT 
sml1::HYG/sml1::HYG + pSAD3-
3b/MEC1 

JLMy62-17c x JLMy62-18c  

JLMy100 a/α  + pSAD3-3b/MEC1 JLMy62-7c x JLMy62-21c 
JLMy101 a/α  JLMy62-7c x JLMy62-21c; pSAD3-

3b/MEC1 plasmid not retained 
JLMy102 
JLMy104 

a/α tel1::KANMX/tel1::KANMX + 
pSAD3-3b/MEC1 

JLMy62-10b x JLMy62-15c 

JLMy111 
JLMy112 
JLMy113 

a/α mec1::NAT/mec1::NAT 
sml1::HPH/sml1::HPH + pSAD3-
3b/MEC1 

JLMy62-10c x JLMy62-4d; in JLMy112 the 
pSAD3-3b/MEC1 plasmid was not 
retained 

JLMy1262 a/α tel1::KANMX/tel1::KANMX 
mec1::NAT/mec1::NAT 
sml1::HYG/sml1::HYG + pSAD3-
3b/MEC1+ pVL1107-URA3 

Transformation of JLMy80 with plasmid 
pVL1107-URA3 (Evans and Lundblad, 
1999)  

JLMy1271 
JLMy1272 

a/α tel1::KANMX/tel1::KANMX 
mec1::NAT/mec1::NAT 
sml1::HYG/sml1::HYG + pSAD3-
3b/MEC1+ pVL1107-URA3 

Transformation of JLMy82 with plasmid 
pVL1107-URA3 (Evans and Lundblad, 
1999)  

JLMy1301 a/α tel1::KANMX/tel1::KANMX 
mec1::NAT/mec1::NAT 
sml1::HYG/sml1::HYG + pSAD3-
3b/MEC1 + pRS316 

Transformation of JLMy80 with plasmid 
pRS316 (Sikorski and Hieter, 1989) 

JLMy1311 a/α tel1::KANMX/tel1::KANMX 
mec1::NAT/mec1::NAT 
sml1::HYG/sml1::HYG + pSAD3-
3b/MEC1 + pRS316 

Transformation of JLMy82 with plasmid 
pRS316 (Sikorski and Hieter, 1989) 

JLMy148 
JLMy149 

a/α bub1::NAT/BUB1 Transformation of JLMy100 with 
bub1::NAT; pAG25 template (natMX4) 
(Goldstein and McCusker, 1999); primers 
JLMo59 and JLMo60; pSAD3-3b/MEC1 
plasmid not retained 
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Table 2.2 Continued. 
 

Strain name Relevant Genotype Construction details 
JLMy148-19 
JLMy148-48 
JLMy148-108 
JLMy148-112 
JLMy148-132 

a/α bub1::NAT/bub1::KANMX Transformation of JLMy148 with 
bub1::KANMX; JLMy208 template; 
primers JLMo167 and JLMo169. This 
creates over 600 bp of homology on 
either side of bub1::KANMX, and 
bub1::KANMX is targeted to the only 
remaining wild-type copy of BUB1 in 
JLMy148. Transformants were not 
purified to limit the number of cell 
divisions prior to analysis. 

JLMy149-34 
JLMy149-45 
JLMy149-93 

a/α bub1::NAT/bub1::KANMX Transformation of JLMy149 with 
bub1::KANMX; JLMy208 template; 
primers JLMo167 and JLMo169. This 
creates over 600 bp of homology on 
either side of bub1::KANMX, and 
bub1::KANMX is targeted to the only 
remaining wild-type copy of BUB1 in 
JLMy149. Transformants were not 
purified to limit the number of cell 
divisions prior to analysis. 

JLMy156 a/α bub1::NAT/bub1::NAT JLMy149-1a x JLMy149-4b 
JLMy200 
JLMy202 

a/α + pRS316 Transformation of JLMy101 with 
pRS316 (Sikorski and Hieter, 1989) 

JLMy208 a/α bub1::KANMX/BUB1 Transformation of JLMy101 with 
bub1::KANMX; pFA6-kanMX4 template 
(Wach et al., 1994); primers JLMo100 
and JLMo101. This deletes all but 50 bp 
inside either end of BUB1 so the 
transformation to knock out the second 
copy of BUB1 in strains JLMy148 and 
JLMy149 is facilitated.  

JLMy214 a/α fob1::NAT/FOB1 
tel1::KANMX/TEL1 
MEC1/mec1::NAT 
sml1::HPH/sml1::HPH + pSAD3-
3b/MEC1 

JLMy195 x JLMy62-4d 

JLMy217 a/α FOB1/fob1::NAT 
TEL1/tel1::KANMX 
mec1::NAT/MEC1 
sml1::HPH/sml1::HPH + pSAD3-
3b/MEC1, 

JLMy62-10c x JLMy213 

JLMy229 
JLMy230 

a/α  fob1::NAT/fob1::NAT 
tel1::KANMX/tel1::KANMX 
mec1::NAT/mec1::NAT 
sml1::HYG/sml1::HYG + pSAD3-
3b/MEC1 

JLMy214-19c x JLMy214-10b 

JLMy233 a/α  fob1::NAT/fob1::NAT 
tel1::KANMX/tel1::KANMX 
mec1::NAT/mec1::NAT 
sml1::HYG/sml1::HYG + pSAD3-
3b/MEC1 

JLMy214-22d x JLMy214-10b 
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Table 2.2 Continued. 
 

Strain name Relevant Genotype Construction details 
JLMy237 a/α  fob1::NAT/fob1::NAT 

tel1::KANMX/tel1::KANMX 
mec1::NAT/mec1::NAT 
sml1::HYG/sml1::HYG + pSAD3-
3b/MEC1 

JLMy217-17d x JLMy214-10b 

JLMy240 a/α pol32::NAT/POL32 
TEL1/tel1::KANMX 
sml1::HPH/SML1  

Transformation of JLMy39.1 with 
pol32::NAT; pAG25 template (natMX4) 
(Goldstein and McCusker, 1999); primers 
JLMo163 and JLMo164 

JLMy248 a/α POL32/pol32::NAT 
TEL1/tel1::KANMX 
mec1::NAT/MEC1 
sml1::HPH/sml1::HPH + pSAD3-
3b/MEC1  

JLMy62-10c x JLMy240-3b 

JLMy250 a/α POL32/pol32::NAT 
TEL1/tel1::KANMX 
mec1::NAT/MEC1 
sml1::HPH/sml1::HPH + pSAD3-
3b/MEC1 + pVL1107-URA3 

JLMy176 x JLMy240-3b 

JLMy254 
JLMy255 
JLMy256 

a/α  pol32::NAT/pol32::NAT 
tel1::KANMX/tel1::KANMX 
mec1::NAT/mec1::NAT 
sml1::HYG/sml1::HYG + pSAD3-
3b/MEC1 

JLMy250-21c x JLMy248-1b 

JLMy258 a/α  pol32::NAT/pol32::NAT 
tel1::KANMX/tel1::KANMX 
mec1::NAT/mec1::NAT 
sml1::HYG/sml1::HYG + pSAD3-
3b/MEC1 

JLMy250-41c x JLMy248-2b 

JLMy288 a/α cen2::CEN14/CEN2 
TEL1/tel1::KANMX 
MEC1/mec1::NAT 
SML1/sml1::HPH + pSAD3-
3b/MEC1 

JLMy283 x JLMy62-6b 

JLMy290 a/α cen2::CEN14/CEN2 
TEL1/tel1::KANMX 
MEC1/mec1::NAT 
SML1/sml1::HPH + pSAD3-
3b/MEC1 

JLMy284 x JLMy62-17c 

JLMy294 
JLMy295 
 

a/α cen2::CEN14/cen2::CEN14 
tel1::KANMX/tel1::KANMX 
mec1::NAT/mec1::NAT 
sml1::HPH/sml1::HPH + pSAD3-
3b/MEC1 

JLMy288-14a x JLMy290-40a 

JLMy296 
JLMy297 
JLMy298 
 

a/α cen2::CEN14/cen2::CEN14 
tel1::KANMX/tel1::KANMX 
mec1::NAT/mec1::NAT 
sml1::HPH/sml1::HPH + pSAD3-
3b/MEC1 

JLMy290-31c x JLMy290-40a 
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Table 2.2 Continued. 
 

Strain name Relevant Genotype Construction details 
JLMy327 
JLMy328 
JLMy329 
JLMy330 
JLMy366 
JLMy367 

a/α mad2::NAT/mad2::NAT JLMy309 x JLMy317 

JLMy376 
JLMy377 

a/α mad2::NAT/mad2::NAT JLMy309 x JLMy319 

JLMy342 a/α tel1::KANMX/tel1::KANMX 
mec1::NAT/mec1::NAT 
sml1::HYG/sml1::HYG + pSAD3-
3b/MEC1 + pRS316-DNA2 

Transformation of pRS316-DNA2 (Lee et 
al., 2000) into JLMy80 

JLMy344 a/α tel1::KANMX/tel1::KANMX 
mec1::NAT/mec1::NAT 
sml1::HYG/sml1::HYG + pSAD3-
3b/MEC1 + pRS316-DNA2 

Transformation of pRS316-DNA2 (Lee et 
al., 2000) into JLMy81 

JLMy346 a/α tel1::KANMX/tel1::KANMX 
mec1::NAT/mec1::NAT 
sml1::HYG/sml1::HYG + pSAD3-
3b/MEC1 + pRS316-DNA2 

Transformation of pRS316-DNA2 (Lee et 
al., 2000) into JLMy82 

JLMy348 a/α tel1::KANMX/tel1::KANMX 
mec1::NAT/mec1::NAT 
sml1::HYG/sml1::HYG + pSAD3-
3b/MEC1 + pRS316-DNA2 

Transformation of pRS316-DNA2 (Lee et 
al., 2000) into JLMy83 

JLMy350 a/α tel1::KANMX/tel1::KANMX 
mec1::NAT/mec1::NAT 
sml1::HYG/sml1::HYG + pSAD3-
3b/MEC1 + pRS316-SRL2 

Transformation of pRS316-SRL2 into 
JLMy80 

JLMy354 a/α tel1::KANMX/tel1::KANMX 
mec1::NAT/mec1::NAT 
sml1::HYG/sml1::HYG + pSAD3-
3b/MEC1 + pRS316-SRL2 

Transformation of pRS316-SRL2 into 
JLMy81 

JLMy356 a/α tel1::KANMX/tel1::KANMX 
mec1::NAT/mec1::NAT 
sml1::HYG/sml1::HYG + pSAD3-
3b/MEC1 + pRS426-SRL2 

Transformation of pRS426-SRL2 into 
JLMy81 

JLMy360 a/α tel1::KANMX/tel1::KANMX 
mec1::NAT/mec1::NAT 
sml1::HYG/sml1::HYG + pSAD3-
3b/MEC1 + pRS426-SRL2 

Transformation of pRS426-SRL2 into 
JLMy82 

JLMy401 a/α bub1-ΔK::KANMX/BUB1 
CEN2/CEN2::pCORE 
TEL1/tel1::KANMX 
MEC1/mec1::NAT 
SML1/sml1::HPH + pSAD3-
3b/MEC1 

JLMy394 x JLMy271 



 

43 
 

Table 2.2 Continued. 
 

Strain name Relevant Genotype Construction details 
JLMy405 
JLMy406 
JLMy407 
JLMy408 
JLMy409 
JLMy410 
JLMy411 
JLMy412 
JLMy448 
JLMy449 
JLMy450 
JLMy451 

a/α bub1-ΔK::KANMX/ bub1-
ΔK::KANMX 

JLMy394 x JLMy401-16c 

JLMy413 
JLMy414 
JLMy415 
JLMy416 

a/α bub1-ΔK::KANMX/ bub1-
ΔK::KANMX tel1::KANMX/ 
tel1::KANMX mec1::NAT/ 
mec1::NAT sml1::HPH/ sml1::HPH 
+ pSAD3-3b/MEC1 

JLMy401-18c x JLMy401-2b 

JLMy444 
JLMy445 
JLMy460 
JLMy461 

a/α chk1::NAT/chk1::NAT JLMy438 x JLMy440 

JLMy468 
JLMy469 
JLMy470 

a/α sgo1::KANMX/sgo1::KANMX JLMy464 x JLMy466 

JLMy479 a/α bub1-ΔK::KANMX/ bub1-
ΔK::KANMX + pRS316 

Transformation of JLMy405 with pRS316 
(Sikorski and Hieter, 1989) 

JLMy481 a/α bub1-ΔK::KANMX/ bub1-
ΔK::KANMX tel1::KANMX/ 
tel1::KANMX mec1::NAT/ 
mec1::NAT sml1::HPH/ sml1::HPH 
+ pSAD3-3b/MEC1 + pRS316 

Transformation of JLMy413 with pRS316 
(Sikorski and Hieter, 1989) 
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Table 2.3 Sequences of oligonucleotides used in strain construction, plasmid 
construction, and breakpoint mapping. 

 
Oligonucleotide Name Sequence 
AMC065 GGA GAA CAA TTT AAC GAT TGT GTG AGT GTG AAT TTG TGC 

TGA GGA TAA CAC GTA CGC TGC AGG TCG AC 
AMC066 AAC CGC GTA CAT TAA ATA CAG GGT CAT ATA CAG GAA 

GAG CTT TCA ACA CCA TCG ATG AAT TCG AGC TCG 
CAN1 F AGT GGA ACT TTG TAC G 
CAN1 R CTT CAA CGC TGT TAT CTT AAC AAC C 
CHA1 F, CHA1 R (Casper et al., 2009) 
CUP1 F, CUP1 R (Vernon et al., 2008) 
DOT1 F CTT AGA CTC TCA GGA ATC TTC  
DOT1 R CAG AGG AAG TGT CGT TAT CTG  
JAO19 TCT TAC GGT CTC ACT AAC CTC TCT TCA ACT GCT CAA TAA 

TTT CCC GCT AAT TAA GGC GCG CCA GAT CTG 
JAO20 AGA GTA TGA AAG GAA CTT TAG AAG TCC ATT TCC TCG 

ACC TTA CCC TGG GCA TAG GCC ACT AGT GGA T 
JAO21 GAA CAT CGC CCG TTT CGC CCG 
JAO22 TAG TAG GAC GAG AGT CCC TGA 
JLMo26 
mec1::NAT KO F 

AGG CTG GAC AAC AAG AAC GAC ATA CAC CGC GTA AAG 
GCC CAC AAG ACT GCC GTA CGC TGC AGG TCG AC 

JLMo27 
mec1::NAT KO R 

TGG TTA GAT CAA GAG GAA GTT CGT CTG TTG CCG AAA 
ATG GTG GAA AGT CGA TCG ATG AAT TCG AGC TCG 

JLMo36 
ASP3 F 

CTC TCT TTG TCG CAA TGT CCA G 

JLMo37 
ASP3 R 

TTA ACC ACC GTA GAC GCC 

JLMo59 
bub1::NAT KO F 

GAA AGA TTA TTG ACG GTT CCT ATT GTT TGA ATG TTA ACG 
CTG ACC AGG AAC GTA CGC TGC AGG TCG AC 

JLMo60 
bub1::NAT KO R 

CAG GAC ACC AAA AAG TCA CCT ATG CGG GAG ATG AAG 
GCA TAT TTA TTC ACA TCG ATG AAT TCG AGC TCG 

JLMo67  
NEJ1 F 

ATG GAT TCT GAG TTG AAA GGG C 

JLMo68  
NEJ1 R 

TCT GTG GGT ATT CTT CGA CC 

JLMo98  
JLP1 F 

TCT GTG GGT ATT CTT CGA CC 

JLMo99  
JLP1 R 

CTT TAG ATC TTC CAC GGG CC 

JLMo100 
bub1::KANMX KO F 

CAC ATT TCC GCA ATC GAA AGG CGT TAG CTC ATC TCA 
AAA AGA GCA GCC GTA CGC TGC AGG TCG AC 

JLMo101 
bub1::KANMX KO R 

GCT TCA TAA CTC CAT GGC TTG CCC GCA CGC ATT TCC CAG 
CAA TCA TCG ATG AAT TCG AGC TCG  

JLMo104 
FOB1 - P520 F 

CGA GAA ATC GAG GTT TCC TG 

JLMo105 
FOB1 + T546 R 

GGG ACT TAT CAT GTG CGA AC 
 

JLMo106 
II; 812868 F 

GGT AGA ACA ACA GTA CAG TGA G 

JLMo119 
XII; 545091 R 

CTA TTT CCT CAC CTG CCA TGG  

JLMo149 
III; 113259 F 

GCT AGC ACC AGT GAA CAT C 
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Table 2.3 Continued. 
 

Oligonucleotide Name Sequence 
JLMo158 
XII; 941098 F 

CGT TGA ACC CTT AGA CGA GC 

JLMo163 
pol32::NAT KO F2 

ATG GAT CAA AAG GCG TCA TAT TTT ATC AAT GAG AAG 
CTC TTC ACT GAG GTA AAG CCG TAC GCT GCA GGT CGA C 

JLMo164 
pol32::NAT KO R2 

CA CGG GTG ATG GCT TGC GTG GTG GTG TTG AAG TTG CGG 
GTC TCT TTG TCA CAA TAT ATC ATC GAT GAA TTC GAGCTCG 

JLMo167 
BUB1 - P657 F 

CTA GAG ACA TCG ACG CTG TAC  
 

JLMo169 
BUB1 + T679 R 

CAG GTT GTG GTG AAT GCA G 
 

JLMo191 
CEN2::pCORE F 

GAG AAT TCT ATC ACA CGG TAA TGA TAG TGT TCC CGA TGT 
CAA GCA GTC TTG AGC TCG TTT TCG ACA CTG G 

JLMo192 
CEN2::pCORE R 

TAG CTT GCC AGA TCT TCT TGC TTA TTC TTA AGC TCT TGG 
GTA GTA CTG TAT TCC TTA CCA TTA AGT TGA TC 

JLMo193 
cen2::CEN14 F 

TTT GAC GAT GTC AGT GAA TCC CGG TTA ATG ATA TTC TGT 
TTT TCA CGG GAT AAA ATT TGC AAC CCT ATA ATA AAT CGG 

JLMo194 
cen2::CEN14 R 

ACC TAT AAT ATT GAC GAA CAT ATG TAA ATA AGA TAT 
ATG TTA TAT TCT TCT GGT ATG CGA CTA TTC AAA CAC G 

JLMo205 
APT1 F 

GTG GGT TCT TGT TCG GAC CAA C 

JLMo206 
APT1 R 

GAG CGT TCA GTA AAG TGA ACA CTG G 

JLMo216 
mad2::NAT KO F 

CTC GTA CAA GAG TAT TGA AAA CCA CTT CAA AGG GGC 
CCA ATA GCA CAT TTA CGT ACG CTG CAG GTC GAC  

JLMo217 
mad2::NAT KO R 

GTA TAG TAT AAT ATA GTT CAT AAA TCT ATA TTC TTT CTA 
AAC ATC GAA AAC GAG ATC GAT GAA TTC GAG CTC G  

JLMo220 
SRL2 – P500F 

TAT ATA GAG CTC CTA TAT GTT GGG TTA GGG CG 

JLMo221 
SRL2 + T300R 

TAT ATA GGT ACC CAT GCT CTG CCA TCC TTT G 

JLMo227 
I; 166916 R 

GCG GTA TCA TCA GCA AGC 

JLMo229 
I; 159688 F 

GTG CAA GAC TAG GAA CGA CTG 

JLMo231 
bub1-ΔK::KANMX F 

CAA CCA TTC AAA GTT CTC CAT TTC TCA CAC AAC CTG AAC 
CAC AAG CAG AAA AGT GAG GCG CGC CAC TTC TAA A 

JLMo232 
bub1-ΔK::KANMX R 

GGC AGG ACA CCA AAA AGT CAC CTA TGC GGG AGA TGA 
AGG CAT ATT TAT TCA GAA TTC GAG CTC GTT TAA AC 

JLMo245 
XVI;  55314 F 

GCA TAG CAT CTG TGT GCA GTG 

JLMo246 
XVI; 63360 R 

GCT TGT CAT ACT TCG ATT CCG 

JLMo247 
chk1::NAT KO F 

CAA ACA TAA GAG TAT ATC ATA AGT TGC TGT ATA TGG 
GCA GCA CGT ATT ACT CGT ACG CTG CAG GTC GAC  

JLMo248 
chk1::NAT KO R 

CAA TAA TAA AAT CTC TCG AAA CAA TAT ATA GTT ACG 
ATG ACA CAC TAG AAA TCG AGA GAG ATC GAT GAA TTC 
GAG CTC G 

JLMo251 
sgo1::KANMX KO F 

ACA CAC GCA TAT ATA TGT TTA ATT GGG TAT AGA GGG GTT 
ATT GTT TGA CCC GTA CGC TGC AGG TCG AC 

JLMo261 
sgo1::KANMX KO R2 

GAC GAC TTG GAG GGT CGC GTA GTA GAA TTT TCA TCA 
GAT AAA TTA TTG ACA TCG ATG AAT TCG AGC TCG 
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Table 2.3 Continued. 
 
Oligonucleotide Name Sequence 
LEU2-URA-UP ATG TCT GCC CCT AAG AAG ATC GTC GTT TTG CCA GGT GAC 

CAC GTT GGT CAA GAG ATA GTG ATG ATA TTT CAT A 
LEU2-URA-DN TTA AGC AAG GAT TTT CTT AAC TTC TTC GGC GAC AGC ATC 

ACC GAC TTC GGT GGT ATT CTG GCG AGG TAT TGG ATA 
LYS20 F CGG GCG ACT ATC TTT CTA ATG 
LYS20 R CAA TGT CTC TGA TCT TGT GCA AC 
PDR3 F TTG CCT ACT ACA GCT GTT G 
PDR3 R CAG ATG CCG TCG TAG TAG G 
RAD24 F GAG CTC ATC TAG ACC GAC TTC GC 
RAD24 R GTC GTA ATG GCC GAC CTA ATA TC 
rDNA probe rDNA plasmid clone pY1rG12 (Petes et al., 1978) 
Tel1KanMX F TCG AAA AAA AAG CCT TCA AAG AAA AGG GAA ATC AGT 

GTA ACA TAG ACG CTG ACG CTG CAG GTC GAC 
Tel1KanMX R CGT ATT TCT ATA AAC AAA AAA AAG AAG TAT AAA GCA 

TCT GCA TAG CAA ATC GAT GAA TTC GAG CTC G 
Y’ F/R (Ritchie et al., 1999) 
YJR030C F CAT GAT GAC ATG TCT CTA ACA CAA TCC ATA GTG 
YJR030C R GAT CTA TGC AGT GTG CGA CCA TTG TGT TAT TG 
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3. High rates of chromosome rearrangements and 
aneuploidy in yeast strains lacking both Tel1p and 
Mec1p reflect deficiencies in two different mechanisms 

3.1 Introduction 
 

Two types of genetic instability are associated with cells derived from solid tumors 

(Lengauer et al., 1998), elevated rates of small genetic alterations (single-base changes 

and microsatellite alterations) and high frequencies of chromosome rearrangements and 

aneuploidy. The first type of instability is associated with tumors deficient in nucleotide 

excision repair (NIN tumors) and DNA mismatch repair (MIN tumors). Cells with 

elevated rates of chromosome aberrations (deletions, duplications, and translocations) 

and/or aneuploidy have been termed “CIN” (chromosome instability) tumors 

(Lengauer et al., 1997). Although some CIN tumors have mutations in genes affecting the 

spindle assembly checkpoint pathway (Rajagopalan et al., 2003) or chromatid cohesion 

(Barber et al., 2008), the relevant genome-destabilizing mutations have not been 

characterized in most CIN tumors (Teixeira da Costa and Lengauer, 2002).  

Many yeast mutants have been identified that have elevated rates of chromosome 

alterations and/or aneuploidy. One widely-employed assay designed to detect gross 

chromosomal rearrangements (GCR) involves selecting for the deletion of two closely-

linked markers near the end of chromosome V (Putnam et al., 2009a; Putnam et al., 2005). 

Mutations that elevate GCR are found in genes controlling S-phase DNA damage 

checkpoints (Myung et al., 2001b), DNA replication (Chen and Kolodner, 1999), telomere 

length regulation (Craven et al., 2002; Myung et al., 2001a), chromatin assembly (Myung 

et al., 2003), as well as other pathways. Importantly, strains with mutations in the spindle 

assembly checkpoint pathway (which result in elevated levels of chromosome non-

disjunction) do not necessarily have elevated rates of GCR (Myung et al., 2004), 

indicating that these two phenotypes are not intrinsically linked. 
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In Saccharomyces cerevisiae, the related kinases Tel1p (orthologous to the mammalian 

ATM gene) and Mec1p (orthologous to the mammalian ATR gene) have somewhat 

overlapping roles in the DNA damage/S-phase checkpoint and in telomere length 

regulation (Harrison and Haber, 2006). In response to DNA damage such as a double-

strand break (DSB), Tel1p and Mec1p are recruited to the site of the break, where they 

initiate a signal transduction cascade that results in phosphorylation and activation of 

effector proteins, transcription of DNA repair genes, and cell cycle arrest (Chapter 1). 

Strains with the tel1 mec1 genotype are more sensitive to DNA damaging agents than 

either single mutant strain (Morrow et al., 1995). Similarly, the single mutant tel1 and 

mec1 strains have short but stable telomeres whereas tel1 mec1 double mutant strains 

have a phenotype similar to a telomerase-negative strain (Ritchie et al., 1999). 

Mec1p, but not Tel1p, is an essential protein, but the lethality of the mec1 mutation 

can be suppressed by a mutation in SML1 that results in elevated nucleotide pools (Zhao 

et al., 1998). In addition, mec1 strains have elevated levels of DSBs in hard-to-replicate 

regions of the genome (Cha and Kleckner, 2002). These and other results suggest that the 

essential role of Mec1p may be to stabilize stalled replication forks (Cimprich and 

Cortez, 2008). 

Haploid yeast strains lacking both Tel1p and Mec1p have very high rates of 

chromosome rearrangements (Craven et al., 2002; Myung et al., 2001b). In haploid 

strains, the rate of deletions of CAN1 is elevated about 10,000-fold in the tel1 mec1 strain 

relative to wild-type. In some can1 strains, the deletion derivative of chromosome V (the 

location of CAN1) was fused to the telomere of a non-homologous chromosome by a 

non-homologous end joining (NHEJ) event (Craven et al., 2002). In addition, the tel1 mec1 

strains had very high rates of telomere-telomere fusions relative to tel1 or mec1 strains 

(Mieczkowski et al., 2003). Expression of a Cdc13p-Est2p fusion protein allows extension 

of telomeres to wild-type length in a tel1 mec1 strain (Tsukamoto et al., 2001). This 
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extension reduces the rate of CAN1 deletions about 10-fold, arguing that many 

chromosome rearrangements are likely to reflect breakage of dicentric chromosomes 

formed by telomere-telomere fusions (Mieczkowski et al., 2003). In addition, we 

previously observed a high frequency of chromosome rearrangements in haploid tel1 

mec1 strains subcultured for about 200 cell divisions (Vernon et al., 2008). All of these 

rearrangements reflected homologous recombination between non-allelic repeated 

sequences, involving mostly Ty elements.  

As described above, CIN tumors have elevated rates of aneuploidy in addition to 

high rates of chromosome rearrangements. Large genetic screens for mutations resulting 

in elevated rates of chromosome loss were done in S. cerevisiae (Spencer et al., 1990; Yuen 

et al., 2007). In a systematic screen of about 4,700 different deletion strains, 130 mutants 

had elevated rates of chromosome loss (Yuen et al., 2007). Many of these mutants 

affected proteins directly involved with the mechanics of chromosome disjunction (the 

spindle pole body, microtubules, and the kinetochore), whereas others affected the 

spindle assembly checkpoint (SAC). Since this study was done with deletion alleles, 

mutants in essential genes, such as SMC1 (encoding a cohesin subunit), would not be 

detected, although hypomorphic smc1 alleles are known to elevate chromosome non-

disjunction (Strunnikov et al., 1993). 

 Yeast strains with high rates of aneuploidy often have a defect in the SAC. This 

checkpoint is required to ensure that chromosomes establish bipolar orientation on the 

spindle prior to anaphase. There are two types of kinetochore defects that activate the 

checkpoint: lack of kinetochore occupancy by microtubules and lack of tension between 

sister kinetochores (reviewed by Lew and Burke, 2003; Musacchio and Salmon, 2007). 

Although most SAC proteins (Mad1p-Mad3p, Bub1p, and Bub3p) are required to 

respond to both types of defect, separation-of-function alleles of bub1 have been 
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obtained; strains that lack the kinase domain of Bub1p (bub1-ΔK) are defective only in 

the tension-sensing function of the SAC (Fernius and Hardwick, 2007). 

Although mutants affecting the DNA damage response (DDR) usually have elevated 

levels of gross chromosome rearrangements and mutants affecting the SAC have 

elevated levels of aneuploidy, connections between these two pathways exist. First, the 

elimination of the delay of the cell cycle in response to DNA damaging agents such as 

methyl-methane sulfonate (MMS) and hydroxyurea (HU) in S. pombe, S. cerevisiae, and 

human cells requires mutations in both the DNA damage checkpoint pathway and the 

SAC (Collura et al., 2005; Garber and Rine, 2002; Kim and Burke, 2008; Mikhailov et al., 

2002; Sugimoto et al., 2004). Second, the DNA damage checkpoint and the SAC are both 

activated by certain types of chromosome damage (for example, defective telomeres; 

Maringele and Lydall, 2002; Musaro et al., 2008) and certain drugs (for example, 

nocodazole; Clemenson and Marsolier-Kergoat, 2006).  

Most of the connections between the DNA damage checkpoint and the SAC 

described above are observed in the presence of DNA damage. Below, we show that tel1 

mec1 diploid strains have a very high rate of aneuploidy and chromosome 

rearrangements in the absence of induced DNA damage, but the SAC remains 

functional in these strains. We also show that these two phenotypes reflect two different 

cellular defects, since the frequency of chromosome rearrangements, but not the 

frequency of aneuploidy, is reduced by correcting the telomere defect of the tel1 mec1 

mutant strain.  
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3.2 Results 
 

3.2.1 Rationale 

As discussed in Chapter 1, previous studies of tel1 mec1 haploid yeast strains 

demonstrated high rates of chromosome aberrations. Since some genetic alterations are 

haploid-lethal (deletions removing essential genes, for example), in this study we 

examined genomic alterations in tel1 mec1 sml1 diploids. The sml1 mutation is necessary 

to suppress the lethality of mec1 null alleles (Zhao et al., 1998); in our subsequent 

discussion, the tel1 mec1 sml1 genotype will be abbreviated to tel1 mec1.     

The tel1 mec1 diploids were constructed to contain a plasmid-borne MEC1 gene 

(details in Tables 2.1-2.3). The strains JLMy80-JLMy83 are isogenic tel1 mec1 diploids 

constructed by crossing isogenic haploids. We then selected derivatives that lost the 

MEC1 plasmid to initiate our genomic instability analysis. Independent derivatives were 

subcultured for about 100 cell divisions and then re-transformed with the MEC1-

containing plasmid. We examined the frequency of aneuploidy and other changes in 

gene dosage in these strains by Comparative Genome Hybridization (CGH) microarrays, 

and alterations in the sizes of chromosomal DNA molecules by Contour-clamped 

Homogeneous Electric Field (CHEF) gel analysis. No alterations were observed in the 

starting strain relative to the wild-type diploid in either assay, but the subcultured tel1 

mec1 diploids had high rates of aneuploidy and chromosome rearrangements. 

3.2.2 Aneuploidy in tel1 mec1 diploids  

 
We used microarrays containing all ORFs and intergenic regions as PCR fragments 

on glass slides (DeRisi et al., 1997). For each CGH experiment, we labeled DNA from the 

subcultured strain and from the control strain with different fluorescent nucleotides, and 

examined the ratio of hybridization to the two DNA samples for each gene and 
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intergenic region on the array (Chapter 2). From this analysis, it was clear that the tel1 

mec1 diploids had very high frequencies of aneuploidy and other changes in gene 

dosage that reflected chromosome rearrangements. For example, strain JLMy80-1s (Fig. 

3.1A) was monosomic for chromosome I and trisomic for chromosomes X, XII, and XVI, 

whereas strain JLMy81-1L was trisomic for chromosome VIII and had an interstitial 

deletion on IV (Fig. 3.1B). Of the 20 subcultured diploids analyzed, 18 were trisomic for 

one or more chromosomes and half were monosomic for chromosomes I and/or VI 

(Table 3.1; Appendices A and B).  
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Figure 3.1 Microarray analysis of aneuploidy and chromosome rearrangements in tel1 
mec1 diploids. 

 
Representative microarrays of two subcultured strains are shown (CGH Miner depiction). Each 
chromosome is shown as a single line with losses and gains of chromosomes or chromosome 
segments indicated in green and red, respectively. (A) The tel1 mec1 diploid JLMy80-1s is 
monosomic for chromosome I and trisomic for chromosomes X, XII, and XVI. (B) The strain 
JLMy81-1L is trisomic for chromosome VIII and contains an interstitial deletion on chromosome 
IV. (C) The distribution of trisomies (red) and monosomies (green) in 20 independently 
subcultured tel1 mec1 strains. Chromosomes II, VIII, X, and XII became trisomic with the highest 
frequencies. 
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Chromosomes II, VIII, X, and XII accounted for three-quarters of the trisomies, and 

chromosomes I and VI accounted for all of the monosomies (Fig. 3.1C). By Chi-square 

goodness of fitness tests (with Yates correction), the distributions of trisomies and 

monosomies were very significantly (p<0.001) different from random. Since 

chromosomes I and VI are the smallest chromosomes, it is likely that strains monosomic 

for other chromosomes have a selective growth disadvantage or the small chromosomes 

have a lower rate of re-duplication.  Possible explanations for the non-random pattern of 

trisomic chromosomes will be addressed in Section 3.3. 

We also examined the frequencies of aneuploid chromosomes in subcultured wild-

type, tel1, and mec1 diploids and in tel1 mec1 haploids (Table 3.1, Appendix B). The tel1 

mec1 diploid strain had significantly more aneuploidy than any of these other strains. 

Thus, as for a number of other phenotypes, the tel1 and mec1 mutations have a 

synergistic or additive interaction for the aneuploidy phenotype. It is likely that the 

higher frequency of trisomy in the diploid tel1 mec1 strains compared to the frequency of 

disomy in the haploid tel1 mec1 strain reflects an ability of the cell to tolerate a 1.5-fold 

imbalance in gene expression of chromosomes more readily than a two-fold imbalance.  
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Table 3.1: Number of trisomic and monosomic (in parentheses) chromosomes in strains with mutations in the DNA damage 
checkpoint after five cycles of subculturing. 

 
Chromosome 

number 
tel1 mec1 
diploids 

Wild-type 
diploids 

tel1 
diploids 

mec1 
diploids 

tel1 mec1 haploids tel1 mec1 + 
pVL1107-URA3 

diploids 

I 4 (4) 0 1 0 0 4 (1) 
II 9 0 0 1 3 4 
III 0 0 0 0 1 0 (1) 
IV 1 0 0 0 0 1 
V 1 0 0 0 0 2 
VI 0 (7) 0 0 (1) 0 0 0 
VII 1 0 0 1 0 5 
VIII 9 0 1 1 1 8 
IX 3 0 0 1 0 4 
X 8 0 0 2 0 2 
XI 2 0 0 0 0 2 
XII 9 0 0 0 2 5 
XIII 0 0 0 0 0 3 
XIV 0 0 0 1 0 0 
XV 0 0 0 0 0 0 
XVI 1 0 0 1 0 2 

Total # trisomic 
(monosomic) 

chromosomes1 

48 (11) 0 (0) 2 (1) 8 (0) 7 (0) 42 (2) 

       
Total # chromosomes 

analyzed2 

 

320  64 64 160 144 192 

Aneuploid/euploid 
chromosomes 

59/261 0/643 3/614 8/1525 7/1376 44/148 
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Table 3.1 Continued. 
 
1Following sub-culturing strains for about 100 generations, we examined aneuploidy using CGH microarrays. The numbers outside 
parentheses represent the number of strains in which trisomy (or, rarely, tetrasomy) was observed for a given chromosome; the numbers 
inside parentheses represent the number of times we observed monosomy. The strain names for each genotype are in Appendix B. 
2The total number of chromosomes was calculated by multiplying the number of independent strains examined by 16, the number of 
homologues in S. cerevisiae. 
3Significant (p<0.001) reduction in the frequency of aneuploidy compared to the tel1 mec1 diploid (Fisher exact test).  
4Significant (p<0.05) reduction in the frequency of aneuploidy compared to the tel1 mec1 diploid (Fisher exact test). 
5Significant (p<0.0001) reduction in the frequency of aneuploidy compared to the tel1 mec1 diploid (Fisher exact test).  
6Significant (p<0.005) reduction in the frequency of disomy compared to the frequency of trisomy in tel1 mec1 diploid (Fisher exact test).  
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3.2.3 Chromosome rearrangements in tel1 mec1 diploids  

By CHEF gel analysis, 19 of 20 subcultured tel1 mec1 strains had at least one 

chromosome different in size from the progenitor parental strain (Fig. 3.2). Chromosome 

II in the wild-type strain (lanes 1 and 12) is larger than chromosome II in all of the tel1 

mec1 strains, since these strains were constructed by replacing the very large TEL1 and 

MEC1 genes (both located on chromosome II) with smaller drug resistance markers. 

Chromosome XII (containing the 150-repeat rRNA gene cluster) and chromosome VIII 

(containing the CUP1 gene cluster) were particularly unstable. Changes in the sizes of 

these chromosomes were confirmed by Southern analysis using rDNA or CUP1 

hybridization probes (data not shown). Additionally, some changes in chromosome size 

were due to amplification of the tandem Y’ elements located at the telomeres on most 

chromosomes (Appendix A). 
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Figure 3.2 CHEF gel analysis of DNA derived from subcultured tel1 mec1 diploids. 

 
Separated yeast chromosomes were visualized by staining of the gel with ethidium bromide and 
exposure to UV.  Relative to the wild-type strains (lanes 1 and 12), tel1 mec1 diploids often had 
chromosomes of altered size.  Chromosomes indicated with arrows are discussed in the text. 

 

As described above, we also diagnosed chromosome rearrangements using 

microarrays. For example, the strain JLMy81-1L was heterozygous for a large interstitial 

deletion (Fig. 3.1B). The subcultured tel1 mec1 diploid JLMy80-5L had a deletion and 

duplication on chromosome III, and a duplication of sequences from chromosome XII, in 

addition to having three copies of chromosome II and being monosomic for 

chromosome VI (Fig. 3.3A). Not including aneuploidy or changes involving the rRNA, 
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CUP1, or Y’ genes, we found 20 large (>10 kb) genomic deletions or duplications among 

the 20 subcultured strains (Table 3.2, Appendix A). 

Some of the chromosome rearrangements resulting in altered gene dosages were 

characterized in detail (Appendix A) and a few of these are indicated by arrows in 

Figure 3.2. The strain JMY80-5L had a novel chromosome of about 1350 kb. By both 

band microarray analysis (excision of the chromosome from a CHEF gel followed by 

hybridization to a microarray; Fig. 3.3B) and by Southern analysis of the CHEF gel (Fig. 

3.3C), we showed that this chromosome had all of the DNA of chromosome II, a portion 

of the left arm of III, and an interstitial segment of XII. We used standard Southern 

analysis to determine the orientation and connectivity of the chromosome fragments and 

PCR analysis to amplify the fusion junctions. Primers were designed to amplify the 

fusion junctions, and the resulting PCR fragments were sequenced (Fig. 3.3D).  The 

breakpoint on chromosome II is within 50 bp of the end of the chromosome.  In addition, 

the sequence junctions share no homology, indicating that the tripartite chromosome 

was a consequence of two NHEJ events.  Although NHEJ events are suppressed in 

MATa/MATα diploids (Kegel et al., 2001), JLMy80-5L is hemizygous at the mating type 

locus (Fig. 3.3A). 
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Figure 3.3 Mapping of a tripartite chromosome rearrangement. 
 
(A) Genomic microarray analysis showed that the strain JLMy80-5L had an interstitial 
duplication on chromosome XII, a tandem deletion-duplication on III, trisomy for II, and 
monosomy for VI. (B) The 1350 kb altered chromosome was excised from the CHEF gel 
(indicated by an arrow in lane 6, Fig. 3.2) and analyzed by a microarray, delimiting the regions 
derived from chromosomes II, III, and XII. (C) The novel chromosome hybridized to probes 
derived from chromosomes III (CHA1), XII (NEJ1), and II (PDR3, data not shown). (D) PCR 
amplification and sequencing of the breakpoint junctions revealed that the tripartite chromosome 
was formed through two NHEJ events.  

 

With the exception of JLMy80-5L, most chromosome rearrangements reflected 

intrachromosomal or interchromosomal exchanges between dispersed Ty 

retrotransposons similar to those observed in tel1 mec1-21 haploid strains (Vernon et al., 
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2008). Strain JLMy81-1L (Fig. 3.1B) had a large interstitial deletion on chromosome IV.  

We found that the breakpoints for the deletion were YDRCTy1-1 and the YDRWTy2-

2/YDRCTy1-2 pair of Ty elements.  Recombination between these elements would result 

in a 230 kb deletion, generating a novel chromosome of about 1300 kb as observed (Fig. 

3.2, lane 7). Strain JLMy82-1s had a terminal deletion on the left arm of chromosome VII 

at an unannotated Crick-oriented Ty element (Casper et al., 2009) near YGLWdelta3 and a 

terminal amplification on the right arm of chromosome VII at YGRWTy2-2.  We showed 

by a band array that the novel 1235 kb chromosome in this strain (Fig. 3.2, lane 13) was 

likely formed as a consequence of a DSB at or near the Ty element on the left arm that 

was repaired by break-induced replication (BIR) using YRGWTy2-2 (Appendix A).  

We also observed translocations involving Ty elements. The strain JLMy83-3L had a 

terminal amplification of the right end of chromosome I (breakpoint at YARCTy1-1) and 

a terminal deletion of the left end of chromosome XVI (breakpoint at YPLWTy1-1) (Fig. 

3.4A). The expected size of a I-XVI translocation involving these breakpoints is about 960 

kb, the size of a novel chromosome in this strain (Fig. 3.2, lane 20). We used a band array 

(Fig. 3.4B) and PCR analysis (Fig. 3.4C) to confirm the translocation. This chromosome 

was likely the result of a DSB in the Ty element on chromosome XVI that was repaired 

by a BIR event utilizing the Ty element on chromosome I. 

As expected from previous studies (Craven et al., 2002; Myung et al., 2001b), 

deletions and duplications of chromosomal sequences were observed more frequently in 

the tel1 mec1 diploid than in wild-type, tel1, or mec1 diploids (Table 3.2). In contrast, the 

isogenic tel1 mec1 haploid had approximately the same frequency of chromosome 

rearrangements as the diploid.    
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Figure 3.4 Translocation in JLMy83-3L between two Ty elements, one located on 
chromosome I and one located on chromosome XVI. 

 
(A) Genomic microarray analysis of JLMy83-3L indicated multiple trisomic chromosomes in 
addition to a terminal amplification of chromosome I, a terminal deletion on chromosome XVI, 
and an amplification of part of chromosome III. (B) JLMy83-3L had a novel chromosome 960 kb 
in size (Fig. 3.2, lane 20). This band was purified using a CHEF gel, and a band microarray 
analysis was done. This analysis confirmed that the rearranged chromosome contained most of 
the DNA from chromosome XVI and a small piece of the right arm of chromosome I. The DNA 
sample for the band array was contaminated with small amounts of the unrearranged 
chromosomes XIII and XVI. The genomic and band microarrays indicated Ty1 elements at the 
breakpoints of the XIII-XVI translocation in the orientation allowing formation of a monocentric 
960 kb chromosome. (C) Additional evidence that the translocation was a consequence of 
homologous recombination between Ty elements was achieved through PCR analysis. Primers 
were designed that flanked YARCTy1-1 on chromosome I (primers JLMo227 and JLMo229 in 
Table 2.3) and YPLWTy1-1 on chromosome XVI (primers JLMo245 and JLMo246 in Table 2.3). 
These primers resulted in a product of the expected size in the progenitor strain (JLMy83) and 
JLMy83-3L, as expected since JLMy83-3L contains unrearranged copies of chromosome I and XVI 
in addition to the translocation. When we used one primer located telomere-proximal to 
YARCTy1-1 (JLMo227) and one primer telomere-proximal to YPLWTy1-1 (JLMo246) in the 
“Trans” PCR reactions in the last two lanes, we observed the expected product from the strain 
with the translocation and no product in the progenitor strain.  
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Table 3.2 Number of duplications and deletions in strains with mutations in the DNA damage checkpoint. 
 

Chromosome number tel1 mec1 
diploids 

Wild-type 
diploids 

tel1 
diploids 

mec1 
diploids 

tel1 mec1 
haploids 

tel1 mec1 + 
pVL1107-URA3 

diploids2  

I 2 0 0 1 2 1 
II 2 0 0 0 0 0 
III 2 0 0 0 1 0  
IV 3 0 0 0 1 1 
V 2 0 0 0 0 0 
VI 1 0 0  0 0 0 
VII 1 0 0 1 0 0 
VIII 0 0 0 0 0 0 
IX 0 0 0 0 0 0 
X 3 0 0 0 2 0 
XI 0 0 0 0 0 0 

XII (excluding rDNA) 2 0 0 1 5 0 
XIII 0 0 0 0 0 0 
XIV 1 0 0 0 1 0 
XV 0 0 0 0 0 0 
XVI 1 0 0 1 0 0 

Total # chromosomes 
with duplications and/or 

deletions1,3 

 
20 

 
0 

 
0 

 
4 

 
12 

 
2 

 
Total # strains analyzed 

 
20 

 
4 

 
4 

 
10 

 
9 

 
12 

 
# strains with del. or 

dup./# strains without 
del. or dup. 

 
10/10 

 
0/4 

 
0/4 

 
2/8 

 
9/0 

 
1/114 
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Table 3.2 Continued. 
 

1Following sub-culturing strains for about 100 generations, we examined deletions and duplications using CGH microarrays. The numbers 
represent the number of strains in which duplications or deletions were observed for a given chromosome. Only deletions/duplications >10 
kb were considered significant. In addition to the alterations listed in the table, we found frequent changes (usually deletions) in the tandem 
array (150 repeats) of ribosomal RNA genes.   The number of these changes for each strain were: tel1 mec1 diploid (16 deletions), wild-type 
diploid (two deletions), tel1 diploid (no changes), mec1 diploid (two deletions), tel1 mec1 haploid (one expansion), and tel1 mec1 diploid with 
the pVL1107-URA3 plasmid (two deletions and three expansions). In addition, we observed amplification of the sub-telomeric Y’ repeats in 
five tel1 mec1 diploids and in none of the other strains. Amplifications of the Y’ repeats (which are found in about two-thirds of the telomeres) 
cannot be assigned to a specific chromosome by the microarrays. 
2The plasmid pVL1107-URA3 contains a CDC13-EST2 fusion gene (Evans and Lundblad, 1999) that allows the telomeres of tel1 mec1 strains to 
be elongated to wild-type lengths or greater (Tsukamoto et al., 2001). 
3Excluding changes in the rRNA gene cluster and Y’ copy variation. 
4Significant (p<0.01) reduction in the frequency of deletions/duplications compared to the tel1 mec1 diploid without the pVL1107-URA3 
plasmid (Fisher exact test).  
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3.2.4 Restoring wild-type length telomeres to tel1 mec1 strains 
reduces the frequency of chromosome rearrangements, but does not 
reduce the frequency of aneuploidy 

Previously, we showed that restoring wild-type length telomeres in a tel1 mec1 

haploid strain reduced the rate of CAN1 deletions and telomere-telomere fusions (TTFs; 

Mieczkowski et al., 2003), arguing that some chromosome alterations in the haploid tel1 

mec1 strain reflected breakage of the dicentric chromosome that would be produced by 

TTFs. Loss of telomeres associated with tel1 mec1 strains or the high levels of 

spontaneous DNA lesions associated with this genotype could also affect the rate of 

chromosome non-disjunction.  

To examine the relationship between telomere length and the increased levels of 

aneuploidy and chromosome rearrangements in tel1 mec1 diploid cells, we introduced a 

plasmid (pVL1107-URA3) encoding a Cdc13p-Est2p fusion protein (Evans and 

Lundblad, 1999) that allows telomere elongation independently of Tel1p and Mec1p 

(Tsukamoto et al., 2001).  This plasmid restored wild-type length telomeres to the tel1 

mec1 diploid (Fig. 3.5A) and substantially reduced the level of TTFs (Fig. 3.5B).  The tel1 

mec1 strains with wild-type length telomeres had the same frequency of aneuploidy as 

the tel1 mec1 strains with the short telomeres (Table 3.1). In contrast, only 1 of 12 tel1 

mec1 diploids with wild-type length telomeres had a chromosome alteration compared 

to 10 of 20 tel1 mec1 strains with short telomeres (Table 3.2). 

These results demonstrate two important points.  First, the high frequencies of 

aneuploidy and chromosome rearrangements are caused by two different types of 

mechanisms.  Second, in tel1 mec1 diploids, as in haploids, it is likely that many 

chromosome rearrangements are initiated by telomere fusions.  This conclusion is 

somewhat surprising since TTFs are a type of NHEJ, a recombination pathway that is 

suppressed in MATa/MATα diploids. 
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Figure 3.5 Analysis of telomere length and telomere-telomere fusions (TTFs) in tel1 
mec1 strains with and without pVL1107-URA3, a plasmid encoding a Cdc13p-Est2p 

fusion protein. 
  
(A) Telomere lengths were determined by Southern analysis. Genomic DNA was isolated from 
two tel1 mec1 diploids with a control plasmid (JLMy1301 and JLMy1311) or with the pVL1107-
URA3 plasmid (JLMy1262 and JLMy1271) immediately after transformation (SC 0) or after five 
rounds of subculturing (SC 5). The genomic DNA was treated with PstI and the separated 
fragments were hybridized to the probe prepared by amplification of the plasmid pYT14 (which 
contains yeast telomeric sequences) with the primers Y’ F and Y’ R (Table 2.3). The lanes marked 
“+” contain DNA isolated from strains with pVL1107-URA3 and the lanes marked “-“ contain 
DNA from strains with the control plasmid. Restriction fragments containing the terminal poly 
G1-3T tract are fuzzy because of the heterogeneity of the length of the tracts in different cells and 
on different chromosomes; the 5.4 and 6.7 kb fragments that hybridize to the probe represent 
tandemly arrayed sub-telomeric repeats of two different sizes. The telomeric PstI fragment is 
about 1 kb in wild-type cells (strain MS71) and in tel1 mec1 diploids with pVL1107-URA3 
plasmid, and about 650 bp in tel1 mec1 cells lacking the plasmid. Thus, as expected (Tsukamoto et 
al., 2001), the Cdc13p-Est2p fusion protein restores telomeres to wild-type length in the tel1 mec1 
mutant.  (B) PCR analysis was used to detect telomere–telomere fusions (TTFs) according to our 
published method (Mieczkowski et al., 2003). PCR was performed using one primer derived from 
sub-telomeric repeat X and one from sub-telomeric repeat Y’ and the resulting products were 
examined by gel electrohoresis (upper part of (B)). A PCR product was evident in all five tel1 
mec1 diploids lacking a plasmid, but none were detected in the two wild-type strains or in three 
of the four tel1 mec1 diploids bearing pVL1107-URA3. The same genomic samples analyzed for 
TTFs were also used as substrates with a control set of primers (APT1 F and APT1 R, Table 2.3) 
that amplified DNA from the single-copy APT1 locus (bottom part of (B)).  
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3.2.5 Investigation of the relationship between the elevated levels of 
aneuploidy in tel1 mec1 diploids and the spindle assembly 
checkpoint (SAC) 

As discussed in Section 3.1, one large class of genes involved in chromosome 

disjunction in both yeast and mammalian cells is that involved in the spindle assembly 

checkpoint (SAC). In addition, in response to DNA damage, Tel1p and Mec1p activate 

the SAC. We investigated the relationship between Tel1p, Mec1p, and the SAC in two 

ways.  First, we examined the aneuploidy associated with mutations in the known SAC 

genes BUB1 and MAD2 using microarrays. Second, we investigated whether tel1 mec1 

strains were arrested by the microtubule-destabilizing drug benomyl. These experiments 

(described below) indicate that tel1 mec1 strains have a functional SAC. 

We first examined aneuploidy in diploids with the bub1-Δ mutation.  Since haploids 

with this mutation had high levels of aneuploidy (data not shown), we constructed the 

homozygous diploids by disrupting the remaining wild-type BUB1 allele in a 

heterozygous diploid (Table 2.2), and examining the resulting independent 

transformants without subculturing. 8 of 8 bub1-Δ diploids examined by microarrays 

were trisomic and/or monosomic for one or more chromosomes (Appendix B).  

Interestingly, 16 of the 25 trisomic chromosomes observed were chromosomes II, VIII, 

and X (Table 3.3); these three chromosomes plus chromosome XII were the most 

commonly observed trisomes in the tel1 mec1 diploid.  We have preliminary evidence 

(Chapter 4) that DSBs within the ribosomal DNA are more frequent in tel1 mec1 strains 

than in bub1-Δ strains. Strains monosomic for chromosomes III, IX, XI, and XVI were 

observed in the bub1-Δ strains whereas only monosomy for chromosomes I and VI were 

seen in the tel1 mec1 diploids. 
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Table 3.3 Number of trisomic/tetrasomic and monosomic (in parentheses) 

chromosomes in strains with mutations in the SAC genes and/or DNA damage 
checkpoint genes. 

 
Chromosome number bub1-Δ  

diploids 
(SC 0) 

bub1-ΔK 
diploids 
(SC 5)3 

tel1 mec1 
bub1-ΔK 
diploids 
(SC 5)3 

mad2 
diploids  

(SC 5) 

I 1  1 8 1 (1) 
II 3 5 9 0 
III 2 (1) 4 2 0 
IV 0 0 1 0 
V 3 1 4 0 
VI 0 2 0 0 
VII 0 0 0 0 
VIII 8 8 11 2 
IX  0 (1) 0  1 (1) 0 
X 5 5 11 0 
XI 0 (2) 0 (2) 1 1 
XII 0 0 4 0 
XIII 0 1 1 0 
XIV 1 (1) 2 1 0 
XV 0 0 0 0 
XVI 2 6 7 0 

Total # trisomic 
(monosomic) chromosomes1 

25 (5) 35 (2) 61 (1) 4 (1) 

     
Total # chromosomes 

analyzed2 

 

128  192 192 128 

Aneuploid/euploid 
chromosomes 

30/98 37/155 62/130 5/123 

 
1Aneuploidy was examined using microarrays.  Strains with the null mutation of BUB1 (bub1-Δ) 
had very high frequencies of aneuploidy without subculturing (indicated as SC 0). Strains of the 
other three genotypes were subcultured five times (SC 5). The numbers outside parentheses 
represent the number of strains in which trisomy (or, rarely, tetrasomy) was observed for a given 
chromosome; the numbers inside parentheses represent the number of times we observed 
monosomy. 
2The total number of chromosomes was calculated by multiplying the number of independent 
strains examined by 16, the number of homologues in S. cerevisiae.  
3The genotypes of bub1-ΔK and tel1 mec1 bub1-ΔK were not free of aneuploidy at SC 0; the data 
shown depicts all genetic alterations at SC 5 regardless of whether they existed at SC 0 or not. The 
complete spectra of aneuploidy for these strains at SC 0 and SC 5 are shown in Appendix B. 

 

Since the pattern of trisomy in the bub1-Δ diploid was similar to that observed in the 

tel1 mec1 diploid, we extended our analysis to examine diploids with the bub1-ΔK allele.  
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bub1-ΔK lacks the C-terminal kinase domain of Bub1p from amino acid 609, but 

maintains the N-terminal kinetochore localization domain and the Mad1p and Bub3p 

binding domains (Fernius and Hardwick, 2007). This deletion of the kinase domain of 

Bub1p results in a strain that has a functional kinetochore-occupancy SAC, but a 

defective tension-sensing SAC (Fernius and Hardwick, 2007). After approximately 100 

cell divisions, 12 of 12 independent isolates were trisomic and/or monosomic for 

multiple chromosomes (Appendix B). Both the frequencies of aneuploidy and the types 

of chromosomes that become trisomic are similar to the observations with the tel1 mec1 

diploids except that the bub1-ΔK strains have higher frequencies of trisomy for 

chromosome XVI and lower levels of trisomy for chromosome XII (Tables 3.1 and 3.3). 

Unlike the diploids with mutations in the BUB1 gene, subcultured mad2 diploids had 

much lower frequencies of aneuploidy (Table 3.3). Since mad2 diploids lack all SAC 

function, these observations argue that aneuploidy in tel1 mec1 and bub1 diploids reflect 

a defect in chromosome segregation that is, at least in part, independent of the SAC.  We 

also examined aneuploidy in triple mutant tel1 mec1 bub1-ΔK diploids.  The frequency of 

aneuploidy exceeded the frequencies observed in tel1 mec1 and bub1-ΔK strains. These 

results will be analyzed further in Section 3.3. 

We also examined the effect of the tel1 mec1 and bub1 mutations on the frequency of 

loss of a URA3 centromere-containing plasmid (pRS316; Sikorski and Hieter, 1989). 

Diploid strains of various genotypes containing the plasmid were grown on rich solid 

medium and then replica-plated to medium lacking uracil. The frequencies of Ura+/Ura- 

sectored colonies (frequencies in parentheses; total number of colonies scored in 

brackets) were: wild-type (0.04 [491]), tel1 mec1 (0.50 [275]), bub1-ΔK (0.33 [396]), and tel1 

mec1 bub1-ΔK (0.81 [79]). These results suggest that the triple mutant strain has a higher 

level of plasmid loss than either the tel1 mec1 or bub1-ΔK strains.  
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Since yeast strains with a defective SAC are sensitive to the microtubule-

destabilizing drug benomyl (Hoyt et al., 1991; Li and Murray, 1991), we also investigated 

the benomyl-sensitivity of the tel1 mec1 strain.  As shown in Figure 3.6A, the tel1 mec1 

strain grew poorly on all plates, including the plate lacking benomyl. The same strain 

with the pVL1107-URA3 plasmid, which restores wild-type length telomeres to the tel1 

mec1 strain, had better growth on all plates and did not exhibit obvious sensitivity to 

benomyl, in contrast to the sensitivity of bub1 and mad2 strains.  

 

 
 

Figure 3.6 tel1 mec1 cells have a functional spindle assembly checkpoint (SAC) in 
response to the microtubule-destabilizing drug benomyl. 

 
(A) Ten-fold serial dilutions of cells from diploid wild-type (JLMy101), tel1 mec1 (JLMy80-Trp-), 
tel1 mec1 + pVL1107-URA3 (JLMy1262-Trp-), mad2 (JLMy366), and bub1-Δ (JLMy156) strains were 
spotted onto solid medium containing various amounts of benomyl. (B) Haploid wild-type 
(JLMy62-7c), tel1 mec1 (JLMy62-18c-Trp-), and mad2 (JLMy309) strains were arrested in alpha 
factor, sonicated, and released onto plates containing 70 µg/ml benomyl.  The cell cycle 
progression of individual cells was followed 8 hours. Representative pictures show that while 
mad2 cells fail to arrest at G2/M following exposure to benomyl, wild-type and tel1 mec1 strains 
demonstrate a robust cell cycle arrest.  By microscopic examination, we determined that the small 
protuberances seen in the wild-type and tel1 mec1 cells represent “shmoos” (cell shapes produced 
by long incubation of cells in alpha pheromone) rather than buds. 
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We also tested whether tel1 mec1 strains arrest the cell cycle in response to 

benomyl by examining individual cells in the presence of the drug (Hoyt et al., 1991; Li 

and Murray, 1991). We treated haploid MATa wild-type, tel1 mec1, and mad2 strains with 

alpha factor for approximately 3 hours to arrest the cells in G1.  We then removed alpha 

factor and plated the cells on rich growth medium containing benomyl (70 µg/ml) or 

lacking benomyl. We photographed cells that were unbudded (>80% after alpha factor 

treatment), and re-examined the same cells after 8 hours at room temperature.  In the 

absence of benomyl, about 80% of the wild-type and mad2 cells budded more than once.  

In the presence of benomyl, 97% of the wild-type cells arrested as doublets, as expected 

for cells with a functional SAC (Fig. 3.6B, Table 3.4).  In contrast, most (78%) of the mad2 

cells continued to divide.  Less than half of the tel1 mec1 cells produced a bud in the 

presence or absence of benomyl, as expected since tel1 mec1 cultures contain many cells 

incapable of division (Ritchie et al., 1999).  Of those cells producing a bud, however, most 

(97%) arrested as doublets in the presence of benomyl.  Because tel1 mec1 mutants grow 

more slowly than the wild-type, we continued the incubation period in benomyl for an 

additional 4 hours; the cells remained arrested as doublets.  Thus, tel1 mec1 strains have 

a functional SAC.  
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Table 3.4 Analysis of the abilities of wild-type, mad2, and tel1 mec1 strains to arrest 
the cell cycle in response to benomyl.     

 
Genotype Condition of 

growth1 
# single cells 

examined 
# viable 

cells 
# and 

frequency 
(parentheses) 

of viable 
single cells 

that produce 
doublets 

# and 
frequency  

(parentheses) 
of 

microcolonies 

Wild-type - benomyl 200 170 12 (0.07) 158 (0.93) 
Wild-type + benomyl 200 173 168 (0.97) 5 (0.03) 

mad2 - benomyl 200 167 25 (0.15) 142 (0.85) 
mad2 + benomyl 200 170 37 (0.22) 133 (0.78) 

tel1 mec1 - benomyl 268 82 31 (0.38) 51 (0.62) 
tel1 mec1 + benomyl 358 154 149 (0.97) 5 (0.03) 

 
1Cells synchronized in G1 (unbudded cells) were incubated on rich-growth solid medium in the 
absence (- benomyl) or presence (+ benomyl) of the microtubule-destabilizing drug. After 8 hours 
of incubation, the same cells were scored as inviable (cells that remained unbudded) or viable 
(cells that produced at least one bud).  The viable cells were scored as doublets (mother and bud 
of approximately the same size), or microcolonies (more than two cells).
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3.3 Discussion 
 

As discussed in Section 3.1, CIN tumors have very elevated rates of chromosome 

rearrangements and aneuploidy. Our observations of diploid tel1 mec1 strains show that 

both of these phenotypes can be produced by a single genotype. The main conclusions 

from our study are: 1) the elevated frequencies of chromosome rearrangements and 

aneuploidy in tel1 mec1 strains reflect two different mechanisms, since elongation of 

telomeres suppresses the frequency of chromosome rearrangements and has little effect 

on the frequency of aneuploidy, 2) the patterns of aneuploidy in the tel1 mec1 and bub1 

strains are similar, and 3) the aneuploidy in tel1 mec1 strains is not a consequence of a 

defective SAC.  

3.3.1 Chromosome rearrangements 

As in our previous study in a tel1 mec-21 haploid strain (Vernon et al., 2008), most of 

the chromosome rearrangements in the tel1 mec1 diploid were a consequence of 

homologous recombination between Ty elements. The single chromosome 

rearrangement resulting from NHEJ (Fig. 3.3) was in a strain that had become 

hemizygous for mating type, presumably resulting in derepression of the NHEJ 

pathway.  In haploid strains in which deletions/chromosome rearrangements were 

selected in a region of chromosome V lacking repetitive elements, most chromosome 

alterations reflected NHEJ events (Craven et al., 2002; Myung et al., 2001b) whereas 

deletions/rearrangements for markers located distal to a repeated gene often involved 

homologous recombination (Putnam et al., 2009a).    

The frequency of chromosome rearrangements was substantially reduced in tel1 

mec1 strains that expressed the Cdc13p-Est2p fusion protein which elongates telomeres 

to wild-type lengths; these strains also have fewer telomere-telomere fusions than 

strains without the Cdc13p-Est2p fusion protein (Fig. 3.5B).  One simple interpretation of 
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this result is that most chromosome rearrangements in tel1 mec1 strains are initiated as a 

consequence of breakage of dicentric chromosomes resulting from telomere fusions. DSB 

formation in a Ty element could be repaired by recombination with an ectopic Ty 

element, leading to chromosome rearrangements (Vernon et al., 2008). An alternative 

model is that chromosomes in the tel1 mec1 background are degraded from the ends 

until a Ty element is rendered single-stranded and recombinogenic (Hackett and 

Greider, 2003). This model predicts that one of the Ty elements involved in the 

recombination event will be close to the telomere. Since many of our chromosome 

rearrangements involve Ty elements that are distant from the telomere (for example, Fig. 

3.1B), we favor the model that the initiating lesion for most rearrangements reflects 

breakage of a dicentric. 

3.3.2 Frequencies of aneuploidy in tel1 mec1 and in spindle assembly 
checkpoint (SAC)-deficient strains 

 
Strains with both tel1 and mec1 mutations had significantly elevated frequencies of 

aneuploidy relative to either single mutant strain, although the mec1 strain also had a 

high frequency of aneuploidy, as expected from previous studies (Craven et al., 2002; 

Klein, 2001). We interpret this result as indicating that Tel1p and Mec1p have 

functionally redundant roles in chromosome disjunction similar to their functionally 

redundant roles in DNA damage checkpoints and telomere length regulation. Since 

there is considerable heterogeneity in the growth rates of various aneuploidy strains and 

since many tel1 mec1 cells fail to give rise to viable colonies, it is difficult to calculate an 

accurate rate of chromosome non-disjunction from the frequency data. As a crude 

estimate, we calculate that the probability of detecting aneuploidy in 100 cell divisions, if 

the rate of non-disjunction per cell division is 10-3, to be 1- (0.999)100 or about 0.1; if the 

rate of non-disjunction is 10-2, then the probability of detecting aneuploidy in 100 
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divisions is 1 – (0.99)100 or about 0.7.  Thus, the rate of non-disjunction per chromosome 

per cell division is about 10-2 to 10-3 for the most frequently lost chromosomes. 

The frequency of non-disjunction was also very high in the bub1-Δ and bub1-ΔK 

strains, but not in the mad2 strain.  Warren et al. (2002) previously observed that bub1 

mutants had about 10-fold higher chromosome loss rates than mad2 strains and 

suggested that Bub1p, but not Mad2p, had a role in chromosome segregation in the 

absence of induced spindle damage. A variety of experiments have indicated that Bub1p 

is important in establishing the correct inner and outer kinetochore structure (reviewed 

by Williams et al., 2007), and cells with low levels or no Bub1p have defective 

associations between the kinetochore and microtubules, decreased levels of 

chromosomes that are bioriented at the spindle, and decreased sister chromatid cohesion 

at the centromere (Logarinho and Bousbaa, 2008). Thus, the loss of Bub1p, unlike the 

loss of Mad2p, results in defects in the mechanics of chromosome segregation in 

addition to defects in the SAC, resulting in very high levels of aneuploidy.   

3.3.3 Non-random recovery of trisomic chromosomes in tel1 mec1 
and in spindle assembly checkpoint (SAC)-deficient strains 

There is a preference for the recovery of chromosomes II, VIII, X and XII as trisomes 

in the tel1 mec1 strain (Table 3.1). If we perform a Chi-square goodness of fit test for 

these same four chromosomes in the bub1-Δ and bub1-ΔK strains, there is a very 

significant (p<0.001) non-randomness in their recovery (Table 3.3). One difference in the 

pattern of trisomies in the three strains is that chromosome XII was often trisomic in the 

tel1 mec1 strains and was not trisomic in the bub1 strains.  

There are three plausible explanations for the preferential recovery of certain 

chromosomes as trisomes. First, certain chromosomes, when present in three copies in a 

diploid, may greatly reduce cell growth rates. This explanation is unlikely for two 

reasons: 1) in nine strains with trisomic chromosomes resulting from gamma irradiation 
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of diploids, a broad spectrum of trisomies were observed (I, V, VIII, IX, XI, XII, XIII) that 

did not include chromosomes II or X (Argueso et al., 2008) and 2) Torres et al. (2007) 

observed that all yeast chromosomes, except chromosome VI, were recoverable as 

disomes in haploids. Second, the presence of certain trisomic chromosomes may 

alleviate some of the negative effects of tel1 mec1 and/or bub1 mutations. For example, 

we previously showed that chromosome VIII disomy in tel1 mec1-21 haploids was 

suppressed by DNA2, a gene located on VIII (Vernon et al., 2008), although, in a single 

preliminary experiment, we did not see suppression of trisomy by DNA2 in the tel1 mec1 

diploid (data not shown). A third possibility is that the defect in chromosome 

segregation observed in the tel1 mec1 and bub1 strains affects some chromosomes more 

than others.  We suggest that the non-random recovery of trisomes is likely to reflect the 

two latter explanations, possibly arguing a similarity in the mechanistic chromosome 

disjunction defects in the tel1 mec1 and bub1 strains. 

3.3.4 Cellular roles of Tel1p and Mec1p in regulating aneuploidy 

Our analysis demonstrates that Tel1p and Mec1p have an important role in 

chromosome segregation in addition to their previously demonstrated roles in DNA 

repair and telomere length regulation. Elevated rates of chromosome loss have been 

observed in mutants affecting kinetochores, microtubules, the spindle pole body, sister 

chromatid cohesion, DNA replication/repair, and the SAC. Our results rule out an 

involvement of Tel1p and Mec1p in the SAC, although we cannot define what other role 

these proteins have in chromosome segregation.  

One possibility is that Tel1p and Mec1p affect chromosome segregation in the same 

pathways affected by Bub1p that are related to kinetochore function (Fig. 3.7). One 

argument in favor of this possibility is the similar patterns of trisomies observed in tel1 

mec1 and bub1 strains.  An argument against this possibility is that the chromosome 

segregation defect of the triple mutant tel1 mec1 bub1-ΔK strain is more extreme than the 
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defects of the tel1 mec1 or bub1-ΔK strains.  Although this result could be interpreted as 

indicating that Tel1p/Mec1p and Bub1p affect different chromosome disjunction 

mechanisms, it is also possible that the Tel1p/Mec1p effects are partially redundant 

with those of Bub1p, acting in the same pathway (similar to the functional redundancy 

of Tel1p and Mec1p in regulating telomere length).  

 

 

 
 

Figure 3.7 Pathways involving Tel1p, Mec1p and SAC proteins. 
 
The indicated associations of proteins and pathways are based on information described in the 
text. Kim and Burke (2008) showed a role of the Bub1p and Mad2p proteins in the DNA-damage 
induced checkpoint.  
 

 

A second model is that a high level of DSBs in tel1 mec1 strains or perturbations of 

DNA replication result in aneuploidy.  In support of this model, temperature-sensitive 

mec1 strains, which likely do not have short telomeres, accumulate DSBs at the 

restrictive temperature (Cha and Kleckner, 2002), and repaired DSBs interfere with 

proper chromosome segregation (Kaye et al., 2004).  In addition, mec1 strains, exposed to 
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hydroxyurea, have high levels of aberrant segregation (Feng et al., 2009).  Although it is 

possible that DSBs or replication disturbances are relevant to the aneuploidy, our 

observations that tel1 mec1 strains have very high rates of plasmid loss is more consistent 

with a problem with the kinetochores in tel1 mec1 strains.  Finally, we point out that 

direct investigations of kinetochore function are very difficult in tel1 mec1 strains 

because this genotype results in a high rate of non-viable cells and heterogeneity in 

growth rates among the viable cells (Ritchie et al., 1999).  
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4. Double-strand breaks (DSBs) within the repeated 
ribosomal DNA in Saccharomyces cerevisiae generate 
quasi-stable broken chromosomes in cells lacking Tel1p 
and Mec1p 

4.1 Introduction 
 

The accurate transfer of genetic information from generation to generation is 

crucial for organismal survival.  Any factor that compromises genome integrity, whether 

it be exogenous sources of DNA damage  (for example, bases damaged by ultraviolet 

light) or endogenous defects in cellular repair pathways (for example, DSBs at stalled 

replication forks), can result in critical alterations to the genomic template if the DNA 

damage is left uncorrected as the cell traverses into the next cycle.   Because of the 

importance of maintaining a stable genome throughout each cell cycle, multiple 

signaling pathways have evolved to prevent DNA replication errors, correct damaged 

DNA bases, and halt the cell cycle while the repair processes are ongoing.  

In the budding yeast Saccharomyces cerevisiae, two central players in many of 

these processes are known as Tel1p and Mec1p.  Tel1p and Mec1p function at the top of 

a signaling cascade that responds to DNA damage, replication fork stalling and collapse, 

severe telomere attrition, and other DNA perturbations (Elledge, 1996). The DNA 

damage is initially detected by DNA-binding proteins such as those in the MRX complex 

(Mre11p, Rad50p, and Xrs2p) and 9-1-1 complex (Rad17, Ddc1, and Mec3) and these 

proteins subsequently activate Tel1p and Mec1p.  Tel1p is activated in response to 

double-stranded DNA breaks (DSBs) and Mec1p by long stretches of RPA-coated single-

stranded DNA (Zhou and Elledge, 2000). Following their activation, Tel1p and Mec1p 

phosphorylate downstream effectors to activate transcriptional responses, begin the 

repair process, and delay the cell cycle to ensure sufficient time for repair.   
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Tel1p and Mec1p are structurally similar PI3-like kinases with overlapping 

specificities. For example, in response to DNA damage, Rad53p is phosphorylated.  In 

mec1 strains, Rad53p phosphorylation is reduced; however, phosphorylation is 

eliminated in tel1 mec1 strains (Clerici et al., 2004). The TEL1 gene was first identified as a 

gene affecting telomere length regulation (Greenwell et al., 1995; Lustig and Petes, 1986). In 

contrast, mec1 mutants were first characterized as strains that were sensitive to DNA 

damaging agents (Kato and Ogawa, 1994). Mec1p and Tel1p show partial functional 

redundancy in a number of assays including sensitivity to DNA damaging agents 

(Morrow et al., 1995) and telomere length regulation (Mieczkowski et al., 2003; Ritchie et 

al., 1999).  

When mutated individually, TEL1 and MEC1 cause slightly or moderately 

elevated rates of mutations and other genome alterations, but the lack of both TEL1 and 

MEC1 results in synergistically elevated rates of deletions and chromosome 

rearrangements (Craven et al., 2002; Myung et al., 2001b). Haploid yeast strains deficient 

in both proteins (tel1 mec1-21 strains) have very high frequencies of chromosome III 

rearrangements, as well as disomy for chromosome VIII (Vernon et al., 2008). I showed 

that diploid tel1 mec1 strains have very high levels of trisomy and monosomy in addition 

to elevated levels of chromosome rearrangements (Chapter 3).  Thus, Tel1p and Mec1p, 

in addition to their roles in the DNA damage response, are required for the accurate 

segregation of chromosomes during the normal cell cycle.  As discussed in Chapter 3, 

the role of Tel1p and Mec1p in chromosome segregation is not related to their telomere 

functions, but is likely to reflect an interaction of these proteins with the kinetochore. 

In addition to functions that Tel1p and Mec1p share, Mec1p has a unique role in 

preventing the collapse of stalled replication forks in response to DNA damaging agents, 

particularly in hard-to-replicate regions of DNA (Cha and Kleckner, 2002; 

Raveendranathan et al., 2006).  One region of the genome that is likely to have problems 
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in replication is the ribosomal DNA (rDNA) array on chromosome XII (Petes, 1979).  

This region consists of 100-150 copies of the genes encoding ribosomal RNA, each 

approximately 9.1 kb in length (Figs. 4.1A and 4.1B). The rRNA gene cluster has a high 

frequency of mitotic recombination (Andersen et al., 2008; Casper et al., 2008; Szostak 

and Wu, 1980), even in wild-type strains, indicating a high frequency of recombinogenic 

DNA lesions. Elevated levels of mitotic recombination in the rRNA gene cluster are 

observed in strains lacking the helicases Rrm3p or Dna2p (Ivessa et al., 2000; Weitao et 

al., 2003), and in strains with low levels of DNA polymerase alpha (Casper et al., 2008).  

 

 
 

Figure 4.1 Organization of the rDNA array on chromosome XII. 
 
(A) All rDNA genes in Saccharomyces cerevisiae are located in a single array on chromosome XII.  
(B) The rDNA array consists of approximately 120 units that each contain the 35S and 5S rRNA 
genes as well as an origin of replication (ARS) and a replication fork blocking site (RFB). The 
orientation of the arrows in (C) shows the direction of transcription. 
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As shown in Figure 4.1C, each 9.1 kb rRNA gene encodes a 35S rRNA (processed 

to yield the 18S, 28S, and 5.8S transcripts) and a 5S rRNA transcribed from the opposite 

strand (Petes, 1979). A replication origin (ARS element) is located between the 5’ ends of 

the two primary transcripts in every repeat (Skryabin et al., 1984), but only about 20% of 

rDNA repeats contain active origins of replication (Brewer and Fangman, 1988; Linskens 

and Huberman, 1988; Pasero et al., 2002; Saffer and Miller, 1986).  Additionally, there is a 

polar replication fork barrier (RFB) located between the 3’ ends of the primary 

transcripts (Brewer and Fangman, 1988; Linskens and Huberman, 1988). This barrier 

prevents DNA polymerase from colliding with the transcription machinery involved in 

35S transcription. The RFB binds Fob1p and this binding is required to block replication 

forks moving in the direction opposite transcription of the 35S transcript (Kobayashi, 

2003).  In strains with the dna2-2 mutation, which have elevated rates of DSBs in the 

rRNA gene cluster, these DSBs are suppressed by mutations in fob1 (Weitao et al., 2003).  

Although the fob1 mutation substantially decreased mitotic recombination in wild-type 

cells, the elevated exchanges observed in strains with low levels of DNA polymerase 

were Fob1p-independent (Casper et al., 2008).  Thus, there are at least two classes of 

recombinogenic lesions in the rRNA gene cluster, those that are Fob1p-dependent and 

those that are Fob1p-independent. 

DSBs are repaired through two primary mechanisms: homologous 

recombination (HR) and non-homologous end joining (NHEJ; Shrivastav et al., 2008).  In 

the yeast Saccharomyces cerevisiae, homologous recombination is the primary repair 

pathway.  The repair of DSBs by homologous recombination is error-free; no bases are 

deleted or added in the course of the repair event.  There are a number of different 

pathways of HR (Paques and Haber, 1999) as shown in Figure 1.2.  The repair of DSBs 

can be associated with reciprocal crossing over or unassociated with exchange of 

flanking markers.  In these classes of repair events, a small region of one chromosome is 
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non-reciprocally transferred to another (gene conversion).  Most conversion events 

reflect local heteroduplex formation between the interacting DNA molecules, followed 

by repair of mismatches within the heteroduplex (Paques and Haber, 1999).  There is 

also a pathway of homologous recombination in which a broken chromosome end 

invades a homologous chromosome.  This invasion forms a replication fork that results 

in the copying of the homologous chromosome from the point of invasion until the end 

of the chromosome (Fig. 1.2).  These events are called “break-induced replication” (BIR).  

BIR events require a number of essential replication proteins (Llorente et al., 2008). 

In this chapter, I show that diploid tel1 mec1 cells often have an amplification of 

sequences that extends from the left telomere of chromosome XII into the rRNA gene 

cluster on the right arm. This amplification is a consequence of the formation of a quasi-

stable chromosome fragment which I term a "schromosome." If I reintroduce a plasmid 

containing MEC1 into a strain containing a schromosome, that strain becomes trisomic 

for chromosome XII.  I interpret this finding as indicating that the end of the 

schromosome terminating in rRNA genes is capable of a BIR event involving the rRNA 

gene cluster on an intact copy of XII.  Below, I describe the characterization of the 

schromosome and my analysis of the genetic requirements for its formation and 

persistence. 

4.2 Results 
 

4.2.1 The initial genetic alteration in tel1 mec1 diploids is a break on 
chromosome XII within the rDNA repeats 

Diploid yeast strains homozygous for deletions of TEL1, MEC1, and SML1 (to 

suppress the lethality of mec1) were constructed; hereafter this genotype will be referred 

to as tel1 mec1.  In addition, these strains contained a MEC1-expressing plasmid (pSAD3-

3b/MEC1) to limit genome instability while the mutant strain was being generated; 

these isogenic diploids were JLMy80, JLMy81, JLMy82, and JLMy83.  To begin the 
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experiments, I streaked these strains on rich growth medium (YPD) and isolated 

derivatives that had lost the MEC1-expressing plasmid.  The resulting plasmid-deficient 

strains (indicated with the letters ΔP following the strain name) were immediately 

examined by microarray and contour-clamped homogeneous electric field (CHEF) 

analysis. Whole-genome microarray analysis indicated an amplification of the sequences 

between the left telomere and the tandem rDNA repeats on chromosome XII (JLMy82-

ΔP represented in Fig. 4.2A).  This duplicated region included the centromere of 

chromosome XII.  The simplest interpretation of the microarray analysis is that JLMy82-

ΔP contains a chromosome XII derivative with a break in the rDNA.  In the microarrays 

that I used, the rRNA gene cluster is represented by only two elements. Although the 

microarray indicates that the rRNA genes are amplified, we cannot determine whether 

the amplification reflects the schromosome or changes in the number of repeats on the 

two other normal copies of chromosome XII.  
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Figure 4.2 tel1 mec1 diploid strains contain an amplification of chromosome XII 
between the left telomere and the rDNA repeats. 

 
(A) Genomic microarray analysis indicates that part of chromosome XII is amplified in the 
representative tel1 mec1 diploid strain JLMy82-ΔP. (B) DNA was isolated from a parental tel1 mec1 
diploid containing the pSAD3-3b/MEC1 plasmid (lane 1) and from four derivatives lacking the 
plasmid (lanes 2-5) and these samples were examined by CHEF gel analysis.  Ethidium-bromide 
staining of the gel revealed no novel chromosomes in the strains lacking the plasmid.  
(C) Southern blotting analysis using an rRNA gene hybridization probe confirmed that less full-
length chromosome XII enters the gel in strains without the plasmid (lanes 2-5) than in the 
progenitor strain with the plasmid (lane 1). 

 

Four tel1 mec1 diploids lacking the plasmid were examined.  All four had the 

schromosome and the breakpoints of the amplified region were the same within the 

resolution of the microarray.  For three of the strains, no other chromosome alterations 

were detected.  In the strain JLMy81-ΔP, however, I found that chromosome X was 

trisomic.  In summary, prior to subculturing, the first genetic alteration that occurs in 

diploid tel1 mec1 strains is the formation of a broken chromosome XII derivative.  All 

four strains also had two unbroken copies of chromosome XII. 
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The distance between the left telomere of chromosome XII and the beginning of 

the rRNA gene cluster is about 450 kb. Since there are about 120 rRNA genes in the 

cluster (Petes, 1979), the cluster is about 1080 kb, and it is about 610 kb from the end of 

the cluster to the right telomere (based on the DNA sequencing coordinates in the 

Saccharomyces Genome Database).  Thus, the predicted size of the schromosome is 

between 450 kb and 1530 kb, depending on the position of the DSB in the cluster.  By 

CHEF gel analysis, no novel chromosome band in this size range was apparent in the 

ethidium-bromide stained gel (Fig. 4.2B).  Furthermore, the band representing the 

normal-sized copy of chromosome XII was much fainter in the tel1 mec1 derivatives 

lacking the pSAD3-3b/MEC1 plasmid (lanes 2-4 compared to lane 1).  I also performed 

Southern analysis of the separated chromosomal DNA molecules using an rRNA gene 

hybridization probe (Casper et al., 2008).  No chromosome fragment representing the 

schromosome was detectable (Fig. 4.2C).  In addition, the amount of hybridization to the 

normal-sized chromosome XII was reduced and the amount of hybridization present in 

the wells in lanes 2-5 was high.  These observations are consistent with a number of 

possibilities.  First, the DNA molecule representing the schromosome may have a 

morphology (branched or circular DNA molecule) that prevents it from leaving the well 

of the gel.  Alternatively, the schromosome has an electrophoretic mobility that is 

identical to the normal-sized chromosome XII.  These alternatives will be discussed 

further below. 

4.2.2 Formation of the schromosome in the diploid requires deletions 
of both TEL1 and MEC1 

To determine if the chromosome XII fragment was a result of a deficiency of both 

TEL1 and MEC1, I examined wild-type and single mutant diploid strains immediately 

after loss of the pSAD3-3b/MEC1 plasmid.  In all three mec1 strains analyzed (JLMy111-

ΔP, JLMy112-ΔP, and JLMy113-ΔP), there were no genomic alterations detectable by 
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microarrays.  Similarly, tel1 diploids (JLMy102-ΔP and JLMy104-ΔP) and wild-type 

diploids (JLMy102-ΔP and JLMy101-ΔP) that lost the plasmid did not have a 

schromosome. Together, these data show that loss of both Tel1p and Mec1p is required 

for the formation of the schromosome. 

4.2.3 Removing the replication-fork-blocking protein Fob1p reduces 
the frequency of schromosome formation and/or elevates the rate at 
which the schromosome is repaired 

The tandem array of rRNA genes on chromosome XII has a high rate of 

recombination and DSBs even in wild-type yeast strains (Casper et al., 2008).  Some of 

these breaks are associated with stalled replication forks at the replication fork block 

(RFB) located within each 9.1 kb repeat (Brewer and Fangman, 1988). Fob1p is required 

for replication fork stalling at the RFB (Kobayashi and Horiuchi, 1996), and a deletion of 

FOB1 substantially reduces mitotic recombination within the rDNA (Casper et al., 2008; 

Defossez et al., 1999; Johzuka and Horiuchi, 2002; Kobayashi et al., 1998). 

I investigated whether Fob1p was required for the formation of the 

schromosome.  We constructed four independent, but isogenic, fob1 tel1 mec1 strains 

(JLMy229, JLMy230, JLMy233, and JLMy237); these strain contained pSAD3-3b/MEC1.  

Following loss of the plasmid from each of these four strains, I examined them by 

microarrays.  None of the four contained the schromosome. Instead, all four strains were 

trisomic for chromosome XII; no other ploidy changes or chromosome rearrangements 

were detected in these strains.   

This result has two plausible interpretations.  First, it is possible that the DSB that 

initiates formation of the schromosome requires a replication fork that is stalled by a 

Fob1p-dependent mechanism.  Since the fob1 tel1 mec1 strains very rapidly become 

trisomic for chromosome XII, we also need to postulate a very high rate of chromosome 

non-disjunction for XII and/or a strong selection for strains that have an extra copy of 

chromosome XII.  A second possibility is that the fob1 tel1 mec1 strains form a 
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schromosome at the same rate as tel1 mec1 strains but the broken chromosome is rapidly 

repaired leading to trisomy.  In support of this possibility, the rRNA genes are oriented 

on chromosome XII such that the BIR-associated replication fork would be blocked by 

the Fob1p-bound RFB sites. Thus, loss of Fob1p would presumably make the BIR event 

more efficient.  Although I cannot currently distinguish between these two possibilities, 

the second interpretation is a more parsimonious explanation of the data. 

4.2.4 Overexpression of SRL2 does not suppress formation of the 
schromosome 

As discussed above, tel1 mec1 diploids without the MEC1-containing plasmid 

usually have two normal copies of chromosome XII in addition to the schromosome 

rather than one normal copy of chromosome XII and the schromosome.  One 

interpretation of this result is that there may be selective pressure for acquiring a 

schromosome.  More specifically, tel1 mec1 strains with three copies of the sequences 

between the left telomere and the rRNA gene cluster may grow better than strains with 

only two copies of these sequences.  Alternatively, strains with only one copy of the 

sequences on the right arm of XII distal to the rRNA gene cluster may be at a 

competitive disadvantage.  I should point out that tel1 mec1 strains grow very slowly 

and, therefore, selection for a duplicated gene that alleviates their growth problems 

seems plausible.   

I scanned the schromosome for genes that could potentially alleviate the growth 

defect of tel1 mec1 strains.  One candidate gene, SRL2, is located about 293 kb from the 

left telomere of XII.  This gene, when overexpressed, suppresses the lethality of rad53 

and mec1 null mutations (Desany et al., 1998).  Consequently, I tested whether 

amplification of SRL2 in a tel1 mec1 diploid strain would reduce the tendency of these 

strains to acquire and maintain the schromosome.  
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The SRL2 gene was cloned under its native promoter on the centromeric plasmid 

pRS316-SRL2 (Chapter 2).  This plasmid was transformed into tel1 mec1 diploid strains 

JLMy80 and JLMy81 to create the strains JLMy350 and JLMy354, respectively.  I also 

cloned SRL2 on a multi-copy plasmid pRS426 to generate pRS426-SRL2 (Chapter 2). The 

plasmid pRS426-SRL2 was transformed into the tel1 mec1 diploids JLMy81 and JLMy82 

to generate the strains JLMy356 and JLMy360, respectively.  All four of the diploids with 

the SRL2-containing plasmids were cured of the complementing pSAD3-3b/MEC1 

plasmid, and examined by microarray analysis.  All four of these diploids contained the 

schromosome.  I conclude, therefore, that acquisition of an extra copy of SRL2 is not the 

primary reason for generation and maintenance of the schromosome.  

4.2.5 The schromosome persists over many generations in tel1 mec1 
diploids, but is repaired upon reintroduction of a wild-type copy of 
MEC1 

As described above, the schromosome was formed soon after loss of the plasmid-

borne MEC1 gene from the tel1 mec1 strains.  I next examined whether the schromosome 

could persist after subculturing.  Strains with the schromosome (JLMy80-ΔP-1 and 

JLMy80-ΔP-2) were analyzed after five subculturings (approximately 100 generations) 

and ten subculturings (approximately 200 generations); both strains retained the 

schromosome (Table 4.1).  In addition, I subcultured two other similar strains (JLMy80-

ΔP-3 and JLMy80-ΔP-5) for 200 generations.  One retained the schromosome and one did 

not.  As expected from my previous studies of subcultured tel1 mec1 diploids (Chapter 

3), additional trisomies and chromosome rearrangements were also observed in the 

subcultured strains (Table 4.1).  Microarray analysis of JLMy82-ΔP-2 following 200 

generations is shown in Fig. 4.3A.  In summary, in cells subcultured without selection, 

the schromosome is maintained over many cell generations.    
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Table 4.1 Genetic alterations in tel1 mec1 diploids lacking the pSAD3-3b/MEC1 
plasmid after 100 or 200 generations of non-selective growth. 

 
Strain Genetic alterations as diagnosed by microarray 
JLMy80-ΔP-1  
100 generations 

Schromosome; trisomy of chromosome X; 
deletion/duplication event on chromosome II 

JLMy80-ΔP-1  
200 generations 

Schromosome; trisomy of chromosome X; 
deletion/duplication event on chromosome II 

JLMy82-ΔP-2  
100 generations 

Schromosome; trisomy of chromosomes II and X 

JLMy82-ΔP-2 
200 generations 

Schromosome; trisomy of chromosomes II and X 

JLMy80-ΔP-3  
200 generations 

Schromosome; trisomy of chromosome II; terminal 
amplification on chromosome X 

JLMy80-ΔP-5 
200 generations 

Monosomy of chromosomes VI and IX; trisomy of 
chromosome II; tandem deletion-duplication event on 
chromosomes III and XII 

 

 

Although the schromosome is maintained in the tel1 mec1 diploid in the absence 

of the pSAD3-3b/MEC1 plasmid, I found that, when the plasmid was reintroduced, the 

resulting transformants lost the schromosome and acquired trisomy for chromosome 

XII.  I transformed pSAD3-3b/MEC1 into JLMy80-ΔP and JLMy82-ΔP.  Without 

subculturing these strains were examined by microarrays.  Both strains lost the 

schromosome and were trisomic for chromosome XII; the microarray for JLMy82-ΔP+P 

is shown in Fig. 4.3B.  
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Figure 4.3 Analysis of the effect of MEC1 on the stability of the schromosome in tel1 
mec1 diploid strains. 

 
(A) The schromosome persists for at least 200 generations of growth in strain JLMy82-ΔP-2. 
(B) Reintroducing the plasmid-borne MEC1 into the tel1 mec1 strain JLMy82-ΔP (JLMy82-ΔP+P) 
results in trisomy of chromosome XII.  

 

My interpretation of these experiments is that tel1 mec1 diploids without the 

plasmid-borne MEC1 gene have a broken chromosome, and their ability to repair this 

break by homologous recombination is limited.  Re-introduction of the MEC1 gene 

allows the cell to repair the schromosome by BIR using one of the intact chromosome 

XIIs as a template, resulting in trisomy.  These results suggest that MEC1 is required for 

some types of BIR events, possibly those that require that the replication fork proceed 

through very long (Mb) chromosome regions. It should also be pointed out that BIR is 

likely to be favored as the homologous recombination pathway of choice because other 

types of homologous recombination (gene conversion or crossovers) require the 

availability of both broken ends (Deem et al., 2008).  Since the chromosome fragment 

presumably formed at the same time as the schromosome lacks a centromere, it would 

be expected to be lost soon after its formation. 
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4.2.6 Formation and repair of the schromosome is not a consequence 
of the short telomeres in tel1 mec1 strains 

In tel1 mec1 diploid strains, chromosome rearrangements are a result of telomere 

dysfunction (Chapter 3).  As described in the Chapter 1, tel1 strains have short but stable 

(50 bp) telomeres, while mec1 strains have telomeres that are only slightly shorter than 

wild-type.  However, tel1 mec1 strains have extremely short telomeres, and many of the 

cells with this genotype senesce in a manner similar to that observed in strains lacking 

telomerase (Ritchie et al., 1999).  Those derivatives that survive this crisis elongate their 

telomeres by a recombination-dependent mechanism (Ritchie et al., 1999).  In addition, 

tel1 mec1 strains have a high frequency of telomere-telomere fusions, as diagnosed by 

PCR analysis (Chapter 3; Mieczkowski et al., 2003) and very high frequencies of 

chromosome rearrangements (Chapter 3).  Expression of a plasmid that expresses the 

Cdc13p-Est2p fusion protein (pVL1107-URA3; Evans and Lundblad, 1999) elongates the 

telomeres of tel1 mec1 cells to wild-type length (Tsukamoto et al., 2001). This plasmid 

also reduces the frequency of telomere-telomere fusions and the frequency of 

chromosome rearrangements in tel1 mec1 diploids (Chapter 3).  Our interpretation of 

these results is that most of the chromosome rearrangements that occur in tel1 mec1 

diploids are initiated by telomere-telomere fusions.  Fusions between telomeres of 

different chromosomes would generate a dicentric chromosome that would be broken 

during mitosis.  The repair of these broken chromosomes would generate translocations 

and other types of chromosome rearrangements (deletions and duplications).  In order 

to determine whether the DSBs that give rise to the schromosome were initiated by 

telomere-telomere fusions, I investigated whether the Cdc13p-Est2p fusion protein could 

suppress schromosome formation. 

I introduced the pVL1107-URA3 plasmid into tel1 mec1 diploids JLMy80 and 

JLMy82 to create strains JLMy1262 and JLMy1271, respectively.  The complementing 

pSAD3-3b/MEC1 plasmid was then cured from the strains, and the resulting derivatives 
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(JLMy1262-ΔP and JLYMy1271-ΔP) were examined using microarrays.  The restoration 

of proper telomere length to the tel1 mec1 diploids did not prevent formation of the 

schromosome in either strain analyzed (JLMy1271-ΔP pictured in Fig. 4.4A).  This result 

demonstrates that the DSBs leading to formation of the schromosome are not a 

consequence of telomere dysfunction and subsequent telomere-telomere fusions.  

Furthermore, reintroducing pSAD3-3b/MEC1 results in trisomy for chromosome XII 

(JLMy1271-ΔP+P, Fig. 4.4B), similar to the tel1 mec1 strains without the pVL1107-URA3 

plasmid.  Both JLMy1262-ΔP and JLMy1271-ΔP also became trisomic for chromosome 

VIII after reintroduction of the plasmid-borne MEC1.  
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Figure 4.4 Restoring wild-type length telomeres to tel1 mec1 strains does not affect the 

formation or repair of the schromosome. 
 
(A) Transformation of the pVL1107-URA3 plasmid (containing the fusion CDC13-EST2 fusion 
gene) into tel1 mec1 strains restores wild-type telomere lengths (Chapter 3) but does not prevent 
the generation of the schromosome. Microarray analysis of DNA isolated from the diploid strain 
JLMy1271-ΔP (tel1 mec1 + pVL1107-URA3) is shown as a representative example. (B) Re-
introducing the plasmid pSAD3-3b/MEC1 into JLMy1271-ΔP (JLMy1271-ΔP+P) results in trisomy 
for chromosome XII. 
 

4.2.7 The schromosome is formed in haploid tel1 mec1 strains 

In the experiments described thus far in this chapter, we examined the 

schromosome in diploid tel1 mec1 strains.  The schromosome is also observed in haploid 

strains.  I isolated tel1 mec1 haploid strains containing the pSAD3-3b/MEC1 plasmid as 

spores derived from JLMy62.  Derivatives that lost the MEC1-containing plasmid were 

subcultured for 100 cell generations and then pSAD3-3b/MEC1 was re-introduced.  Of 

the nine tel1 mec1 haploids examined with microarrays, two had the schromosome 

(JLMy62-6b-4b-ΔP+P shown in Fig. 4.5A).  Of the remaining seven strains, two had other 

chromosome XII rearrangements, two were disomic for chromosome XII, and three had 
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no chromosome XII alterations.  As described in Section 4.2.5, I observed the 

schromosome in diploid strains prior to introduction of the MEC1-containing plasmid 

but, following re-introduction of the plasmid, I observed trisomy of chromosome XII 

instead of the schromosome.  I have not yet examined tel1 mec1 haploids that do not 

contain the MEC1 plasmid by microarrays. 

In contrast to the schromosome-containing diploid strains (without pSAD3-

3b/MEC1) in which no novel chromosome could be detected by CHEF electrophoresis 

(Fig. 4.2), I detected a novel chromosome of about 1250 kb in the tel1 mec1 haploid strain 

JLMy62-6b-4c-ΔP+P (Fig. 4.5B).  This fragment hybridized to an rDNA probe (Fig. 4.5C), 

but not to an ASP3 probe (Fig. 4.5D); the ASP3 genes are located immediately 

centromere-distal to the rRNA gene cluster (Johnston et al., 1997). As expected, the 

normal chromosome XII hybridizes to both of these probes (Figs. 4.5C and 4.5D).  The 

band which represents the schromosome is diffuse, suggesting that the schromosome is 

heterogeneous in length within the cell population. 
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Figure 4.5 The schromosome is found in haploid tel1 mec1 strains. 
 
(A) Microarray analysis indicates that haploid tel1 mec1 strain JLMy62-6b-4b-ΔP+P contains a 
schromosome, as well as other genetic alterations.  JLMy62-6b-4b-ΔP+P is a haploid strain that 
was cured of the complementing MEC1 plasmid, grown for 100 generations, and retransformed 
with pSAD3-3b/MEC1 to limit further genetic instability during analysis. (B) Separation of 
chromosomes in strain JLMy62-6b-4b-ΔP+P with a CHEF gel followed by staining with ethidium 
bromide indicates the appearance of a novel band at approximately 1250 kb (indicated by the red 
arrow; the black arrow depicts the normal chromosome XII band).  The novel band is not present 
in the wild-type (WT) control strain MS71 in the first lane. (C) Southern blotting with an rDNA 
probe labels both the normal chromosome XII band and the novel band at 1250 kb. (D) An ASP3 
probe (located immediately centromere-distal to the rRNA gene cluster) does not hybridize to the 
novel band, but does hybridize to the normal chromosome XII.  
 

 

In the microarray analysis shown in Fig. 4.5A, it is clear that a portion of 

chromosome XIV is duplicated.  I performed a band analysis of the schromosome and 

found that the duplicated segment of XIV was attached to the schromosome.  I have not 

yet determine whether this segment is attached to the left end (the left telomere) or the 

right end (rRNA gene cluster) of the schromosome, although the instability of the 

schromosome described in Section 4.2.8 suggests that the chromosome XIV segment is 

attached to the left end.   
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4.2.8 The schromosome loses rRNA genes during subculturing in tel1 
mec1 haploid strains 

To determine if the schromosome is stable in the haploid strain with the plasmid 

upon further subculturing, I subcultured JLMy62-6b-4b-ΔP+P for another 200 

generations and analyzed samples collected every 20 generations on a CHEF gel.  

Remarkably, the diffuse band representing the broken chromosome XII fragment 

migrated more slowly as the strain was subcultured, but the amount of hybridization to 

an rDNA-specific probe decreased over time relative to the normal chromosome XII 

(Fig. 4.6A).  In addition, microarray analysis indicated that the schromosome, which was 

present in most cells before further subculturing (Fig. 4.6B, left panel) was eventually 

lost (Fig. 4.6B, center and right panels).   

My interpretation of these observations is that the schromosome end is not 

“capped” by telomeric repeats or fused to other chromosomal sequences.  Thus, this end 

is degraded upon subculturing, resulting in loss of rRNA genes.  Although one might 

expect that shorter chromosomes would have faster electrophoretic mobility in CHEF 

gels, it has been recently shown that chromosomes with large single-stranded “tails” run 

more slowly in CHEF gels (Westmoreland et al., 2009).  If my interpretation is correct, it 

is likely that the chromosome XIV segment is fused to the left telomere of chromosome 

XII rather than to the rRNA gene repeats.  This possibility will be investigated in 

experiments outlined in Chapter 5.   
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Figure 4.6 The broken chromosome XII fragment in tel1 mec1 strain JLMy62-6b-4b 
disappears over time. 

 
(A) Initially, I examined the strain JLMy62-6b-4b-ΔP+P after 100 generations of subculturing (Fig. 
4.5).  I subsequently subcultured the strain for an additional 200 generations, followed by CHEF 
gel analysis.  This CHEF gel was probed with radiolabeled rDNA to label the full-length (normal) 
and broken chromosome XII. (B) Microarray analysis indicates the gradual disappearance of the 
chromosome XII fragment.  JLMy62-6b-4b-ΔP+P was analyzed after no additional outgrowth (left 
panel and Fig. 4.5A), after 100 additional generations (center panel), and after 200 additional 
generations (right panel). 
 

4.3 Discussion 
 

Above, I present evidence that diploid tel1 mec1 strains have an amplification of 

chromosome XII sequences that extends from the left telomere to the rRNA gene tandem 

array.  This amplification persists for at least 200 cell generations in the absence of 

selection.  By CHEF gel analysis, no novel chromosome of the size expected for the 

amplified segment was detected in the diploids.  When MEC1 is reintroduced into these 

strains, the diploids become trisomic for XII.  In haploids, we observed a novel 
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chromosome of the size expected for the amplified segment in two of nine strains 

subcultured in the absence of the MEC1-containing plasmid, followed by reintroduction 

of the plasmid.  As expected, this novel chromosome (the schromosome) hybridized to 

an rDNA probe, but did not hybridize to a probe located centromere-distal to the rRNA 

gene cluster.  Upon subculturing the haploid strain with the schromosome, I observed 

that the schromosome migrated more slowly in the gel, but hybridized less intensely to 

the rDNA-specific probe.  The result is consistent with degradation of the schromosome 

by a mechanism that produces single-stranded "tails."  Below, I will discuss these 

observations in more detail and outline some of the unanswered questions. 

4.3.1 Genetic requirements for the formation of the schromosome in 
diploid tel1 mec1 strains 

I was able to dissect some of the genetic requirements for the formation of the 

break on chromosome XII in the diploid tel1 mec1 strains.  Deletions of both TEL1 and 

MEC1 are required to generate the schromosome, as neither single tel1 nor mec1 mutant 

alone acquired the broken chromosome fragment. However, schromosome formation is 

not associated with short telomeres.  This indicates that the breaks in the rDNA on 

chromosome XII are not the result of telomere-telomere fusions and subsequent 

breakage of dicentric chromosomes within the rDNA. Interestingly, most other 

chromosome rearrangements in tel1 mec1 diploid strains result from telomere 

dysfunction (Chapter 3).  Thus, the schromosome represents a novel class of aberrant 

chromosome structure in tel1 mec1 cells. 

As discussed in the Introduction, strains with a null mutation of MEC1 

accumulate DSBs at "hard-to-replicate" regions of chromosome III (Cha and Kleckner, 

2002).  Thus, one interpretation of our results is that the tel1 mec1 strains have difficulty 

in replicating the rRNA gene cluster and stalled replication forks lead to DSBs.  Wild-

type cells have a high level of DSBs within the rDNA and loss of the Fob1p reduces the 
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frequency of these breaks.  I showed that loss of Fob1p in the tel1 mec1 diploids 

eliminates the schromosome, consistent with the possibility that the tel1 mec1 strains 

have a specific problem in replicating rDNA in which Fob1p is bound to the RFB site. 

An alternative possibility (discussed below) is that the absence of Fob1p permits more 

efficient repair of the schromosome fragment, thus preventing its detection. Finally, 

functions of Fob1p independent of DSB formation or repair could contribute to the 

formation of the schromosome.  For example, the action of Cdc14p and condensin are 

required for proper separation of chromosome XII sister chromatids during mitosis 

(D'Amours et al., 2004).  Fob1p is known to regulate the release of Cdc14p from the 

nucleolus as part of the FEAR (Cdc14p Early Anaphase Release) pathway governing 

mitotic exit.  Fob1p negatively regulates Cdc14p and a lack of Fob1p causes premature 

Cdc14p release (Machin et al., 2006), thus facilitating premature mitotic exit. It is possible 

that the break within the rDNA is not formed when FOB1 is deleted because rDNA 

disjunction and mitotic exit are facilitated by the early release of Cdc14p.  Of course, it is 

possible that both the formation and repair of the schromosome are affected by loss of 

Fob1p. 

4.3.2 Mechanisms responsible for repair of the schromosome 

Reintroduction of MEC1 into tel1 mec1 strains containing the schromosome 

results in trisomy for chromosome XII.  I interpret this result as reflecting the rapid 

repair of the schromosome by homologous recombination to generate trisomy. It is 

likely that this repair reflects BIR (Fig. 1.2).  In BIR events, a DNA end that has been 

resected to generate a single-stranded tail invades a region of sequence homology on 

another chromosome, establishing a unidirectional replication fork.  This fork copies the 

homologous chromosome to the end (Llorente et al., 2008).  By this model, the 

schromosome is prepared to initiate a BIR event because it is not capped with telomeric 

repeats.   
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Since I do not observe trisomy for chromosome XII in the tel1 mec1 diploids, I 

suggest that Mec1p is required for the BIR event that generates trisomy.  The event that 

generates chromosome XII trisomy requires the replication of 600-1000 kb of DNA. As 

MEC1 is known to be required for efficient DNA replication in difficult-to-replicate 

regions on chromosome III (Cha and Kleckner, 2002), it is plausible that MEC1 is also 

required for efficient replication of the rDNA.   

As previously mentioned, it is possible that the Fob1p is not required to create 

DSBs that lead to schromosome formation, but instead inhibits efficient BIR-dependent 

repair of the schromosome.  In all fob1 tel1 mec1 strains tested, chromosome XII is 

trisomic instead of possessing a schromosome.  Fob1p physically binds the polar RFB 

site (Kobayashi, 2003) and prevents replication forks from colliding with the 

transcription machinery that produces the 35S transcript (Takeuchi et al., 2003).  The 

orientation of the RFB is such that the replication fork associated with BIR would 

encounter a RFB in every rDNA repeat (Fig. 4.1).  Thus, I would expect that stalling at 

the RFB, dependent on Fob1p (Kobayashi and Horiuchi, 1996), would hinder BIR and 

limit repair of the schromosome. By this model, DSBs in the rDNA are created through a 

Fob1p-independent mechanism in fob1 tel1 mec1 strains but are repaired by BIR even in 

the absence of Mec1p, generating the observed trisomy of chromosome XII.  Previously, 

Casper et al. (2008) showed that the elevated rate of instability of the rRNA gene cluster 

caused by low levels of DNA polymerase alpha was independent of Fob1p.  While we 

cannot at this time determine whether Fob1p affects the formation or repair of the 

schromosome (or both the formation and repair), I will describe experiments in Chapter 

5 that can distinguish these possibilities.  
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4.3.3 Differences in the schromosome between haploid and diploid 
tel1 mec1 cells 

Using DNA microarrays, I discovered that the schromosome persists in both 

haploid and diploid tel1 mec1 cells through at least 100 generations.  However, in diploid 

cells, the schromosome is rapidly repaired upon reintroduction of MEC1 to generate 

trisomy, while in haploid cells, the schromosome persists upon reintroduction of MEC1 

but is eventually lost over time. One difference in haploid and diploid cells is the 

efficiency of homologous recombination. Some types of homologous recombination are 

more efficient in strains expressing both MATa and MATα information (Paques and 

Haber, 1999).  In addition, NHEJ is downregulated in diploids (Kegel et al., 2001), 

favoring repair by HR.  This more efficient repair by HR in diploids over haploids is 

consistent with the rapid generation of chromosome XII trisomy upon reintroduction of 

MEC1 in the diploids versus the persistence of the schromosome in the haploid strains.  

In addition, the difference in the efficiencies of HR in diploids and haploids 

might explain the observations that the schromosome is detectable by CHEF gels in the 

haploid but not the diploid.  It is possible that, in the diploid, the schromosome is 

constantly attempting HR, but cannot accomplish the task in the absence of Mec1p.  The 

formation of branched structures associated with abortive attempts to perform BIR may 

be one reason that I fail to detect the schromosome in the tel1 mec1 diploids.  If this type 

of intermediate is downregulated in the haploid, the resulting branched structures are 

not formed and the schromosome is detectable.  It is also possible that in diploid, but not 

haploid, tel1 mec1 strains, the rDNA-containing end of the schromosome does a strand 

invasion into its own rDNA sequences, forming a loop.  Again, such molecules would 

not be detectable in the CHEF gel, since they would not escape the well of the gel.  An 

alternative explanation for the failure to detect the schromosome in diploid tel1 mec1 

cells is that the broken chromosome in the tel1 mec1 diploids is resected to variable 

lengths in the cell populations, resulting in a diffuse undetectable smear in the CHEF gel 
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analysis.  This possibility could be tested by constructing tel1 mec1 strains that are 

missing proteins involved in nuclease-processing of broken ends such as Exo1p. 

An alternative explanation for our failure to see the schromosome in the diploid 

cell could be that replication of the rRNA gene tandem array of the schromosome is very 

slow and, consequently, most of the schromosomes are branched DNA molecules that 

cannot migrate into the CHEF gel.  One rationale for why the schromosome is replicated 

slowly relative to the intact chromosome XII is that the rRNA genes of the normal 

chromosome can be replicated by internal replication origins, and replication forks 

initiated centromere-distal and centromere-proximal to the cluster.  The schromosome 

will lack replication forks located centromere-distal to the cluster. 

4.3.4 Structural characterization of the schromosome terminus in 
haploid and diploid tel1 mec1 strains 

The schromosome exists as a stable fragment in diploid tel1 mec1 cells but is 

immediately repaired to trisomy upon reintroduction of MEC1. This suggests that the 

rDNA end of the fragment is “uncapped” and primed to initiate DNA synthesis to 

repair the fragment.  If the fragment were capped with a telomere, the chromosome 

would be stable, but unlikely to be capable of a BIR event after MEC1 reintroduction.  

Furthermore, telomere capping is very inefficient in tel1 mec1 strains (Myung et al., 

2001b), rendering this possibility unlikely.  As described above, it is more likely that the 

end is somewhat protected from degradation in the diploid by pairing interactions with 

the rDNA of the intact chromosome XII or by formation of an intrachromosomal loop. 

  In the haploids, it is likely that the schromosome is uncapped and is being 

degraded over time to generate an extensive 3’ DNA overhang.  It has been shown that 

an increase in single-stranded DNA results in slower migration of DNA molecules in a 

CHEF gel (Westmoreland et al., 2009).  We detected slower migration of the chromosome 

XII fragment in the CHEF gel of tel1 mec1 haploid strains as the strains were 
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subcultured.  In addition, this alteration in the rate of electrophoretic migration was 

accompanied by a diminution and broadening of the rDNA signal. These results suggest 

that the end of the schromosome within the rDNA is uncapped by telomeric repeats, 

although this conclusion requires additional experimental support. 

4.3.5 Basis for selection of the schromosome in tel1 mec1 strains 

It is not surprising that I only detect the left portion of the broken chromosome 

XII in the microarray analysis.  Chromosome fragments containing centromeres are 

much more stable than acentric chromosome fragments (Spencer et al., 1990). It is 

surprising, however, that tel1 mec1 strains always contain an amplification of the left 

region of chromosome XII, indicating the presence of two normal copies of chromosome 

XII rather than having one normal chromosome in addition to the schromosome. This 

result can be explained by several models.  First, it is possible that triplication of certain 

chromosome XII sequences helps alleviate the slow growth phenotype of tel1 mec1 

strains or, alternatively, that one copy of chromosome XII sequences centromere-distal 

to the rRNA genes accentuates the growth defect.  I ruled out the possibility that an 

extra copy of SRL2 is responsible for the effect. However, this result does not rule out the 

possibility that other genes present on chromosome XII, singly or in combination, would 

affect the slow growth phenotype of the tel1 mec1 strains.  It is possible that the relevant 

genes are the rRNA genes. The rRNA gene cluster is highly unstable in tel1 mec1 strains 

and often contracts over time (Chapter 3).  It is possible that the schromosome confers a 

growth advantage by increasing the total number of rDNA repeats. Alternatively, it is 

possible that the mechanism by which the schromosome is formed results in a 

schromosome and two normal copies of chromosome XII.  This possibility will be 

discussed in Section 4.3.7.  
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4.3.6 Unanswered questions concerning the schromosome 

Although there are plausible explanations for many of our observations 

concerning the schromosome, many of these explanations need further experimental 

support.  Perhaps the most critical question in our understanding of the schromosome is 

why we fail to detect it by CHEF gel analysis in the diploid.  If this failure is a 

consequence of a secondary DNA structure, what is the nature of that structure?  If the 

schromosome lacks a telomere cap on the rDNA-containing end, how is the end 

protected from rapid nuclease degradation? Does our failure to detect the schromosome 

in fob1 tel1 mec1 strains reflect a role of Fob1p in the formation of the schromosome or in 

its repair?  Why can we detect a schromosome by CHEF gels in haploid, but not diploid, 

tel1 mec1 strains? Experiments designed to further characterize the nature of the 

schromosome will be discussed in Chapter 5.  

4.3.7 Conclusions 

Our preferred model to explain the formation and repair of the schromosome is 

shown in Figure 4.7.  Figure 4.7A depicts two chromosome XII homologues prior to 

replication.  During S phase (Fig. 4.7B), one chromosome is replicated efficiently, but the 

other chromosome encounters problems replicating the rDNA, which results in 

replication fork stalling and a break on one of the two sister chromatids within the 

rDNA. This DSB may be Fob1p-dependent. The acentric broken chromosome is lost (Fig. 

4.7C), but the centromere-containing schromosome is missegregated along with its full-

length sister chromatid during mitosis (Fig. 4.7D), generating one daughter cell with one 

full-length copy of chromosome XII and another daughter cell with two full-length 

copies of chromosome XII and the schromosome.  Finally, repair of the schromosome by 

BIR to generate trisomy requires MEC1 and diploidy.  Fob1p may be a negative 

regulator of the BIR event (Fig. 4.7E). 
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Figure 4.7 A model for the formation and repair of the schromosome. 
 
The non-rDNA and rDNA sequences are shown in black and purple, respectively.  The 
centromere is represented as a circle.  (A-E) These steps are explained in the text. 
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There is an alternative model that is based on a completely different view of the 

schromosome.  If the replication of the rRNA gene cluster is very delayed in tel1 mec1 

diploids and if the replication of chromosome XII sequences distal to the rDNA is also 

delayed, the sequences from the left telomere of XII to the cluster would appear 

amplified relative to the sequences located centromere-distal to the cluster.  Such a 

branched molecule would also be trapped in the wells of the CHEF gel.  We do not favor 

this model for several reasons.  First, since the right arm of chromosome XII distal to the 

rDNA genes contains multiple replication origins, there is no obvious reason why this 

region of the chromosome should not be duplicated.  Second, by CHEF gel analysis, we 

have physical evidence in haploid tel1 mec1 strains of a schromosome. 

In conclusion, from these genetic and molecular analyses, we conclude that the 

schromosome exists in diploid tel1 mec1 strains and the formation and/or repair of the 

schromosome requires Fob1p. Efficient repair of the schromosome requires Mec1p and 

diploidy.  The schromosome is likely to exist as an uncapped chromosome fragment.  

Formation of the schromosome does not require short telomeres. Further characterizing 

the molecular nature of the chromosome fragment and the genetic requirements for its 

formation will help clarify how Tel1p and Mec1p regulate the generation and repair of 

DNA lesions.  
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5. Discussion and Future Directions 
In this dissertation, I have demonstrated that a single genetic background can 

give rise to elevated rates of changes in both chromosome number and chromosome 

structure. I have found that tel1 mec1 diploids are extremely genetically unstable; 100% 

of tel1 mec1 diploids grown for 100 generations had chromosomal aberrations including 

aneuploidy and chromosome rearrangements.  These two types of chromosome 

alterations result from independent mechanisms, as restoring telomere function to tel1 

mec1 strains prevents chromosome rearrangements but does not affect aneuploidy. tel1 

mec1 cells demonstrate an aneuploidy profile similar to that of the spindle assembly 

checkpoint (SAC) mutant bub1. However, tel1 mec1 strains arrest the cell cycle in 

response to benomyl, indicating a functional SAC.  Finally, tel1 mec1 strains support the 

persistence of a chromosome fragment that arises as the first genetic anomaly in tel1 

mec1 diploid yeast strains. 

 In this chapter, I will first discuss the important conclusions from my thesis 

work concerning the function of Tel1p and Mec1p in maintaining genome stability. I will 

then outline experiments to address questions raised by my research.  Finally, I will 

discuss the broader implications of my thesis research results in the context of better 

understanding the causes of human disease.  

5.1 Tel1p and Mec1p are required for maintaining numerical 
stability of chromosomes 
 

5.1.1 Diploid tel1 mec1 strains have higher rates of aneuploidy than 
haploid strains 

Both haploid and diploid tel1 mec1 strains developed aneuploidy following 100 

generations of growth (Chapter 3).  As expected, whole chromosome loss (monosomy) 

was only found in the diploid yeast strains, as haploid strains cannot tolerate loss of 
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whole chromosomes, all of which contain essential genes.  The rate of entire 

chromosome duplication was also significantly higher in the diploid yeast strains 

(trisomy) than in the haploids (disomy). It is likely that yeast cells tolerate a 1.5-fold 

difference in gene dosage (2 copies to 3 copies in diploids) better than they tolerate a 

two-fold difference in gene dosage (1 copy to 2 copies in haploids).  Alternatively, 

chromosome segregation may be inherently less accurate in diploids than in haploids. 

However, diploid cells are more radiation-resistant than haploid cells (Fasullo and Dave, 

1994; Heude and Fabre, 1993) and demonstrate increased microtubule stability 

(Steinberg-Neifach and Eshel, 2002).  These factors would seem to lead to more accurate 

chromosome disjunction in diploids than in haploids, the opposite of what I observed in 

tel1 mec1 cells. 

5.1.2 Diploid cells that lack Tel1p and Mec1p show a non-random 
aneuploidy distribution 

Two striking aneuploidy biases were apparent in the tel1 mec1 diploids: a bias 

towards trisomy of chromosomes II, VIII, X, and XII, and a bias towards monosomy of 

chromosomes I and VI. There are two major factors that could drive the biased 

aneuploidy that develops during the growth of tel1 mec1 strains.  One possibility is that 

there is something structurally different about chromosomes II, VIII, X, and XII that 

predisposes them to missegregation in the tel1 mec1 genetic background.  For example, 

differences in the timing of attachment of kinetochores to microtubules or the strength of 

the kinetochore-microtubule attachment could bias some chromosomes towards 

missegregation. Our experimental data argue that local centromere structure is not 

causing biased missegregation, as replacing 1 kb of DNA surrounding the centromere of 

chromosome II with that of chromosome XIV does not prevent chromosome II from 

becoming trisomic at a high frequency (Appendix B).  However, centromeric chromatin 

covers a distance of approximately 20 kb surrounding the centromere (He et al., 2000), so 
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it is possible that longer-range chromatin structure may influence kinetochore-

microtubule dynamics. Other structural properties may exist which may bias the 

missegregation.  However, I was unable to correlate the high rate of aneuploidy of tel1 

mec1 strains with the length of chromosome, the amount of condensin binding (Wang et 

al., 2005), the number of ribosomal protein genes per chromosome, the timing of 

replication, or the distance from the closest ARS to the CEN of each chromosome. 

Another reason for biased aneuploidy is that extra copies of certain 

chromosomes help the growth of tel1 mec1 strains. For example, chromosomes 

frequently found trisomic in tel1 mec1 strains may possess one or more genes that 

provide a growth advantage to the tel1 mec1 diploids. Previously, Vernon et al. (2008) 

showed that haploid strains with the hypomorphic mec1-21 allele frequently became 

disomic for chromosome VIII. The essential gene DNA2 (encoding a DNA replication-

associated helicase) is located on chromosome VIII, and introducing an additional 

plasmid-based copy of DNA2 into tel1 mec1-21 strains suppresses the tendency of the 

haploid strain to become disomic.  However, we were not able to completely suppress 

the trisomy of chromosome VIII in diploid tel1 mec1 strains by introducing a plasmid-

borne copy of DNA2. Chromosome VIII became trisomic or tetrasomic in two out of four  

tel1 mec1 + DNA2 strains (Appendix B).  This contradictory result could be due to 

differences in the strain background, the mec1 allele or in the ploidy of the cell.  The 

experiments of Vernon et al. were done with a W303-derived haploid with a 

hypomorphic allele, whereas I used a MS71-derived diploid strain with a mec1 null 

allele.  There are two possibly relevant issues.  First, Vernon et al. observed that the 

plasmid-borne DNA2 gene suppressed disomy of chromosome VIII in 5 of 6 mec1-21 

strains, but in only one of two tel1 mec1-21 strains. Second, adding an extra copy of 

DNA2 on a centromeric plasmid in a haploid strain increases its expression by two-fold, 

but such a plasmid increases the level of the Dna2p by only 1.5-fold in a diploid strain. 
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Thus, my experiments do not rule out the possibility that the observed trisomy in the 

tel1 mec1 diploids is related to the dosage of DNA2.  

An alternative explanation for the non-random pattern of aneuploidy is that 

chromosomes II, VIII, X, and XII are the only chromosomes that can be tolerated in three 

copies in diploids.  This explanation is very unlikely for multiple reasons.  First, several 

studies have shown that every chromosome, with the exception of chromosome VI, can 

be recovered as disomes in haploids (Campbell et al., 1981; Torres et al., 2007).  

Chromosome-specific growth rates were observed, and, in general, strains that are 

disomic for the larger chromosomes grow more slowly than those that are disomic for 

the smaller chromosomes (Torres et al., 2007).  There is no relationship between 

chromosome size and the aneuploidy pattern observed in my data.  In particular, 

chromosome XII is the largest yeast chromosome.  Another argument that the pattern of 

aneuploidy in my experiments is not related to the inability of cells to tolerate trisomy 

for other chromosomes is that we have observed aneuploidy for other chromosomes in 

the same genetic background in other experiments. When diploid yeast strains are 

irradiated with gamma irradiation, derivatives that were trisomic for chromosomes I, V, 

VIII, IX, XI, XII, or XIII were observed (Argueso et al., 2008).   

It is likely that chromosome XII trisomy is a consequence of a mechanistically 

distinct pathway from trisomy for chromosomes II, VIII, and X for several reasons.  First, 

as discussed in Chapter 4, I observed a chromosome XII fragment (the schromosome) in 

tel1 mec1 diploids without the MEC1 plasmid, and these strains became trisomic for XII 

when the MEC1 plasmid was re-introduced.  No such fragments were observed for the 

other three chromosomes.  Second, I found that chromosome XII, but not other 

chromosomes, had difficulty entering the CHEF gels in tel1 mec1 diploids. DNA 

molecules with branches (replication forks or recombination structures) have difficulties 

entering CHEF gels.  Unlike chromosome XII, chromosomes II, VIII, and X had no 
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obvious difficulty entering the CHEF gel. Finally, chromosomes II, VIII, and X are 

commonly found trisomic in bub1 strains while chromosome XII is not. This result 

suggests that bub1 cells and tel1 mec1 strains may have a common mechanism or 

selective pressure affecting chromosomes II, VIII, and X, but chromosome XII trisomy 

reflects a second mechanism specific to tel1 mec1 diploids. 

Chromosomes I and VI, and no other chromosomes, are frequently monosomic 

in tel1 mec1 strains.  These chromosomes are the smallest and, therefore, it is likely that 

their monosomy is better tolerated because they carry fewer genes. Evidence supporting 

this hypothesis comes from a study of 16 diploid yeast strains that were selected to be 

monosomic for specific chromosomes (Reid et al., 2008). When these strains were 

sporulated and examined by tetrad analysis, only the two strains that were selected to be 

monosomic for chromosomes I and VI had the expected 2 live:2 dead spore segregation 

pattern.  In the other diploids, the tetrads had four viable spores, indicating that the 

monosomic chromosome had spontaneously duplicated to return the strain to euploidy.  

This result, coupled with my observations, suggests that diploid cells cannot easily 

tolerate monosomy of chromosomes other than I and VI. 

5.1.3 Aneuploidy profiles of tel1 mec1, bub1, and mad2 diploids 

Many spindle assembly checkpoint (SAC) mutants, including bub1, have elevated 

levels of aneuploidy (Warren et al., 2002).  It is also known that a functional SAC is 

required for complete cell cycle arrest in response to DNA damage, indicating that part 

of the DNA damage response pathway is channeled through SAC components such as 

Mad2p (Kim and Burke, 2008).  I hypothesized that Tel1p and Mec1p may play a role in 

initiating or maintaining the spindle assembly checkpoint in addition to their canonical 

roles in the DNA repair and replication checkpoints. To test this hypothesis, I first 

monitored the aneuploidy profiles of bub1 diploids. I found that bub1 strains were highly 

aneuploid, and like the tel1 mec1 strains, had a similar bias for trisomy of chromosomes 
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VIII and X.  The rate of chromosome missegregation is higher for bub1 strains than for 

tel1 mec1 strains, as I detected high levels of aneuploidy in bub1 strains prior to 

subculturing. 

Because bub1 has functions outside of the SAC (Williams et al., 2007), I then tested 

the aneuploidy profiles of diploids lacking the SAC-specific gene MAD2.  Unlike bub1 

strains, mad2 strains had very low rates of aneuploidy. The likely explanation for this 

difference is that not only do bub1 strains have a dysfunctional SAC, they have severe 

defects with chromosome biorientation as well.  This suggestion is supported by 

evidence that yeast cells correctly biorient chromosomes more often than not in the 

absence of cellular insults (Indjeian and Murray, 2007).  Thus, strains without a 

functional SAC (such as mad2) but no defect in biorientation, would correctly align and 

disjoin their chromosomes the majority of the time. The occasionally misaligned 

chromosomes would escape the SAC and show up as rare aneuploidies.  However, 

strains such as bub1 that possess a defect in chromosome biorientation as well as the 

SAC would often misalign chromosomes and then fail to detect or fix the errors, leading 

to extremely high rates of aneuploidy. Since the bub1 strains have structurally abnormal 

kinetochores (Boyarchuk et al., 2007), the more extreme segregation problems of bub1 

compared to mad2 might be related to this defect rather than the biorientation problem. 

I also examined the aneuploidy profile of bub1-ΔK, an allele of BUB1 that lacks the kinase 

domain. The bub1-ΔK strains have an intact kinetochore-occupancy SAC but possess 

defects in chromosome biorientation and tension-dependent SAC signaling.  This 

analysis would test the hypothesis that defects in chromosome biorientation and/or 

tension-dependent SAC signaling cause high rates of aneuploidy outside of the 

canonical kinetochore-occupancy SAC.  Interestingly, bub1-ΔK mutants had similar rates 

of aneuploidy as the tel1 mec1 strains, with a similar bias towards trisomy of 

chromosomes II, VIII, and X.  The bub1-ΔK strains were also frequently trisomic for 
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chromosomes III and XVI. To test if tel1 mec1 and bub1-ΔK function in similar genome-

stabilizing pathways, I created bub1-ΔK tel1 mec1 diploids. The triple mutant diploid had 

a level of aneuploidy that was approximately additive with the levels observed in the 

tel1 mec1 and bub1-ΔK strains. This result indicates that the tel1 mec1 and bub1-ΔK 

mutations either affect separate pathways governing chromosome disjunction, or 

possess partially redundant roles in the same cellular pathway.  I cannot differentiate 

between these two possibilities at this time. 

5.1.4 tel1 mec1 strains have an intact spindle assembly checkpoint 
(SAC) 

The high rate of aneuploidy observed in the tel1 mec1 strains suggested the 

possibility that these strains lacked a functional SAC.  Sensitivity to the microtubule-

destabilizing agent benomyl is one phenotype associated with SAC-defective strains 

(Hoyt et al., 1991; Li and Murray, 1991). I found that tel1 mec1 strains did not show 

sensitivity to benomyl in growth assays.  In addition, in the presence of benomyl, most 

of the tel1 mec1 strains arrested the cell cycle as doublets (G2/M border).  Thus, Tel1p 

and Mec1p do not participate in checkpoint signaling in response to unattached 

kinetochores caused by microtubule depolymerization.  

It is formally possible that tel1 mec1 strains have a functional kinetochore-

occupancy checkpoint (the checkpoint assayed by benomyl sensitivity), but are defective 

in the tension-sensing component of the SAC. Since tel1 mec1 strains have higher levels 

of aneuploidy than mad2 strains, which lack both the kinetochore-occupancy and the 

tension-sensing components of the SAC, this possibility is unlikely.  Instead, I believe 

that the severe aneuploidy in tel1 mec1 mutant diploids is due to defects in kinetochore 

structure or function such that proper biorientation of the duplicated chromatids is 

rarely achieved.  The SAC either does not recognize this misorientation or is 

overwhelmed by the number of misaligned chromosomes, and the cell eventually 



 

115 

divides despite the lack of proper biorientation.  Although this explanation of the high 

level of non-disjunction in the tel1 mec1 strains is my favored hypothesis, I cannot rule 

out other explanations including defects in the completion of DNA replication, sister 

chromatid cohesion, or other cell cycle processes.  These alternatives will be discussed 

below. 

5.1.5 Other mechanisms that could contribute to aneuploidy in tel1 
mec1 strains 

In this thesis, I have demonstrated that tel1 mec1 strains possess an intact SAC 

and thus do not accumulate aneuploidy through a failure to detect misaligned 

chromosomes.  Additionally, telomere defects do not underlie chromosome non-

disjunction in tel1 mec1 strains.  tel1 mec1 diploid strains that have normal or supra-

normal telomere lengths through introduction of the pVL1107-URA3 (Cdc13p-Est2p) 

plasmid still have high rates of aneuploidy, although the rate of chromosome 

rearrangements is reduced (Chapter 3).  Additional investigations using the tel1 mec1 

strain with the pVL1107-URA3 plasmid should help illuminate the pathways involved 

in failure to ensure proper chromosome segregation. Below, I briefly describe a few of 

the cellular processes that could contribute to the aneuploidy of tel1 mec1 strains. 

5.1.5.1 Role of Tel1p and Mec1p in the phosphorylation of histone H2A 

As described in Chapter 1, histone H2A is phosphorylated by Mec1p and Tel1p 

on serine 129 (S129) in response to DNA damage (Downs et al., 2000). The 

phosphorylated H2A (γH2A) spreads over at least 50 kb on both sides of the DSB (Shroff 

et al., 2004). Interestingly, Bub1p also phosphorylates the H2A “tail”, but on a different 

residue, serine 122 (S122; Kawashima et al., 2010). Mutations in H2A that abolish either 

phosphorylation site sensitize the cells to DNA damaging agents, and mutations that 

abolish both sites result in more extreme sensitivity than those associated with either 

single mutant (Harvey et al., 2005; Moore et al., 2007; Wyatt et al., 2003).  Mutating S122 
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to alanine (S122A) impairs the localization of Sgo1p to the centromere. Sgo1p is a target 

of Bub1p that is required for centromeric cohesion in meiosis and chromosome 

biorientation in meiosis and mitosis (Fernius and Hardwick, 2007; Kiburz et al., 2005). 

Thus, one hypothesis for the similar aneuploidy profiles of tel1 mec1 and bub1 strains is 

that both genotypes fail to properly phosphorylate histone H2A.  If phosphorylation at 

S122 by Bub1p and S129 by Tel1p and Mec1p are partially functionally redundant, 

mutations in either of these pathways could produce chromosome missegregation and 

similar aneuploidy profiles. In mammals, the homologous protein H2AX is similarly 

phosphorylated in response to DNA damage to create γH2AX (Rogakou et al., 1998).  

Underscoring its importance in maintaining genome stability, a deficiency of H2AX in 

mice leads to genetic alterations such as chromosome translocations (Celeste et al., 2002). 

5.1.5.2 Impaired kinetochore or microtubule function 

Like Bub1p, Tel1p and Mec1p may also regulate proper kinetochore or 

microtubule function.  In addition to histone H2A described above, there are many other 

potential candidates for phosphorylation by Tel1p and/or Mec1p that could affect 

chromosome disjunction.  Mutants that disrupt the inner kinetochore complex CBF3 

(ncd10, ctf13, and cep3) have a defective SAC (Gardner et al., 2001). Thus, tel1 mec1 strains 

must possess an intact inner kinetochore structure, as they have a functional SAC.  

However, some of the non-essential kinetochore proteins, such as CSE4, MIF2, CBF1, 

MCM21, CTF19, SLK19, MCK1, and KAR3, are not required for the SAC, and defective 

regulation of one or more of these proteins in tel1 mec1 strains could result in 

chromosome missegregation.  For example, Cbf1p is a phosphorylation target of Tel1p 

and Mec1p (Smolka et al., 2007). Preliminary experiments in the Petes laboratory have 

demonstrated that cbf1 diploids do not have high rates of aneuploidy (Yi Yin, 

unpublished results).  However, there may be other kinetochore or microtubule targets 

of Tel1p and Mec1p that are important for genome stability. 
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5.1.5.3 Defective sister chromatid cohesion 

As described in the Chapter 1, strains with defective cohesion often have high 

rates of chromosome loss (Michaelis et al., 1997).  Additionally, Tel1p and Mec1p are 

required for damage-induced cohesion surrounding a DSB and genome-wide (Strom et 

al., 2007; Unal et al., 2007).  It is possible that Tel1p and Mec1p also regulate cohesion in 

the absence of endogenous damage.  Cohesion cleavage that is not temporally 

coordinated in anaphase can facilitate premature sister chromatid separation and 

chromosome non-disjunction.  In their roles as DNA damage checkpoint genes, in the 

presence of DNA damage, Tel1p and Mec1p stabilize Pds1p, an anaphase inhibitor of SC 

separation (Cohen-Fix and Koshland, 1997). It is possible that that Tel1p and Mec1p 

promote the stability of Pds1p even in the absence of DNA damage.  In the absence of 

Tel1p and Mec1p, Pds1p is down-regulated, allowing the premature activation of 

separase and leading to premature loss of sister chromatid cohesion. 

5.1.5.4 Tetraploidization followed by chromosome loss  

In human cells, tetraploidization followed by rapid chromosome loss can lead to 

very high rates of aneuploidy (Shi and King, 2005).  If the diploid tel1 mec1 cells 

efficiently formed tetraploids, I would expect a high rate of aneuploidy, since polyploid 

yeast strains rapidly lose chromosomes (Mayer and Aguilera, 1990). This mechanism, 

however, is not the likely cause of aneuploidy in the tel1 mec1 diploids because of the 

kinetics of accumulation of trisomic chromosomes. During the first twenty generations 

of growth, most tel1 mec1 strains are aneuploid for only one or two chromosomes.  By 

100 generations of growth, the cells are aneuploid for about 2.5 chromosomes.  This 

pattern is not what would be predicted if tetraploidization initiated the process.  

5.1.5.5 Aneuploidy generated by extra spindle pole bodies 

Another genetic alteration that could lead to elevated levels of aneuploidy is 

extra spindle pole bodies (SPBs). SPBs are the yeast equivalent of the mammalian 
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centrosome.  Cancer cells often possess supernumerary centrosomes that can form 

multipolar spindles and cause many chromosomes to pass through a multipolar 

intermediate during mitosis (Cimini, 2008; Fukasawa et al., 1996; Ganem et al., 2009).   In 

humans, the DNA damage response induces centrosome amplification in a Chk1-

dependent manner (Bourke et al., 2007; Fukasawa et al., 1996). In yeast, deleting all four 

B-type cyclin genes in yeast can cause supernumerary SPBs and can result in unequal 

DNA segregation (Haase et al., 2001).  If Tel1p and Mec1p are required for regulating the 

number of SPBs, then cells lacking these proteins might have elevated levels of 

aneuploidy.  

5.1.5.6 Aneuploidy induced by chromosome re-replication 

In yeast strains with mutations in a number of components of the pre-replicative 

complex (for example, certain orc6 alleles), re-replication of chromosome sequences 

occurs.  In Saccharomyces cerevisiae the extent of re-replication is restrained by a Mec1p-

dependent checkpoint (Archambault et al., 2005).  Although this study was carried out in 

strains containing mutations that promoted re-replication, it is possible that the Mec1p 

also constrains re-replication in a wild-type cell.  Re-replication could lead to 

aneuploidy.  In addition, re-replication induces DSBs (Green and Li, 2005), a phenotype 

associated with tel1 mec1 cells.  

5.1.5.7 Summary of the possible explanations of the aneuploidy 

In summary, I cannot definitely rule out a variety of mechanisms that could be 

responsible for the aneuploidy of the tel1 mec1 diploids.  However, I favor the model in 

which the function of the kinetochore is affected by phosphorylation of H2A by Tel1p 

and Mec1p, since this model rationalizes the similarity of the effects of the bub1 mutation 

and the tel1 mec1 mutations.  Although an effect of Tel1p and Mec1p on sister chromatid 

cohesion is also a plausible model, preliminary experiments done in collaboration with 

Jennifer Gerton (Stowers Institute) did not indicate a strong cohesion defect, at least for 
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regions of the chromosome that are far from the centromere.  Experiments to investigate 

the causes of the aneuploidy will be described below.  

5.2 Chromosome alterations in tel1 mec1 diploids 
 

In diploid tel1 mec1 strains, as in haploids of the same genotype (Vernon et al., 

2008), we observed high levels of chromosome rearrangements, deletions, duplications 

and translocations.  The alterations were observed after a limited amount of sub-

culturing in the absence of selection.  Below, I will discuss the mechanisms responsible 

for generating these alterations and my analysis of a novel chromosome alteration that 

appears to reflect a DSB within the rRNA gene cluster. 

5.2.1 The relationship between telomere defects and chromosome 
rearrangements in tel1 mec1 strains 

It is clear from my study that the telomere length defect of tel1 mec1 strains is 

almost entirely responsible for the high level of chromosome rearrangements.  The 

introduction of a fusion protein in which a telomere-binding protein (Cdc13p) is fused to 

a telomerase protein (Est2p) into tel1 mec1 cells restores wild-type telomere length and 

significantly reduces the frequency of chromosome rearrangements (Chapter 3). The 

very short telomeres of the tel1 mec1 strains behave as though they lack a telomere 

“cap”, the structure that prevents telomeres being used as a substrate for DNA repair.  

Consequently, both haploid (Mieczkowski et al., 2003) and diploid (Chapter 3) tel1 mec1 

cells have high rates of telomere-telomere fusions (TTFs).  The high rate of chromosome 

rearrangements in tel1 mec1 strains is likely due to cascades of instability arising from 

breakage-fusion-bridge cycles that originate from these TTFs (Sabatier et al., 2005).  TTFs 

create dicentric chromosomes that can break during anaphase to generate broken ends 

that then interact with broken ends derived from other chromosomes or that can fuse 

with shortened telomeres.   
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These breakage-fusion-bridge cycles can explain the tripartite chromosome 

found in strain JLMy80-5L (described in Chapter 3).  This chromosome was composed of 

a fusion of an internal segment of chromosome XII to the telomere of chromosome II, 

followed by the fusion of a terminal fragment of chromosome III to one end of the II-XII 

fusion (Fig. 3.3). Such a chromosome could be generated by a break in the centromere-

distal region of chromosome XII that fused with the eroded telomere of chromosome II.  

The resulting dicentric chromosome could be broken in anaphase to create the 

centromere-proximal break on chromosome XII.  This broken end could then join 

through NHEJ with the broken chromosome III.  Because the other end of chromosome 

III contains a telomere, this fusion would end the cascading instability.  This tripartite 

rearranged chromosome is unusual in that all other chromosome rearrangements 

observed in the tel1 mec1 diploid (described below) occur by homologous recombination 

rather than NHEJ.  The explanation for this observation is that NHEJ is suppressed in 

diploids that express both MATa and MATα information (Kegel et al., 2001).  In the 

strain JLMy80-5L with the tripartite chromosome, one copy of chromosome III was 

deleted for the mating type locus, activating the NHEJ pathway.  Finally, I note that the 

TTFs, which occur efficiently in the diploids, are a type of NHEJ.  This type of NHEJ 

must be regulated differently than the NHEJ events that occur between non-telomeric 

repeats.  

While the lack of TTFs and chromosome rearrangements are correlated with 

longer telomere lengths in tel1 mec1 + pVL1107-URA3 strains, it is possible that the 

lengthened telomeres per se is not what prevents chromosome rearrangements. It is 

possible that the Cdc13p-Est2p fusion protein acts as a telomere cap preventing TTFs in 

the tel1 mec1 strains. Patients with mutated ATM also have dysfunctional telomeres 

(accelerated telomere shortening and the presence of telomere-telomere fusions) despite 

possessing normal telomerase activity (Metcalfe et al., 1996).   
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5.2.2 Chromosome rearrangements in tel1 mec1 strains involving 
homologous recombination (HR) between repetitive Ty elements 

Most of the genome rearrangements in tel1 mec1 diploids occurred between 

repetitive Ty elements using homologous recombination (HR; Chapter 3).  As discussed 

previously, this result is in contrast to observations of deletion-associated chromosome 

rearrangements in haploid tel1 mec1 strains in which the chromosome rearrangements 

occur through NHEJ (Craven et al., 2002; Myung et al., 2001b). Although NHEJ is 

repressed in diploid cells, this difference is not the primary reason for the different types 

of chromosome rearrangements, since unselected chromosome rearrangements in 

haploid tel1 mec1 strains also primarily reflect homologous recombination between Ty 

elements (Vernon et al., 2008). The main difference is that the deletion analysis of Myung 

et al. (2001b) and Craven et al. (2002) selected for events on chromosome V in a region 

that had no repetitive elements and, therefore, homologous recombination would not 

generate the required deletion. In a follow-up study of deletion-associated 

rearrangements, Putnam et. al (2009a) introduced a repetitive sequence at the relevant 

position on chromosome V and observed chromosome rearrangements that involved 

homologous recombination between repeats in tel1 mec1 strains. 

The Ty-Ty mediated chromosome rearrangements are likely to reflect a 

chromosome with a DSB within one Ty that is repaired by a BIR event involving a Ty on 

a different chromosome.  There are two mechanisms by which a chromosome with a 

DSB in a Ty could be produced.  First, as described above, a TTF could produce a 

dicentric chromosome, and breakage of that chromosome could occur within a Ty 

element, producing a recombinogenic end.  The broken end could alternatively be 

processed by exonucleases to expose the Ty homology.  A second possibility is that 

nucleolytic degradation of the uncapped telomeres of the tel1 mec1 strain could produce 

the recombinogenic end. From the patterns of marker loss in strains lacking telomerase, 

Hackett and Greider (2003) argued in favor of this mechanism.  If such a mechanism was 
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responsible for the chromosome rearrangements in my study, one would expect that 

most of the chromosome rearrangements would involve Ty elements that were close to 

the telomere.  Since many of my rearrangements do not involve this class of Ty elements, 

I favor the first explanation. 

In addition to my research, numerous other studies have identified Ty elements 

as being important in generating chromosome rearrangements (Argueso et al., 2008; 

Lemoine et al., 2005; Putnam et al., 2005; Vernon et al., 2008). Although DSBs were 

generated by independent mechanisms in each of these studies, all resulted in the same 

genetic product: deletions, duplications or translocations involving homologous 

recombination between ectopic repeats. X-ray irradiation presumably creates DSBs 

(Argueso et al., 2008), low DNA polymerase α generates DSBs as a consequence of 

processing secondary structures in DNA at the replication forks (Lemoine et al., 2005), 

and the Ty-mediated rearrangements in my study are a result of TTFs formation and the 

subsequent breakage of dicentric chromosomes. Despite these differences, chromosome 

rearrangements occur primarily through Ty-dependent HR. Many chromosome 

rearrangements, such as those indicated by a deletion on one chromosome and an 

amplification on another chromosome within the same microarray, can be attributed to 

BIR events (Argueso et al., 2008; Lemoine et al., 2005). Other rearrangements, such as a 

microarray showing two chromosomes with terminal amplifications or two 

chromosomes with terminal deletions, are likely to represent other HR events such as 

single-strand annealing, synthesis-dependent strand annealing, or half-crossovers.   

5.2.3 Chromosome XII fragments generated in tel1 mec1 strains 

The first chromosome aberration observed in tel1 mec1 diploids after loss of the 

MEC1-containing plasmid is an amplification of sequences on chromosome XII between 

the left telomere and tandem array of rRNA genes on the right arm of XII.  We have 

termed this amplified sequence a “schromosome” (Chapter 4).  Although I have 
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observed persistence of this amplified segment for 200 cell generations by microarray 

analysis, I have been unable to detect this fragment in diploid tel1 mec1 strains by CHEF 

gel analysis.  It is possible that the fragment is frequently engaged in recombination and 

is, therefore, unable to enter the gel or that the processing of the fragment makes it 

difficult to visualize as a discrete entity by gel electrophoresis. When MEC1 is 

reintroduced into diploid tel1 mec1 cells containing the schromosome, the strain becomes 

trisomic for XII.  This result suggests that the schromosome lacks a telomere cap and is, 

consequently, prone to recombination.  

The rRNA gene cluster consists of 100-150 tandem 9.1 kb genes, each encoding 

four species of ribosomal RNA (Petes, 1979). The rRNA gene cluster has a high rate of 

mitotic recombination even in wild-type strains (Andersen et al., 2008; Casper et al., 2008; 

Szostak and Wu, 1980), suggesting that DSBs are common in the rDNA under normal 

cellular conditions.  In addition, strains with low levels of the DNA helicases Rrm3p and 

Dna2p have greatly elevated levels of rDNA recombination (Ivessa et al., 2000; Weitao et 

al., 2003).  

One explanation for the elevated rates of DSBs in the tel1 mec1 strains is that they 

have an elevated frequency of DSBs at the Fob1p-dependent replication fork block. To 

prevent replication forks from colliding with the transcription machinery, there is a 

polar replication fork barrier (RFB) within each repeat that allows replication to proceed 

in only one direction (Brewer and Fangman, 1988; Linskens and Huberman, 1988). The 

RFB functions through binding of the protein Fob1p, which is necessary to enforce the 

replication block in one direction while allowing the fork from the other direction to 

pass through (Kobayashi, 2003).  Yeast strains lacking FOB1 have decreased levels of 

mitotic recombination, indicating that Fob1p increases the rate of recombinogenic 

lesions within the rDNA (Casper et al., 2008; Defossez et al., 1999; Johzuka and Horiuchi, 

2002; Kobayashi et al., 1998; Kobayashi et al., 2004).  However, the elevated mitotic 
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recombination within the rDNA array observed in strains with low levels of DNA 

polymerase are Fob1p-independent (Casper et al., 2008).  Thus, DSBs within the rDNA 

arise through both Fob1p-dependent and Fob1p-independent mechanisms.  In a tel1 

mec1 background, the schromosome is not formed in fob1 tel1 mec1 strains (Chapter 4).  

One interpretation of this result is that Fob1p is required to generate DSBs within the 

rDNA through its fork-stalling action.  Alternatively, it is possible that the schromosome 

is constitutively formed in tel1 mec1 strains, but Fob1p prevents efficient repair of the 

schromosome by BIR.  By this model, loss of Fob1p would facilitate repair of the 

schromosome, preventing its detection. 

Another mechanism to explain formation of schromosomes in tel1 mec1 cells is 

that the hyper-activation of rDNA replication origins in tel1 mec1 cells elevates the 

frequency of DSBs. Although each rDNA repeat contains an ARS element, only 20% of 

rDNA origins are activated in any given S phase (Brewer and Fangman, 1988; Linskens 

and Huberman, 1988; Pasero et al., 2002; Saffer and Miller, 1986).  Tel1p and Mec1p are 

known to restrain the firing of replication origins in response to DNA damage 

(Santocanale and Diffley, 1998).  By extension, it is possible that Tel1p and Mec1p are 

also required to restrain origin firing within the rDNA in the absence of DNA damage.  

Thus, tel1 mec1 strains may possess many more active origins than wild-type cells, 

leading to increased numbers of stalled replication forks at the RFB sites. 

5.2.4 The role of Mec1p in break-induced replication (BIR) 

Repair of DSBs through break-induced replication (BIR) can occur using allelic or 

non-allelic sequences (Llorente et al., 2008).  In non-allelic BIR events, a chromosomal 

fragment with a break in one repeated gene invades the same type of repeat on a non-

homologous chromosome.  The strand invasion sets up a replication fork that copies the 

other chromosome to the end, resulting in a translocation. In an allelic BIR event, the 

broken chromosome invades a homologous chromosome.  The ensuring replication 
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results in loss of heterozygosity (LOH) centromere distal to the invading end.  My 

results suggest that Mec1p is involved in at least some types of BIR events.  As discussed 

above, I find that the schromosome in tel1 mec1 strains is maintained as a chromosome 

fragment until the introduction of Mec1p.  Following the introduction of Mec1p, I 

observe trisomy for chromosome XII.  This result argues that the BIR event required to 

generate trisomy cannot be completed in a mec1 strain.  It should be emphasized that the 

amount of DNA synthesis required to generate trisomy for chromosome XII is 

substantial.  The rRNA gene cluster is about 1 Mb in size and the distance between the 

centromere-distal end of the cluster and the right telomere of XII is about 600 kb. Since 

the rate of DNA fork movement in yeast is about 3 kb per minute (Petes and Williamson, 

1975), it would take about 200-500 minutes to complete the BIR event even in a wild-

type strain; this estimate is a minimum because it does not include the amount of time 

that the replication forks are stalled at the RFB. 

5.3 Future Directions 
 

Although my thesis research could be extended in many directions, I will restrict 

my discussion to two general types of experiments: further characterization of the roles 

of Tel1p and Mec1p in regulating chromosome disjunction and further analysis of the 

schromosome. Many of my proposed experiments to analyze aneuploidy involve whole-

genome microarray analysis, which is a very effective tool to analyze genome instability 

events (Lemoine et al., 2005).  Prior to the advent of microarrays, researchers had to rely 

on events involving one or two specific genetic markers to gain information about 

genome instability events.  Microarray analysis allows the detection of all large-scale  

(> 5 kb) genetic changes within the entire genome.  This non-selective approach, of 

course, is only useful if there is a high frequency of genetic alterations. Higher-resolution 

methods, such as high-throughput DNA sequencing, will allow detection of smaller 
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changes and mutations, while methods such as CHEF gels and multiplex PCR are useful 

in detecting gross changes in chromosome structure or number. 

It is very difficult to perform certain microscopic studies (for example, 

monitoring sister chromatid cohesion) of tel1 mec1 strains because many of the cells are 

inviable (Chapter 3; Ritchie et al., 1999).  However, tel1 mec1 diploids with the pVL1107-

URA3 plasmid (encoding the Cdc13p-Est2p fusion protein) have much better viability 

than cells without the plasmid, and yet still have very high rates of aneuploidy.  Such 

strains could be used to examine chromosome and kinetochore structure on a molecular 

level with immunofluorescence microscopy, as well as other cell biological techniques. 

5.3.1 Investigating the role of histone H2A in aneuploidy 

I still have not identified the mechanism responsible for generating the extremely 

high rate of aneuploidy in tel1 mec1 strains.  One intriguing possibility is that tel1 mec1 

strains and bub1 strains have similar problems with chromosome disjunction as a result 

of defects in phosphorylating a common substrate, histone H2A.  As discussed above, 

Kawashima et al. (2010) showed that phosphorylation of S122 of H2A is Bub1p-

dependent, and S122A mutants of H2A fail to localize Sgo1p to the kinetochore.  Tel1p 

and Mec1p, in response to DNA damage, phosphorylate S129 of H2A (Downs et al., 

2000).  To determine whether these events are mechanistically related, I will examine the 

frequency of aneuploidy and the patterns of the aneuploid chromosomes in yeast strains 

containing mutations of S122 and/or S129.  For these studies, I will use yeast strains 

with chromosomal deletions of the two genes encoding H2A (H2A1 and H2A2), with the 

mutated copies of H2A supplied on a plasmid (Harvey et al., 2005).  Initially, I will 

examine three strains, those with the S129A mutation, the S122A mutation, and the 

double mutation S129A and S122A.  Based on the results of Kawashima et al. (2010), I 

expect that the S122A mutation will have an elevated level of aneuploidy.  If 

phosphorylation of S129 is specific to the DNA damage response, I will not observe 
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elevated aneuploidy in the S129A strain and the double mutant strain will have the same 

level of instability as the S122A strain.  Alternatively, it is possible that the role of H2A at 

the kinetochore is affected by phosphorylation of both serines.  In that circumstance, I 

expect that the double mutant will have the highest level of aneuploidy. 

Another important experiment is to investigate the properties of the strains 

containing the histone alterations in strains with the bub1 and/or tel1 mec1 mutations.  

For example, if the S129A H2A variant has the same level of aneuploidy in wild-type 

and in tel1 mec1 strains, it would argue that the aneuploidy phenotype of tel1 mec1 is 

mediated through its ability to phosphorylate S129. Similar epistasis studies could be 

performed with S122A and the bub1 mutation.  Although I will not discuss all variations, 

these types of experiments can test the hypothesis that the similar aneuploidy 

phenotypes of bub1 and tel1 mec1 are mediated through phosphorylation of H2A at 

nearby sites. 

5.3.2 Examining kinetochore, microtubule, and spindle pole body 
(SPB) defects in tel1 mec1 strains 

As discussed above, diploids of the tel1 mec1 genotype are poor candidates for 

most microscopic studies.  Many of the cells in cultures of this strain fail to divide and 

many have abnormal morphologies.  In contrast, strains with the tel1 mec1 genotype that 

contain the Cdc13p-Est2p fusion protein divide at a faster rate and have more normal 

morphologies.  In this type of strain, it may be possible to examine some properties of 

the kinetochore, microtubule, and SPB.  Fluorescently tagging any kinetochore-specific 

protein, such as Ncd10p, and monitoring localization of the protein could be used to 

investigate the integrity of the kinetochore and the positioning of kinetochores at 

different times during the cell cycle.  Alternatively, it is possible that tel1 mec1 strains 

have defective microtubules.  Many microtubule mutants are cold sensitive (Schatz et al., 

1988); I have noticed that tel1 mec1 strains are also cold sensitive.  I could fluorescently 
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label Tub1p (Straight et al., 1997) in tel1 mec1 strains to determine if the spindle is normal 

in cycling cells. A third possibility is that tel1 mec1 strains have supernumerary SPBs, 

leading to unequal DNA segregation. A straightforward experiment to test this 

possibility would be to fluorescently tag the SPB protein Spc42 and monitor the number 

of SPBs in cells undergoing mitosis. 

5.3.3 Experiments to characterize the structure of the schromosome 

I also plan to further characterize the structure of the schromosome and the 

genetic requirements for its formation. One puzzle is that the schromosome can be 

detected in CHEF gels in DNA isolated from haploid tel1 mec1 strains, but not in diploid 

tel1 mec1 strains. It is possible that the ribosomal DNA from diploid strains has a 

branched morphology that keeps the DNA from entering the CHEF gel; such branches 

could arise as a consequence of recombination or stalled replication forks.  I will 

examine this issue several ways.  First, I will look for aberrant structures using two-

dimensional gel electrophoresis, followed by Southern blotting with an rDNA probe 

(Weitao et al., 2003).  Second, I will determine if recombination is responsible for my 

failure to detect the schromosome in diploid cells by deleting RAD52 in the tel1 mec1 

background, and examining DNA isolated from the resulting triple mutant strain with 

CHEF gels.  Although strains with the triple mutation are likely to grow very slowly, by 

using strains that have the Cdc13p-Est2p fusion protein (encoded by the plasmid 

pVL1107-URA3), I hope to alleviate some of the growth problems.     

It is also possible that the rate of DNA fork movement in the rDNA is very slow 

in tel1 mec1 strains, and the resulting branched DNA molecules prevent XII from 

entering the CHEF gel.  To address this issue, I will try two approaches.  First, I will 

simply incubate the strain for longer growth periods to be sure that the cells are fully in 

stationary phase.  Second, before harvesting the cells, I will incubate them in nocodazole 

for 6 hours to allow completion of DNA replication.  Following these treatments, I will 
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examine DNA isolated from the cells by CHEF gels to determine whether the 

schromosome can be visualized.   

It appears that the schromosome exists in tel1 mec1 diploid strains as a fragment 

that is stable but uncapped with telomeric sequences because it can be rapidly repaired 

to generate chromosome XII trisomy upon reintroduction of MEC1. In the haploid strain, 

I do not know if the schromosome has a telomere cap. I observed, however, that 

subculturing of cells containing the schromosome resulted in slower electrophoretic 

mobility of the schromosome.  This result could indicate that the schromosome is 

gaining repeats within the rRNA gene cluster.  Alternatively, it is more likely that the 

schromosome is being processed to generate long single-stranded “tails” since such 

processing has been shown to result in reduced electrophoretic mobility in CHEF gels 

(Westmoreland et al., 2009).  As the haploid strain is subcultured, the microarray 

analysis indicates that the schromosome starts to become lost in the cell population.  

To confirm the conclusion that the schromosome has long single-stranded 

extensions, I could do two types of experiments.  First, using strand-specific probes for 

the ribosomal DNA and “dot blots” (Parenteau and Wellinger, 1999), I could determine 

whether undenatured genomic DNA isolated from schromosome-containing strains 

hybridized to one probe, but not the other.  Second, I could construct strains that are 

deficient in exonucleases (such as Exo1p) that process broken ends.  In such strains, the 

schromosome should maintain a more homogeneous pattern of migration in the CHEF 

gels. 

One other interesting question is why the tel1 mec1 strains retain the 

schromosome.  It is possible that the retention is a consequence of selection for rRNA 

genes.  To test this possibility, I will construct a tel1 mec1 strain in which rRNA synthesis 

is regulated from an rDNA-containing plasmid (Wai et al., 2000).  If such a strain does 
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not contain a schromosome, I will conclude that the selective force for retention of the 

schromosome is the extra copies of rRNA genes. 

5.3.4 Experiments to characterize genetic requirements for the 
formation and repair of the schromosome 

As described above, the rDNA is a common site of DSBs even in wild-type 

strains. Breaks within the rDNA have been attributed to Fob1p-dependent replication 

fork collapse at the RFB (Weitao et al., 2003). The binding of Fob1p blocks replication 

forks from one direction but allows replication fork passage from the opposite direction. 

I found that fob1 tel1 mec1 strains did not have a schromosome, although such strains 

were trisomic for chromosome XII (Chapter 4).  This result could be explained in two 

ways: 1) Fob1p is necessary for formation of the schromosome or 2) elimination of Fob1p 

allows efficient repair of the schromosome, preventing its detection.  I can differentiate 

between these possibilities by monitoring the number of breaks within the rDNA in fob1 

tel1 mec1 strains versus tel1 mec1 strains.   

DSBs at the RFB can be detected by Southern analysis using BglII digests and an 

rDNA-specific probe (Casper et al., 2008).  I will examine DNA isolated from wild-type, 

tel1 mec1, and fob1 tel1 mec1 strains.  If DSBs at the RFB site are relevant in formation of 

the schromosome, I expect to see more breaks at this position in the tel1 mec1 strain than 

in the wild-type, and this elevated rate of breakage will be eliminated in the triple 

mutant strain. 

I have suggested that the schromosome in the tel1 mec1 diploid is repaired to 

generate trisomy for chromosome XII upon introduction of a plasmid containing the 

wild-type MEC1 gene.  One common mechanism by which DSBs are repaired is through 

break-induced replication (BIR).  A BIR event involves one broken chromosome end 

invading a region of homology on another chromosome. A unidirectional replication 

fork is set up that copies the invaded chromosome through to the telomere.  Morrow et 
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al. (1997) showed that BIR events rarely extend through the centromere.  Thus, it usually 

the centromere-containing chromosome fragment that initiates a productive BIR event. 

BIR events result in loss-of-heterozygosity (LOH) of all markers centromere-distal to the 

DSB on the recipient chromosome, while the donor template remains unchanged 

(Llorente et al., 2008). 

Pol32p is required for the majority of BIR events in yeast cells as part of the Polδ 

replication complex (Lydeard et al., 2007).  To test whether repair of the chromosome XII 

fragment upon reintroduction of MEC1 is dependent on BIR, I deleted POL32 in isogenic 

tel1 mec1 diploid yeast strains.  I will subsequently monitor the repair of the 

schromosome in this strain. While I cannot yet make a conclusion regarding 

schromosome formation, I have preliminary evidence that the pol32 tel1 mec1 strains 

have higher rates of chromosome loss than tel1 mec1 strains. This result indicates that 

proper replication function is imperative to maintain genome stability. Thus, DNA 

breaks formed by stalled replication forks or by breakage of dicentric chromosomes may 

need to be repaired in a replication-dependent mechanism such as BIR.  The Malkova 

lab has recently reported that POL32 deficiency results in elevated rates of chromosome 

loss as well as inefficient BIR (Deem et al., 2008). 

5.4 Roles of ATM (Tel1p) and ATR (Mec1p) in maintaining 
genome stability 
 

Because DNA damage repair pathways are highly conserved between yeast and 

humans, studying the function of Tel1p and Mec1p in maintaining genome stability in 

yeast has important implications in understanding the roles of ATM and ATR in human 

health and disease.  Below, I discuss the evidence that mutations in Atm and Atr are 

relevant to carcinogenesis and mechanisms by which these genes may act to stabilize the 

genome. 
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5.4.1 Evidence that mutations in Atm and Atr promote oncogenesis 

Many genes involved in genome stability pathways have been implicated in 

cancer.  There are a number of studies correlating mutations in Atm or Atr with cancer.  

As discussed in Section 1.1.3, individuals with heterozygous mutations in Atm have an 

increased risk of breast cancer. In addition, T-cell prolymphocytic leukemias and non-

Hodgkin’s lymphomas homozygous for mutations in Atm have been observed in several 

studies (Meyn, 1999; Stilgenbauer et al., 1997; Vorechovsky et al., 1997).  Another study 

found that Atm expression was decreased in 8/20 tumors (Stankovic et al., 1999). 

Furthermore, the breast cancer susceptibility protein BRCA1 is a target of 

phosphorylation by ATM and ATR (Cortez et al., 1999; Gatei et al., 2000; Xu et al., 2001), 

and mice that lack ATM targets H2AX or 53BP1 are susceptible to oncogenesis (Kastan 

and Bartek, 2004). MRE11-deficient mice show an increase in chromosome breaks and 

telomere-telomere fusions, but do not develop lymphomas like ATM-deficient mice 

(Theunissen et al., 2003; Xu et al., 1996). In addition, mice lacking MRE11 and p53 exhibit 

decreased tumor latency relative to mice lacking only p53; this result suggests that a 

checkpoint deficiency is required in addition to chromosome instability to facilitate 

tumorigenesis. Interestingly, deleting the homologous recombination protein RAD52 in 

Atm-/- mice reduces the incidence of lymphomas, suggesting that homologous repair of 

DSBs plays a role in tumorigenesis (Treuner et al., 2004). One study found that a 

repression of Atr or Chk1 in combination with mismatch repair deficiency could induce 

chromosome instability (Jardim et al., 2009).  Neither MMR nor Atr/Chk1 deficiency alone 

could promote chromosome instability.  

5.4.2 Mechanisms by which mutations in Atm and Atr promote 
oncogenesis 

Based on my observations concerning the functions of Tel1p and Mec1p, and 

those of many other yeast and mammalian labs, there are multiple mechanisms by 
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which mutations or down-regulation of the activities of ATM and ATR could promote 

oncogenesis including: 1) loss of DNA damage and DNA replication checkpoints, 2) 

high rates of aneuploidy resulting in dysregulation of genes involved in regulating cell 

growth, and 3) increased rates of DSBs, particularly at “fragile” chromosome sites.  

These mechanisms are discussed further below. 

One barrier to malignant transformation is an intact DNA damage response that 

prevents cells with damaged DNA from replicating until the DNA damage is repaired; 

in addition, these mechanisms can channel cells with irreparable DNA damage into 

apoptosis (Bartkova et al., 2005; Gorgoulis et al., 2005).  Mutations in genes involved in 

the DNA damage checkpoint (Atm and Atr), the apoptotic pathway (Tp53), or the 

spindle assembly checkpoint pathway (Bub1) can have elevated rates of DNA damage.  

This damage would be expected to cause an elevated rate of mutation in tumor 

suppressor genes.  In addition, repair of broken chromosomes by NHEJ may result in 

the activation of cellular oncogenes.  

Cells derived from solid tumors are often highly aneuploid, and this high degree 

of aneuploidy has been correlated with genetic instability (Duesberg et al., 1998).  

Although the exact mechanisms by which aneuploidy promotes the development of 

cancer cells is not known, it is likely that aneuploid cells dysregulate gene expression, 

resulting in either reduction in the efficiency of various tumor suppressor pathways (for 

example, the DNA damage checkpoint pathways) or increased activity of growth-

promoting pathways. The aneuploidy of cancer cells may eventually be a target for 

therapy. Because aneuploid cells demonstrate a stress response due to the additional 

proteins being translated, inhibiting the proteasome or chaperone systems could 

preferentially kill aneuploid cells (Williams and Amon, 2009).   

A third mechanism by which mutations in Atm or Atr could predispose cells to 

cancer is by affecting chromosome fragile sites.  Fragile sites are regions of mammalian 



 

134 

chromosomes that break when cells are treated with aphidicolin, a DNA polymerase 

inhibitor.  These same sites are also hotspots for chromosome rearrangements in tumor 

cells (Arlt et al., 2003). Fragile sites are associated with replication fork pausing and the 

stability of fragile sites is greatly reduced in human cells lacking ATR (Casper et al., 

2002).  Similarly, in yeast, Raveendranathan et al. (2006) showed that some replication 

origins are not replicated efficiently in mec1 mutants, resulting in DSBs. As fragile sites 

are frequently found at the breakpoint of chromosome rearrangements in tumor cells, 

understanding the mechanism by which Mec1p/ATR prevents chromosome breaks at 

these sites will be important for developing future anti-cancer therapies. 

5.5 Concluding remarks 
 

It has long been postulated that aneuploidy is a driving force of carcinogenesis 

(Boveri, 1914).  A high degree of aneuploidy is strongly correlated with genetic 

instability in human cancer cells (Duesberg et al., 1998). For this reason, it is imperative 

that the mechanisms that generate aneuploidy be elucidated.  A major rationale of my 

study is that some of the features of the aneuploidy observed in human cells can be 

modeled in yeast. 

I found that tel1 mec1 diploid yeast cells have extremely high frequencies of 

aneuploidy and chromosome rearrangements; this phenotype mimics the genetic 

instability of metastatic tumor cells.  The aneuploid phenotype is much more evident in 

diploid strains than in haploid strains, arguing that diploids (which are rarely analyzed 

in yeast studies of genome stability) may represent a better model for examining 

genome stability than haploids.  I showed that restoring wild-type telomere length to 

tel1 mec1 strains reduced the frequency of chromosome rearrangements without 

affecting the aneuploidy.  Thus, the effects of Tel1p and Mec1p on chromosome number 

and structure can be separated.  One very interesting experiment would be to examine 
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the expression level of the human homologues of Tel1p and Mec1p (ATM and ATR) in 

metastatic tumors.  
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 Appendix A 
Description of chromosome alterations in subcultured  

tel1 mec1 diploid strains 
 
Below is a detailed description of the chromosome aberrations identified in the tel1 

mec1 diploid yeast strains following approximately 100 generations of growth. Changes 

in chromosome number and structure were characterized with CHEF analysis, Southern 

blotting, CGH microarrays, “band microarrays” (hybridization of isolated chromosomes 

to microarrays), and PCR techniques. Except where noted, hybridization probes were 

generated by amplifying genomic DNA of wild-type yeast strains using pairs of PCR 

primers described in Table 2.3.   

JLMy80-1s: Genomic microarray analysis indicated that JLMy80-1s is monosomic for 

chromosome I and trisomic for chromosomes X, XII, and XVI. Separation of the yeast 

chromosomes with CHEF electrophoresis showed two novel bands located at 

approximately 1070 kb (directly above chromosomes XIII/XVI) and 1300 kb. A band 

microarray performed with the 1070 kb chromosome following its excision from the 

CHEF gel indicated that the novel chromosome does not represent a translocation, but 

simply the addition of extra copies of the sub-telomeric Y’ element to XVI. By band array 

analysis, the novel chromosome of 1300 kb hybridized only to chromosome XII 

sequences. The genomic microarray showed a significant decrease in hybridization to 

the ribosomal RNA (rRNA) genes that are located on XII. Since chromosome XII in the 

wild-type strain is about 2 Mb, we calculated that about 80 rRNA gene repeats were 

deleted in the 1300 kb chromosome. For all Southern analysis involving rRNA genes, we 

used the plasmid pY1rG12, which contains one complete copy of the 9 kb repeat (Petes 

et al., 1978). Chromosomes V and VIII were both slightly altered in size relative to the 

comparable chromosomes in the wild-type strain. These altered chromosomes were not 

examined by band arrays. 
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JLMy80-2s: Genomic microarray analysis demonstrated that JLMy80-2s is trisomic 

for chromosomes II and XII. Chromosome X is likely tetrasomic as indicated by a signal 

in the microarray analysis that is approximately twice that observed with chromosomes 

II and XII. No novel chromosome bands were apparent according to CHEF analysis, and 

Southern analysis with a probe for the ribosomal DNA did not reveal an altered XII. 

JLMy80-3L: Genomic microarray analysis showed that JLMy80-3L is trisomic for 

chromosomes II and VIII. Most of chromosome I was deleted except for a 64 kb region at 

the right end. The breakpoint of this deletion is at the Crick-oriented YARCTy1-1 located 

at SGD coordinates 160239-166163. Microarray analysis showed a partial amplification 

of chromosome X that includes the left arm, extends through the centromere, and ends 

about 540 kb from the left telomere; there is a Crick-oriented Ty element at this position 

that is not annotated in SGD (Argueso et al., 2008). Additionally, there is a terminal 

amplification on the right arm of chromosome XII with a breakpoint about 220 kb from 

the left telomere. There is a Crick-oriented Ty element at this position that is not 

annotated in SGD (Gabriel et al., 2006).  

CHEF gel separation of chromosomes showed two novel chromosomes, one slightly 

larger than chromosome II (about 850 kb) and a second slightly smaller than 

chromosome XII (about 1.8 Mb). Southern analysis of JLMy80-3L showed that the novel 

band at 850 kb hybridized to the PDR3 probe from chromosome II (located at SGD 

coordinates 217-220 kb). This probe was generated by amplification of genomic DNA 

using the primers PDR3 F and PDR3 R (Table 2.3). Band microarray analysis of this 

chromosome showed that it had DNA derived from the right arm of chromosome I and 

almost all of chromosome II. There is a Ty element (YBLWTy2-1) near the left telomere of 

II (SGD coordinate about 29 kb). A break-induced replication (BIR) event between the 

YARCTy1-1 Ty element on I and this Ty element on II would produce a chromosome of 

about 847 kb, approximately the size of 850 kb novel chromosome. By the genomic 
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microarray, all sequences on chromosome II, except for those centromere-distal to 

YBLWTy2-1, are represented in three copies; those distal to YBLWTy2-1 are represented 

in two copies. If chromosome I was monosomic prior to the translocation and 

chromosome II was trisomic, the gene dosages according to the microarray are 

congruent. The Tys on chromosomes I and II are in the correct orientation for this 

arrangement.   

The 1.8 Mb chromosome is also likely to reflect homologous recombination between 

the Ty elements on chromosomes X and XII. The precise size expected for such a 

translocation is difficult to predict, since the chromosome XII-derived segment of the 

translocation contains the rRNA gene tandem array. The size would be approximately 

800 kb, plus the size of the rDNA array. By Southern analysis, probes derived from 

chromosome X (YJR030C, located between SGD coordinates 486188 and 483951; 

amplified using primers YJR030C F and YJR030C R) and XII (rDNA probe pY1rG12), 

hybridized to the 1.8 Mb chromosome. The most likely explanation for the formation of 

this translocation is that, in a strain trisomic for chromosome X, one of copies was 

broken near the Crick-oriented Ty. This broken chromosome engaged in a BIR event 

with the Crick-oriented Ty on chromosome XII. The resulting chromosome would be a 

monocentric chromosome of the observed size. Alternatively, in a strain trisomic for 

both chromosomes X and XII, double-strand breaks in the Ty elements of both 

chromosomes reannealed (single-strand annealing pathway or SSA) or recombined in a 

half-crossover event (Casper et al., 2009). 

JLMy80-4L: Genomic microarray analysis showed that JLMy80-4L is trisomic for 

chromosomes VIII and IX. There is a terminal amplification on the left arm of 

chromosome V that extends through the centromere and ends at Crick-oriented 

YERCTy1-1 (SGD coordinates 443393-449316). Additionally, there is a deletion of most of 

chromosome VI, including the centromere, with a possible breakpoint about 100 kb from 
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the left telomere near YFLWdelta1. CHEF gel showed several novel chromosomes at 

approximate sizes 460 kb, 540 kb, and 625 kb. In addition, the sizes of both copies of 

chromosome XII were reduced in JMY80-4L. We found by Southern analysis (probe 

generated by amplification of genomic DNA with primers CUP1 F and CUP1 R, Table 

2.3) that the strain had a deletion of CUP1 repeats, suggesting that the 625 kb 

chromosome was likely a derivative of chromosome VIII with this deletion, carrying 5 

CUP1 repeats instead of 10. A V-VI translocation with the observed breakpoints would 

result in a novel chromosome of about 550 kb. This chromosome would be close to the 

size of one of the observed novel chromosomes. We did nothing further to confirm this 

conclusion or to characterize the other rearranged chromosomes. Finally, it was clear 

from the genomic microarray that the Y’ repeats in JLMy80-4L were amplified.   

JLMy80-5L: Genomic microarray analysis showed that JLMy80-5L is monosomic for 

chromosome VI and trisomic for chromosome II. Additionally, there was a tandem 

deletion/duplication event on chromosome III with the breakpoint at SGD coordinate 

114081 (302 bp from CEN3). About 110 kb of the left arm is deleted and 201 kb of the 

right arm is duplicated. There was also an interstitial amplification on the right arm of 

XII with the centromere-proximal and –distal breakpoints at SGD coordinates 544799 

and 949329, respectively. CHEF analysis of JLMy80-5L showed a novel chromosome of 

about 1350 kb, as well as a novel chromosome slightly larger than chromosome VIII, 

about 610 kb.   

We examined the 1350 kb chromosome by band microarray. This analysis showed 

that this chromosome had all of chromosome II, the left arm of chromosome III, and the 

internal region of chromosome XII. Restriction digestion and Southern blotting revealed 

the orientation and connectivity of the chromosome fragments. The 1350 kb 

chromosome hybridized to probes derived from the left arm of chromosome III (CHA1, 

generated by amplification of genomic DNA with primers CHA1 F and CHA1 R), the 
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intrachromosomal region of chromosome XII (NEJ1, generated by amplification of 

genomic DNA with primers JLMo67 NEJ1 F and JLMo68 NEJ1 R), and the left arm of 

chromosome II (PDR3, described above). We used information derived from the band 

microarrays to design primers that would allow us to generate a PCR fragment that 

spanned the two breakpoints. The primers JLMo106 and JLMo119 (sequences in Table 

2.3) spanned the II-XII junction, and the primers JLMo149 and JLMo158 detected the XII-

III junction. 

Sequencing across these breakpoints demonstrated that both junctions were formed 

through NHEJ events, since there was no repetitive DNA at either of the junctions. The 

end of chromosome II, with just two base pairs of telomeric DNA, was fused to the 

centromere-proximal breakpoint of chromosome XII. The centromere-distal portion of 

chromosome XII was fused to the left arm of chromosome III close to CEN3. By adding 

the lengths of the three component chromosomes, we calculated the translocation to be 

1330 kb, close to the size observed by the CHEF gel. The simplest explanation for the 

tandem deletion-duplication event on III identified on the whole-genome microarray is 

that the tripartite chromosome exists in two copies in this strain. There is one 

unrearranged copy of II, one unrearranged copy of III, and two unrearranged copies of 

chromosome XII.  

Performing a band array on the 610 kb novel chromosome, we found that it 

contained all of the DNA from chromosome VIII and no DNA from additional 

chromosomes. Using a probe for the tandem array of CUP1 genes located on 

chromosome VIII (described above), we showed that the novel chromosome did not 

have an intrachromosomal expansion of the tandem array of CUP1 repeats. It is possible, 

therefore, that the longer VIII was a consequence of additional Y’ elements at the 

chromosome end(s). 
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JLMy81-1L: Genomic microarray analysis indicated that JLMy81-1L is trisomic for 

chromosome VIII. Additionally, there is an interstitial deletion on chromosome IV 

between two Crick-oriented Ty elements (YDRCTy1-1 located at about SGD coordinate 

650000 and YDRCTy1-2 located at about SGD coordinate 880000). This deletion would 

reduce the size of IV from 1535 kb to about 1300 kb. We found a novel chromosome of 

this size by CHEF gel analysis. The 1300 kb chromosome hybridizes to sequences from 

the left (LYS2, generated by amplifying genomic DNA with primers LYS20 F and LYS20 

R) and right (DOT1, generated by amplifying genomic DNA with primers DOT1 F and 

DOT1 R) arms of chromosome IV. This strain also had a deletion derivative of XII that 

was missing a substantial number of rRNA genes as well as the variant 5S and ASP3 

genes located immediately centromere-distal to the rRNA gene cluster (McMahon et al., 

1984).  

JLMy81-2s: Genomic microarray analysis demonstrated that JLMy81-2s is trisomic 

for chromosomes I, II, X, and XII. No other obvious changes in gene dosage were 

detected. By CHEF gel analysis, we found a novel chromosome about 540 kb in size, 

slightly smaller than chromosome V. By Southern analysis, we found that this 

chromosome has an intrachromosomal deletion within the tandemly repeated CUP1 loci 

on both copies of chromosome VIII.   

JLMy81-3s: Genomic microarray analysis showed that JLMy81-3s is trisomic for 

chromosomes II, X, and XII. There was also a small terminal deletion on chromosome 

XIV near the right telomere with a breakpoint at approximately SGD coordinate 755 kb. 

By CHEF analysis, we observed the unrearranged chromosome XIV was missing, and 

the band at 750 kb (the size representing the unrearranged chromosome X) was more 

intense than in the progenitor parental strain. The simplest explanation of this result is 

that there was a double-stranded DNA break on chromosome XIV and that broken end 

was capped by telomere addition. Although most telomere addition is Tel1-dependent, 
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telomere capping has been observed in tel1 mutant strains previously (Myung et al., 

2001b). Since the unrearranged chromosome XIV is missing in JLMy81-3s, it is likely that 

the DSB occurred in a strain that was monosomic for chromosome XIV and the 

deleted/capped chromosome was subsequently re-duplicated. Deletion of the terminal 

end of the right arm of both copies of chromosome XIV would support viability, as none 

of the lost genes are essential. 

JLMy81-4s: Genomic microarray analysis showed that JLMy81-4s is monosomic for 

chromosome VI and trisomic for chromosomes II, V, and VIII. No other changes in gene 

dosage were evident. Separation of chromosomes with a CHEF gel indicated a 

chromosome slightly smaller than chromosomes V/VIII. We found that this 

chromosome was derived from chromosome VIII by an intrachromosomal deletion of 

two repeats within the tandem CUP1 loci.  

JLMy81-5L: Genomic microarray analysis demonstrated that JLMy81-5L is 

monosomic for chromosome VI and trisomic for chromosomes VIII and XII. 

Chromosomal XII had a large deletion, removing involving both the tandem array of 9 

kb repeats and the centromere-distal ASP3/deviant 5S repeats (McMahon et al., 1984). By 

CHEF gel analysis, we found a novel chromosome slightly larger than the V/VIII 

doublet. Southern analysis demonstrated that the novel chromosome resulted from 

amplification of the tandem CUP1 loci on chromosome VIII. 

JLMy82-1s: Genomic microarray analysis indicated that JLMy82-1s is monosomic for 

chromosome VI. In addition, this strain had a terminal deletion of the left arm of 

chromosome VII (located at SGD coordinate of 815 kb) coupled with a terminal 

amplification of the right arm of chromosome VII (located at SGD coordinate 115 kb). 

There is a full-length Ty element located at approximately SGD coordinate 115 kb that is 

unannotated in SGD (J. L. Argueso and A. Casper, personal communication). There is a 

pair of inverted Ty elements located at SGD coordinates 815 kb. Thus, the pattern of 
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deletion and amplification on VII can be explained by a DSB near the Ty on the left arm 

of VII and the repair of that DSB by a BIR event involving one of the Ty elements on the 

right arm. The predicted size of this chromosome is about 1250 kb and a novel 

chromosome of this size was detected in JLMy82-1s by CHEF gel analysis. To further 

confirm our conclusion, we performed a band array on the novel chromosome. As 

expected, the novel chromosome had chromosome VII sequences from SGD coordinates 

115-1091 kb, with the region centromere-distal to coordinate 815 kb having a gene 

dosage greater that the rest of the chromosome.  

In addition, the genomic microarray indicated that chromosome I had a small (12 kb) 

terminal deletion centromere-distal to YAL065C. We observed a novel chromosome 

shorter than the wild-type chromosome I, suggesting the possibility that this 

chromosome represented a simple deletion of chromosome I with a telomere cap. 

Microarray analysis also demonstrated extensive amplification of the Y’ sub-telomeric 

repeats in this strain. 

JLMy82-2s: Genomic microarray analysis demonstrated that JLMy82-2s is trisomic 

for chromosomes II and XII. There is an amplification of the left arm of chromosome X 

with two different gene dosages (four gene copies from the left telomere through SGD 

coordinate 370 kb, then three copies from the centromere up to 455 kb). There is a 

Watson-oriented Ty1 element (YJRWTy1-1) located close to the right end breakpoint 

(SGD coordinate 473 kb) and an unannotated Ty element on the left arm of chromosome 

X close to 355 kb (Gabriel et al., 2006). The most likely explanation consistent with this 

microarray pattern is a rearrangement in one copy of chromosome X in a precursor 

trisomic strain. A DSB in the YJRWTy1-1 followed by repair of this break by a BIR event 

using the Ty element at position 355 kb would generate an isochromosome of about 830 

kb.  By CHEF gel analysis, we observed a novel chromosome of approximately this size. 

We also observed by gel analysis a novel chromosome of about 1300 kb. Band analysis 
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confirms that this chromosome is chromosome XII with a large deletion within the 

rDNA cluster.  

 JLMy82-3L: Genomic microarray analysis showed that JLMy82-3L is trisomic for 

chromosomes I, II, IV, and VIII. There is also an additional terminal duplication of the 

right arm of chromosome IV, starting at approximately SGD coordinate 980 kb, and an 

amplification of most of chromosome X, starting at approximately SGD coordinate 200 

kb and extending through the centromere to the right telomere. There is a Crick-oriented 

delta element (YJLCdelta3), as well as a Watson-oriented Ty4 element located at SGD 

coordinate 200 kb on chromosome X and a Watson-oriented Ty2 element located at SGD 

coordinate 980 kb on chromosome IV. A recombination event between YJLCdelta3 and 

one of the delta elements of YDRWTy2-3 would result in a monocentric translocation of 

about 1180 kb. We did not observe a novel chromosome of this size, possibly because the 

expected size of the chromosome is similar to that of chromosome VIII (1090 kb).  

The CHEF gel analysis showed that chromosome XII was missing from its normal 

position. Southern analysis with an rDNA probe indicated that there were multiple 

species of chromosome XII, representing multiple deletions, resulting in chromosome 

XII derivatives between 1.5 and 2 Mb in size. The genomic microarray analysis 

confirmed the deletion of rDNA repeats. 

JLMy82-4L: Genomic microarray analysis indicated that JLMy82-4L is monosomic 

for chromosome I and trisomic for chromosome X. In this strain, in the CHEF gel, 

chromosome XII is missing from its normal migration position and there is a diffuse 

band in the size range of 1.5 to 2 Mb. As expected, the genomic microarray indicated a 

deletion of rRNA genes from the tandem array. 

JLMy82-5L: Genomic microarray analysis showed that JLMy82-5L is monosomic for 

chromosome I and trisomic for chromosomes VIII, XI, and XII. Additionally, there is a 

tandem deletion/duplication event on chromosome IV. The interstitial deletion on 
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chromosome IV occurs between two Crick-oriented Ty elements (YDRCTy1-1 at SGD 

coordinate 646 kb and YDRCTy1-2 at SGD coordinate 878 kb). The amplification is from 

YDRCTy1-2 to the right telomere. Most of chromosome V is also amplified, including the 

entire left arm, the centromere, and some of the right arm with the breakpoint at a Crick-

oriented YERCTy1-2 element (located at about SGD coordinate 500 kb). Separation of 

chromosomes with a CHEF gel demonstrated two novel chromosomes, one of about 

1200 kb and one of 730 kb. Southern analysis demonstrated that the 1200 kb 

chromosome hybridizes with sequences from the left arm of chromosome V (CAN1 

probe generated by amplification of genomic DNA with primers CAN1 F and CAN1 R) 

and sequences from the right arm of chromosome IV (DOT1, described above). The 730 

kb chromosome hybridizes band with sequences from the left arm of chromosome IV 

(LYS20, described above) and sequences from the right arm of chromosome V (RAD24, 

generated by amplification of genomic DNA with primers RAD24 F and RAD24 R). 

The pathway for generating two novel chromosomes involves several steps. We 

suggest that the first step is an unequal crossover on one copy of chromosome IV 

between YDRCTy1-1 and YDRCTy1-2. This chromosome then undergoes a reciprocal 

exchange with chromosome V between the hybrid YDRCTy1-1 and YDRCTy1-2 element 

on IV and YERCTy1-2 on V. Finally, there is a non-disjunction of the 730 kb chromosome 

to generate a cell with two copies. There would still be one normal copy of chromosome 

IV and one normal copy of chromosome V in addition to the three rearranged 

chromosomes. These events would result in chromosomes of the observed sizes and are 

consistent with the microarray analysis. 

JLMy83-1s: Genomic microarray analysis indicated that JLMy83-1s is monosomic for 

chromosome VI and trisomic for chromosomes VIII, XI, and XII. By CHEF gel analysis, 

we observed a chromosome slightly shorter than chromosome VIII. Southern analysis 
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demonstrated that this chromosome had a small deletion of repeats from the CUP1 

locus. 

JLMy83-2L: Genomic microarray analysis showed that JLMy83-2L is monosomic for 

chromosomes I and VI, and trisomic for chromosomes II, IX, and X. CHEF gel analysis 

showed that both copies of chromosome XII were shorter than in the wild-type strain 

with estimated sizes of about 1425 kb and 1700 kb. Genomic microarray analysis 

confirmed a loss of ribosomal RNA genes in JLMy83-2L.  

JLMy83-3L: By genomic microarray analysis, JLMy83-3L is trisomic for 

chromosomes I, II, VII, and X, and tetrasomic for chromosome IX. In addition to trisomy 

for chromosome I, there is a terminal amplification of the right arm of I, starting at 

YARCTy1-1 (SGD coordinates of 166163-160239). There is a tandem deletion/duplication 

event on chromosome XVI, with most of the chromosome being amplified (except for 

the left end) up to Watson-oriented YPLWTy1-1 (SGD coordinates 56452-62375). The 

region from the left telomere to YPLWTy1-1 is deleted.  CHEF gel analysis showed a 

novel chromosome about 960 kb in size. By band array analysis, we found that this 

chromosome had most of the sequence of XVI and the right end of chromosome I. This 

translocation likely arose as a consequence of a DSB at or near YPLWTy1-1 on 

chromosome XVI followed by a BIR event utilizing the YARCTy1-1 on chromosome I as 

a template. Based on the genomic microarray analysis, this novel chromosome is likely 

present in two copies. Thus, the JLMy83-3L strain has three unrearranged copies of 

chromosome I, one unrearranged copy of chromosome XVI, and two copies of the I-XVI 

translocation. Additionally, there is an amplification event on chromosome III, including 

the left arm, centromere, and DNA sequences up to FS2 (Lemoine et al., 2005). This 

rearrangement was not characterized. 

JLMy83-4s: Genomic microarray analysis showed that JLMy83-4s is monosomic for 

chromosome VI and trisomic for chromosomes I, II, VIII, and XII. Separation of 
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chromosomes with a CHEF gel indicated two novel chromosomes of about 850 kb and 

1000 kb. Genomic microarray analysis indicated the Y’ elements were extensively 

duplicated in this strain and there was a substantial deletion of rRNA genes, but no 

other deletions and duplications were observed. By Southern analysis, we showed that 

the 1000 kb chromosome was a derivative of chromosome XII with a deletion of the 

rRNA genes. The 850 kb chromosome is likely to be derived from one of the smaller 

chromosomes by addition of sub-telomeric repeats; this possibility, however, was not 

checked by a band array.  

JLMy83-5s: Genomic microarray analysis showed that JLMy83-5s is trisomic for 

chromosome X. No altered chromosomes were detected by CHEF gel analysis. 
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 Appendix B 
Chromosomes that are trisomic, monosomic, or rearranged in tel1 mec1 

diploids and other relevant strains 
 
tel1 mec1 diploids after 100 generations of growth 
 

 Trisomes Monosomes Rearrangements 
JLMy80-1s 8, 10, 16 1  
JLMy80-2s 2, 10, 12   
JLMy80-3L 8  1, 2, 10, 12 
JLMy80-4L 8, 9  5, 6 
JLMy80-5L  6 2, 3, 12 
JLMy81-1L 8  4 
JLMy81-2s 1, 2, 10, 12   
JLMy81-3s 2, 10, 12  14 
JLMy81-4s 2, 5, 8 6  
JLMy81-5L 8, 12 6  
JLMy82-1s  6 7 
JLMy82-2s 2, 12  10 
JLMy82-3L 1, 2, 4, 8  4, 10 
JLMy82-4L 10 1  
JLMy82-5L 7, 11, 12 1 4, 5 
JLMy83-1s 8, 11, 12 6  
JLMy83-2L 2, 9, 10 1, 6  
JLMy83-3L 1, 2, 7, 9, 10  1, 3, 16 
JLMy83-4s 1, 2, 8, 12 6  
JLMy83-5s 10   

 
tel1 mec1 haploids after 100 generations of growth 
 

 Disomes Monosomes Rearrangements 
JLMy62-6b-2L 3  10 
JLMy62-6b-3L   12 
JLMy62-6b-4L 2  1, 12, 14 
JLMy62-6b-5s   4 
JLMy62-17c-

2L 
2, 8  12 

JLMy62-17c-
5L 

2, 12  3, 10 

JLMy62-18c-
1L 

  12 

JLMy62-18c-4s   1 
JLMy62-18c-

5L 
12  12 

 
Wild-type diploids after 100 generations of growth 
 

 Trisomes Monosomes Rearrangements 
JLMy100-1L    
JLMy100-2s    
JLMy101-1L    
JLMy101-2s    
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tel1 diploids after 100 generations of growth 
 

 Trisomes Monosomes Rearrangements 
JLMy102-1L    
JLMy100-2s    
JLMy104-1L 1, 8   
JLMy104-2s  6  

 
mec1 sml1 diploids after 100 generations of growth 
 

 Trisomes Monosomes Rearrangements 
JLMy111-1L    
JLMy111-2L 9, 10   
JLMy111-3L 10   
JLMy113-1L 2   
JLMy113-1s no alterations 
JLMy113-2L no alterations 
JLMy113-2s 10, 14   
JLMy113-3L 8, 16   
JLMy113-3s   1, 12 

 
tel1 mec1 + pVL1107-URA3 diploids after 100 generations of growth 
 

 Trisomes Monosomes Rearrangements 
JLMy1262-1L 9   
JLMy1262-2s 8   
JLMy1262-3L 8, 9, 10 1  
JLMy1262-4s 1, 2, 7, 16   
JLMy1262-5L 2, 8, 12, 13   
JLMy1262-6s 2, 7, 12 3  
JLMy1271-1L 1, 7, 8, 9, 10  1, 4 
JLMy1271-2L 1, 5, 8, 11, 13, 16   
JLMy1272-1L 5, 7, 8, 12   
JLMy1272-2s 2, 4, 8, 11   
JLMy1272-3L 8, 12   
JLMy1272-4s 1, 7, 9, 12, 13   

 
tel1 mec1 + pRS316 diploids after 100 generations of growth 
 

 Trisomes Monosomes Rearrangements 
JLMy1301-1L 8, 11, 12   
JLMy1301-2L 8   
JLMy1311-1L 12  2, 15, 16 
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mad2 diploids after 100 generations of growth 
 

 Trisomes Monosomes Rearrangements 
JLMy327-s    
JLMy328-L 11   
JLMy329-s  1  
JLMy330-L 8   
JLMy366-L    
JLMy367-s    
JLMy376-L    
JLMy377-s 1   

 
bub1-Δ diploids with no subculturing 
 

 Trisomes Monosomes Rearrangements 
JLMy148-19 2, 5, 8, 10, 14, 16   
JLMy148-48 5, 8, 10, 16   

JLMy148-108 8 3, 14  
JLMy148-112 2, 3, 8, 10   
JLMy148-132 8, 10 11 12 
JLMy149-34 8 9  
JLMy149-45 8 11  
JLMy149-93 1, 2, 3, 5, 8, 10   

 
bub1-ΔK diploids before and after 100 generations of growth 
 

 Subculture 0 Subculture 5 (100 generations) 
 Trisomes1 Monosomes Trisomes1 Monosomes Rearrangements 

JLMy405-L 2, 8  2, 8, 10, 16   
JLMy406-s 8, 16  8, 13, 16   
JLMy407-L 2, 8, 16  2, 8, 16   
JLMy408-s 3, 8  3, 8, 16   
JLMy409-L 3, 8, 10  3, 6, 8, 10   
JLMy410-s 8, 16  5, 6 9  
JLMy411-L 10, 16 1 3, 8, 14, 16   
JLMy412-s 8  10 11  
JLMy448-L 1, 2, 8  2, 16   
JLMy449-s 2, 8  2, 8, 10   
JLMy450-L 2, 8, 14, 16  1, 2, 8, 14   
JLMy451-s 3, 10 9 3, 10   

 
1Chromosomes that were present as disomic or partially disomic in the haploids used to generate 
the parental diploids (subculture 0) are labeled in bold. The chromosomes in normal typeface 
arose independently during the course of subculturing.  If a chromosome went from three copies 
at subculture 0 to four copies at subculture 5, it is counted as a new trisome for subculture 5. 
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bub1-ΔK tel1 mec1 diploids before and after 100 generations of growth 
 

 Subculture 0 Subculture 5 (100 generations) 
 Trisomes1 Monosomes Trisomes1 Monosomes Rearrangements 

JLMy413-1L 1, 2, 8, 16  2, 4, 5, 8, 10, 
16 

  

JLMy413-2s 1, 2, 8, 16  1, 2, 5, 8, 10, 
13 

 12, 13 

JLMy413-3L 1, 2, 8, 16  1, 2, 8, 10, 16   
JLMy414-1s 1, 8, 16  1, 2, 10, 12, 16  3 
JLMy414-2L 1, 8, 16  1, 2, 8, 10, 12, 

16 
  

JLMy414-3s 1, 8, 16  2, 8, 16   
JLMy415-1L 1, 3, 5, 8, 11, 

13, 16 
 1, 2, 8, 10, 11   

JLMy415-2s 1, 3, 5, 8, 11, 
13, 16 

 1, 3, 5, 8, 9, 10, 
12, 16 

  

JLMy415-3L 1, 3, 5, 8, 11, 
13, 16 

 2, 3, 8, 10   

JLMy416-1s 1, 8, 16  8, 10 9 12 
JLMy416-2L 1, 8, 16  1, 8, 10  3, 12 
JLMy416-3s 1, 8, 16  1, 2, 5, 8, 10, 

12, 14, 16 
  

 
1Chromosomes that were present as disomic or partially disomic in the haploids used to generate 
the parental diploids (subculture 0) are labeled in bold. The chromosomes in normal typeface 
arose independently during the course of subculturing.  If a chromosome went from three copies 
at subculture 0 to four copies at subculture 5, it is counted as a new trisome for subculture 5. 
 
tel1 mec1 diploids, subculture 0 
 

 Trisomes Monosomes Rearrangements 
JLMy80   12 
JLMy81 10  12 
JLMy82   12 
JLMy83   12 

 
fob1 tel1 mec1 diploids, subculture 0 
 

 Trisomes Monosomes Rearrangements 
JLMy229 12   
JLMy230 12   
JLMy233 12   
JLMy237 12   

 
tel1 mec1 diploids + pRS316-SRL2 or pRS426-SRL2, subculture 0 
 

 Trisomes Monosomes Rearrangements 
JLMy350   12 
JLMy354 8  12 
JLMy356   12 
JLMy360   12 
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tel1 mec1 diploids + pRS316-DNA2 after 100 generations of growth 
 

 Trisomes Monosomes Rearrangements 
JLMy342-1L 8   
JLMy344-2s  6  
JLMy346-1L 2, 12, 15 1 1, 12 
JLMy348-2s 3, 8   

 
cen2::CEN14 tel1 mec1 diploids after 100 generations of growth 
 

 Trisomes Monosomes Rearrangements 
JLMy294-2s 1, 2, 4, 8, 10  5 
JLMy294-3L 12 6  
JLMy295-1s 1, 5, 8, 10  2, 10 
JLMy295-2L 2, 3, 6, 7, 8   
JLMy296-1L 2, 9, 12 3  
JLMy296-2s 2, 7, 8   
JLMy297-1s 2, 8   
JLMy297-2L 2, 7, 9, 10, 12   
JLMy298-1L 2, 9, 10, 12   
JLMy298-2s 5, 10, 12, 16  12 

 
chk1 diploids after 100 generations of growth 
 

 Trisomes Monosomes Rearrangements 
JLMy444-1L    
JLMy445-1s    
JLMy460-1L    
JLMy461-1s   4, 5 

 
sgo1 diploids after 100 generations of growth 
 

 Trisomes Monosomes Rearrangements 
JLMy468-1L 1, 2, 3, 5, 10   
JLMy469-1L 1, 3, 8, 10, 16   
JLMy470-1s 1, 2, 3, 5, 10, 11, 16   

 
mre11 diploids after 100 generations of growth 
 

 Trisomes1 Monosomes Rearrangements 
JLMy483-1L    
JLMy484-1s 5   
JLMy485-1L 3, 12 1 12 
JLMy486-1s    
JLMy487-1L    
JLMy488-1s 8   
JLMy489-1L 8  2, 16 
JLMy490-1s 7  12 

 
1Chromosomes that were present as disomic or partially disomic in the diploids prior to 
subculturing are labeled in bold. 
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