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Abstract	

 Errors in DNA replication can cause chromosome instability and gross 

chromosomal rearrangements (GCRs). For my thesis work I investigate how 

chromosome instability can originate in the telomere. Here I report how defects in Cdc13, 

a telomere specific protein, lead to chromosome instability and GCRs in Saccharomyces 

cerevisiae. Using a temperature sensitive mutant of Cdc13, I find that cdc13-induced 

instability can be induced in a single cell cycle and synergizes with replication stress 

(dNTP depletion via hydroxyurea). Additionally, I find that Cdc13 has to be functional 

during the cell’s S phase to suppress chromosome instability. Further genetic analysis 

suggests that that cdc13-induced chromosome instability depends on the generation of 

single stranded (ss)DNA, but not on the activity of canonical double strand break (DSB) 

repair pathways such as homologous recombination or non-homologous end joining. 

Finally, I demonstrate that telomeric unstable chromosomes can later progress and trigger 

rearrangements at centromeric loci. This system, using the conditional nature of the 

cdc13 mutation, promises a more complex analysis of the ontogeny of chromosome 

instability: in this case from errors semi-conservative DNA replication through the 

telomere to the formation and resolution of unstable chromosomes. 

Explanation	of	Thesis	Structure	

 The goal of my work is to understand how unstable chromosomes are formed at 

the telomere. In Chapter 1 I introduce chromosome instability and how it relates to both 

DNA replication and telomere biology. I also briefly summarize the previous work in the 

Weinert lab that acted as a foundation for my own project. In Chapter 2 I summarize my 
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work with Cdc13. The complete manuscript is presented in the Appendix (under review 

at eLife). In Chapter 3 I describe the conclusions of my work and put them in relation to 

other work in the field, as well as describe the future direction of the project. 

Chapter	1:	Introduction	

Chromosome	instability	and	disease	

 Single cells must faithfully duplicate their genomes every single time they 

replicate in order to accurately pass along their genomic information. For a single celled 

organism this means passing its genetic information from one generation to the next. For 

multicellular organism, this includes both passing genetic information to subsequent 

generations as well as creating a whole organism from a single cell (the 3.72 × 1013 cells 

in an adult human must all originate from a single zygote; Bianconi et al., 2013). 

Replicating the genome is not an easy task. One lab has estimated that more than 10,000 

replication errors occur per human cell per day (Loeb, 2011). Cells manage this onslaught 

of damage with robust DNA-damage sensing and repair mechanisms, which accurately 

detect and repair the damage to the DNA. However, these processes are not foolproof. 

Deficiency in DNA damage repair, or an increase in overall replication stress, can both 

lead to an increased rate of mutation and chromosome instability. 

Chromosome instability refers to the propensity of the genome to undergo gross 

chromosomal rearrangements (GCRs). On a population levels, these rearrangements can 

form the basis for molecular evolution (Aguilera and Gómez-González, 2008). Genetic 

variation is necessary for diversity. For example, there was a whole genome duplication 
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event in the ancestor of Saccharomyces cerevisiae (budding yeast), allowing for the 

accelerated evolution of half of the duplicated genes (Kellis et al., 2004).  

On an individual level, however, such chromosome instability is often the basis 

for disease (Aguilera and Gómez-González, 2008; Schär, 2001). The most obvious 

example is cancer, where chromosome instability is considered one of the hallmarks of 

the disease (Hanahan and Weinberg, 2011). Evidence of chromosome instability is seen 

in most solid tumors (Lengauer et al., 1998). High genomic diversity within individuals 

tumors, which is the consequence of chromosome instability, also correlates with 

aggressiveness of that tumor (Fox and Loeb, 2014; McGranahan et al., 2012). However, 

it is not quite possible to determine whether chromosome instability is the cause or the 

effect of tumor malignancy (Jeggo et al., 2016).  

In addition to cancer, there are also classes of de novo genetic diseases that are 

caused by chromosome instability (Lupski, 2007). A relatively common example is the 

class of diseases involving multiple triplet repeats in the DNA, such as Fragile X and 

Huntington’s disease (MacDonald et al., 1993; Verkerk et al., 1991). More complex 

rearrangements have also been found in patients with Pelizaeus-Merzbacher disease, a 

leukodystrophies genetic disorder characterized by the inability to form myelin in the 

brain and spinal cord (Lee et al., 2007). The rearrangements involve complex patterns of 

duplications and deletions consistent with a replication-based mechanism. The 

mechanistic details behind these diseases are discussed in the following section. 

Chromosome	instability	and	DNA	replication	

 A common cause of chromosome instability is error in DNA replication. Stalled 

or collapsed replication forks, a common feature in many DNA replication-based models 
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of instability, have been reported to be error prone (Lambert et al., 2005; Sogo et al., 

2002). DNA damaging agents such as MMS (creates impassible lesions in DNA; Groth et 

al., 2010) and hydroxyurea (depletes dNTPs; Koç et al., 2004) both cause replication fork 

stalls and generates chromosome instability (Lambert and Carr, 2005; Paek et al., 2009). 

In a broader sense, DNA stress in general has also been linked to chromosome instability 

in tumors (Burrell et al., 2013). 

A relatively simple example of DNA replication-based chromosome instability is 

multiple triplet repeat expansion, the basis of diseases such as Fragile X and Huntington’s 

disease. The expansion of the repeats has been linked to “slippage” in the replication fork 

(Pearson and Sinden, 1998). Replication fork slippage is thought to occur when the DNA 

polymerase pauses in the repeat sequence and then reengages on the wrong nucleotide, 

potentially duplicating a part of the region and expanding the repeat (Viguera et al., 

2001). This type of error generally causes localized changes in the chromosome, not 

large-scale rearrangements along the entire chromosome. 

Most mechanisms of chromosome instability are not as well understood as 

replication slippage. One ambiguous type of rearrangement found in human cells is called 

the “jumping translocation”. Jumping translocations have been defined as nonreciprocal 

translocation between chromosomes and are common in solid tumors (Padilla-Nash et al., 

2001). The cause is still unclear, but it may be the result of incomplete DNA replication 

(Smith et al., 2001). If a region of the DNA is left un-replicated, the sister chromatids 

would remain entwined as the cell attempts to separate its chromosomes during mitosis. 

This in turn could lead to chromosome DSB breaks, missegregation, or the formation of 

micronuclei as the lagging chromosome is left behind. 
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Dicentric	chromosomes	and	

their	formation	

Errors in DNA 

replication can also lead to the 

formation of chromosomes 

with two centromeres 

(dicentric chromosome; 

Lambert et al., 2005; Mohebi 

et al., 2015). Dicentric 

chromosomes are inherently 

unstable (A. Hill and Bloom, 

1989) and often lead to cycles 

of chromosome instability. 

One established model for 

these cycles is the 

breakage/fusion/bridge (BFB) 

cycle (Figure 1; McClintock, 1941). Molecular evidence for BFB has since been reported 

(Gisselsson et al., 2000; H. Hill and Golic, 2015). By the BFB model, a dicentric 

chromosome caught between two daughter cells breaks during mitosis. The resulting 

double strand break (DSB) fuses again to form a secondary dicentric chromosome, which 

subsequently breaks again upon the next mitosis to continue the cycle. Multiple rounds 

through the BFB cycle would result in multiple types of rearrangements in a supposedly 

clonal population.  

double-strand
break

“error”

mitosis

improper
segregation

double-strand 
break

DNA replication

fusion between
sister chromatids
(dicentric chromosome)

Figure 1: Canonical breakage/fusion/bridge cycle. Some initial 
“error” induces a DSB, which then leads to a sister-sister fusion. The 
resulting dicentric breaks during mitosis, again creating an uncapped 
chromosome (DSB), continuing the cycle. 
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 The mechanism by which the 

dicentric chromosome forms in the 

first place is not clear. Erroneous DSB 

repair in critically short telomeres are 

known to produce dicentric 

chromosomes by telomere fusion, but 

that does not account for all dicentric 

chromosomes. Another model for the 

formation of dicentric chromosomes is 

the faulty template switch (Figure 2; 

Lambert et al., 2010; Lowden et al., 

2011; Mizuno et al., 2009; Mott and 

Symington, 2011; Paek et al., 2009; 

Paek and Weinert, 2010). By this mechanism, the reengagement of a stalled replication 

fork can potentially find DNA homology with the wrong template strand, which would 

reverse the replication machinery. This would fuse the leading and lagging strand 

together, and create a dicentric chromosome. Only a few base pairs of homology are 

necessary (4-12 bps; Maringele and Lydall, 2004). A faulty template-switch-like 

mechanism has also been proposed to explain the complex rearrangements found in 

patients with the previously discussed Pelizaeus-Merzbacher disease (Lee et al., 2007). 

Theoretically, this provides an explanation for dicentric chromosomes formation that is 

independent of DSB breaks and their repair, making this mechanism distinct from the 

BFB model. 

5’

5’
3’

3’

5’

5’
3’

3’

dicentric chr.

Faulty-template switch

Fork Stall
Replication “Error”

5’

5’
3’

3’

Figure 2: Model for a faulty-template switch. An “error” in 
DNA replication causes the fork to stall. Upon fork restart, 
the leading strand finds homology on the lagging strand 
template, and starts replicating in the opposite direction to 
create an dicentric chromosome. 
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Chromosome	instability	and	the	telomere	

 As mentioned above, the telomere has often been associated with generating 

chromosome instability. Considering the many aspects of the telomere that could make it 

error prone, this is not altogether surprising.  

Purpose	of	the	telomere	

The telomere refers to the repeat sequence that “caps” the ends of linear 

chromosomes. They solve 

the two fundamental issues 

of a linear genome. The first 

issue is the end replication 

problem. The issue is that 

the lagging strand can never 

be fully replicated by the 

semi-conservative 

replication machinery 

because the lagging strand 

primase eventually runs out 

of room to set down the RNA 

primer. Therefore about 10 bp are lost on the newly synthesized lagging strand during 

each replication event. The repetitive nature of the telomere is essential for telomerase 

activity, which uses an RNA molecule complementary to the telomere to expand the 

lagging strand to compensate for the slow loss of nucleotides following each replication 

event (Figure 3; Greider and Blackburn, 1985).  

CCACC
TGGTGGTGGTGGTGG

CACCACCACCA

TG

T
T

G

GG

ACCAC
GTGGTGGTGGTGGTGGTGGTGG
CACCACCACCA

CACCACCACCA

CACCACCACCACCACC
GTGGTGGTGGTGGTGGTGGTGG

CCACC
TGGTGGTGGTGGTGG

telomerase

3’
5’

Figure 3: Telomerase addition at the telomere. The repetitive nature of the 
telomere repeats allows telomerase (green) to extend the leading strand 
using a RNA template (blue). 
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The second 

issue of having a linear 

genome is the end 

protection problem: the 

very ends of the 

chromosome could 

very easily be 

recognized and processed as a 

DSB. This would result in 

perpetual chromosome 

instability in every cell. The region is protected from DSB processing by the multitude of 

DNA binding proteins that associate with the repetitive elements (de Lange, 2009). When 

the telomeric DNA binding proteins fail to bind, perhaps because the telomere is 

critically short, the telomere ends are processed as DSB. Dicentric chromosomes and 

chromosome instability are often caused by telomere-telomere fusions, where two short 

telomeres are recognized by repair machinery and erroneously joined (Mieczkowski et 

al., 2003; Pardo and Marcand, 2005). Erroneous homologous recombination can also 

result in chromosome instability at critically short telomeres (X. Wang and Baumann, 

2008). These types of errors are generally thought to come from erosion of the 

chromosome end (a result of the end replication problem) in cells with inactive 

telomerase. 

TELCENTEL

Cdc13/Stn1/Ten1

Ku70/80

Rap1

Sir2/3/4 Nucleosome

Rif1

Rif2

3’ overhang

(~12 bp)

Telomere Repeat

(C
1-3

A/TG
1-3

; ~300 bp)

3’

5’

5’

3’

Figure 4: Schematic of the S. cerevisiae telomere. Cdc13 binds to 
ssDNA on the 3’ tail to cap the chromosome. Other proteins bind to 
the dsDNA repeats to silence and protect the telomere repeats from 
erroneous DSB repair. 
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DNA	replication	in	the	telomere	

Ironically, it is those same repetitive elements and DNA binding proteins that 

make the telomere a difficult site for DNA polymerases to replicate. As discussed above, 

errors in DNA replication can cause their own host of problems. Repetitive sequences are 

difficult to replicate in general (Bzymek and Lovett, 2001). Additionally, the repetitive 

repeats in the telomere are also G/C rich, which allows for the formation of secondary 

structures that could challenge the replication fork (Lopes et al., 2011; Paeschke et al., 

2011). Another problem is the host of DNA binding proteins that coat the telomere 

sequences, which again challenges the DNA replication machinery (Figure 4; Azvolinsky 

et al., 2009; Ivessa et al., 2002). Note that not all telomere binding proteins are 

problematic for the fork, TRF1 in mammals and Taz1 in fission yeast have been shown to 

prevent replication fork stalling in telomere repeats (Miller et al., 2006; Sfeir et al., 

2009).  

The model that replication errors in the telomere inducing chromosome instability 

is distinct from the model that erosion from the end gradually removes the telomere 

repeats over many cell divisions. The first distinction is the time scale. Replication-

induced instability is a single catastrophic event, while erosion from the end is the end 

result of multiple cell cycles. My thesis work links telomere and DNA replication to 

explain how unstable chromosomes form at the telomere end. 

Purpose	of	a	linear	genome	

 With the multiple problems associated with having and maintaining a linear 

genome, one has to wonder why organisms even bother with a linear genome as opposed 

to a circular one. There are, however, several critical drawbacks to circular genomes. 
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First, recombination between circular genomes often leads to dicentric chromosomes 

formation, which in turn results in chromosome instability and lethality. Circularized 

genomes in fission yeast, for example, have an increased frequency of meiotic defects 

that are attributed to dicentric chromosomes (Nakamura et al., 1998). Second, replication 

of large circular chromosomes results in high levels of torsional stress (Murakami et al., 

1995). It seems likely that, by linearizing the genome, the size of eukaryotic genomes 

became less restrained, allowing for the development of more complex organisms.  

Challenges	in	studying	chromosome	instability	

 Chromosome instability remains a challenging event to study because the event 

itself is often rare and the products are transient. Consequently, most systems that have 

been developed to study chromosome instability often identify stable downstream 

products, and not the site original site of error (Chen and Kolodner, 1999; Lemoine et al., 

2005; Zhang et al., 2013). Additionally, there is only one other chromosome instability 

assay, besides what is presented here, that has single cell cycle resolution: an inducible 

replication fork stall system in fission yeast (Lambert et al., 2010). My work with 

chromosome instability originating from the telomere in a single cell cycle narrows the 

window for the initiation of chromosome instability both spatially and temporally, and 

thus provides a promising system to directly study the formation of unstable 

chromosomes in the telomere. 
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Previous	work	from	the	Weinert	lab	

 Previous work in the Weinert lab 

led to the development of a chromosome 

VII disome system to study chromosome 

instability (Figure 5; Admire et al., 2006; 

Paek et al., 2009). The full description of 

the Chr VII instability assay is provided 

in the Appendix, but in brief, the disome 

strain of S. cerevisiae is haploid except 

that it has two copies of Chr. VII. 

Multiple genetic markers are placed 

along one homologue of Chr. VII to distinguish it from the other copy. Selection for one 

of these genes, CAN1 (placed at 30 kb from the left telomere), causes CAN1 containing 

cells to die when grown on the drug canavanine (cells are CanS). Therefore, plating 

disome cells on canavanine plates selects for cells that have somehow lost the CAN1 

gene, either through chromosome loss, allelic recombination with the non-CAN1 

homologue, or through generating an unstable chromosome (which could then lead to 

multiple rounds of rearrangements such as through BFB).   

Linking	chromosome	instability	to	errors	in	DNA	replication	

The initial work done with the Chr VII disome system linked chromosome 

instability with errors in DNA replication. Drs. Andrew Paek, Salma Kaochar, and Hope 

Jones performed extensive candidate genetic screens to conclude that replication errors 

generated chromosome instability by allowing a template switch-like mechanism to form 

Figure 5: Chr. VII disome system. The two homologues 
of Chr VII (CAN1 and non-CAN1; black and gray) are 
depicted. Stable rearrangments (blue) include chr. loss 
and allelic recombination. Unstable rearrangments 
(dicentric, red) can rarrange into multiple relics.  
*Adapted from Langston and Weinert, submitted 2016. 
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unstable dicentric chromosomes. In particular, they found that disrupting either DNA 

replication itself or the S phase checkpoint machinery increases the frequency of unstable 

chromosomes (Admire et al., 2006; Kaochar et al., 2010; Paek et al., 2009), and that 

unstable chromosomes are not formed through canonical double-strand break (DSB) 

repair pathways (Paek et al., 2009).  

Linking	chromosome	instability	with	telomere	defects	

 More recent work in the Weinert lab has linked the generation of chromosome 

instability with defects in the telomere. Dr. Tracey Beyer showed that most, if not all, 

unstable chromosomes originate from the telomere. This was true even if the strain did 

not have a telomere specific deficiency (e.g. wild type or rad9Δ). Additionally, she 

demonstrated that defects in telomerase induces chromosome instability. These telomere-

induced unstable chromosomes then trigger other chromosome rearrangements at 

centromeric loci, sometimes thousands of kilobases away from the initial error (Beyer 

and Weinert, 2016). The implication of her work is that the telomere is a common site of 

chromosome instability. 

Goal	of	my	work	

 The goal of my thesis work was to develop a system in budding yeast where 

replication errors arise at a high frequency at a specific site (the telomere), and then form 

unstable chromosomes with trackable fates. Using a conditional mutation of cdc13 (a 

telomere specific protein), I was able to generate unstable chromosomes in a single cell 

cycle in a single locus (the telomere). In addition, I was able to track the fates of these 

unstable chromosomes as they triggered the formation of other rearrangements thousands 

of kilobases downstream. The conditional nature of the cdc13 mutation, along with it 
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telomere specificity, makes this an attractive system to elucidate how unstable 

chromosome are initially formed. 

Chapter	2:	Cdc13	Project	Summary	

 The results, conclusions, and methods of this study are presented in the 

manuscript appended to this dissertation. The following is a summary of the most 

important findings in the paper. The goal of my project was to develop a system in S. 

cerevisiae where replication errors arose at a high frequency at a specific site, and then 

formed unstable chromosomes with trackable fates. Using a previously developed Chr 

VII disome system to measure unstable chromosomes (Admire et al., 2006), I discovered 

that Cdc13, a telomere specific single stranded (ss)DNA binding protein, suppresses 

chromosome instability specifically at the telomere end. Using a conditional cdc13 

mutation, I narrowed down the timeframe of Cdc13 activity to a single cell cycle. 

Specifically, activity of Cdc13 in S phase suppresses chromosome instability, suggesting 

in turn that Cdc13 suppresses chromosome instability during DNA replication. The cdc13 

defect also synergizes with replication stress (dNTP depletion by hydroxyurea, HU), 

further supporting the hypothesis that Cdc13 acts during DNA replication to suppress 

instability.  

I also investigated the genetic mechanisms behind cdc13-dependent chromosome 

instability. ssDNA seems to be a critical component of unstable chromosome generation, 

but canonical DSB repair pathways, such as homologous recombination and non-

homologous end joining, are not required. The independence from DSB repair pathways 

implicates some “template-switch” mechanism for generating the unstable chromosome.  
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To confirm that Cdc13 acts specifically at the telomere end I inserted a TG 

telomere repeat into an internal region of the Chr VII CAN1 homologue. I found that 

chromosome did not initiate at the internal repeat, suggesting that Cdc13 did not suppress 

instability at internal loci. Instead, unstable chromosomes formed at the telomere end and 

resolved at the internal TG repeat. 

I propose a mechanism involving an “inside out” replication defect in the 

telomere (Greider, 2016): an S phase defect normally suppressed by Cdc13 forms a 

structure with extensive ssDNA that allows for a faulty template switch. A telomere-

proximal unstable chromosome then forms and progresses to other structures at 

centromere-proximal loci in subsequent cell divisions. The other structures include allelic 

recombinants, chromosome truncations (when a telomeric TG repeat is available as a 

seed sequence), and other dicentric chromosomes. 

Chapter	3:	Discussion	and	Future	Directions	

Discussion	

 My thesis work focused on elucidating how Cdc13 acted at the telomere to 

suppress chromosome instability. The three major findings were: one, Cdc13 suppressed 

chromosome instability at the telomere, two, cdc13ts induced chromosome instability 

could be generated in a single S phase of a single cell cycle, and three, cdc13ts induced 

unstable chromosomes required ssDNA accumulation but not canonical DSB repair 

pathways (HR and NHEJ). These observations lead to the following models. 
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Models	of	chromosome	instability	from	the	telomere	

 The first model is an “outside in” model in which degradation of ssDNA from the 

end (from an uncapped telomere) induces chromosome instability (Figure 6). 

Degradation would result in excess ssDNA, which could potentially fold back on itself to 

form a hairpin-capped 

chromosome. In the 

next cell cycle, this 

hairpin-capped 

chromosome would 

convert into a 

dicentric chromosome 

after DNA replication 

(Deng et al., 2015; 

Maringele and Lydall, 

2004), which could 

then lead to cycles of 

chromosome 

instability via the 

breakage-fusion-bridge cycle (Figure 6; McClintock, 1941). However, this model does 

not explain why cdc13ts synergizes with hydroxyurea (DNA replication stress via 

reduction of dNTPs) or why cdc13ts-induced instability only arises if cells are forced to 

go through S phase with inactive cdc13ts. Instability is not induced if cdc13ts is only 

inactivated during G2/M. 

mitosis

Can killing
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the telomere. Left: “outside in” end degradation model. Right: “Inside out” 
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 Because the “outside in” model does not address why cdc13ts synergizes with S 

phase defects, I propose an “inside out” model where replication defects (DNA 

replication coming from the “inside out”; Figure 6 right; Greider, 2016) arise as the 

replication fork replicates the telomere. Without functional Cdc13, some feature of the 

replication defect could allow for the formation of a closed fork or template-switch that 

would form a dicentric chromosome. The dicentric could then break in the subsequent 

mitosis to induce cycles of chromosome instability. Though we cannot formally discard 

either of these models, we favor the “inside out” replication based model because it more 

directly explains why cdc13ts synergizes with replication stress and why Cdc13 activity 

during S phase is essential for suppressing chromosome instability.  

The	role	of	Cdc13	during	DNA	replication	

There are hints in other organisms that Cdc13 (or its functional homologue) plays 

a role during DNA replication. For example, the mammalian counterpart of Cdc13 has 

been shown to protect against ssDNA at internal loci, presumably by acting during DNA 

replication (Miyake et al., 2009). Additionally, human CST (Cdc13/tRPA) plays a role in 

stabilizing the replication fork during semi-conservative replication in the telomere as 

well as during the maturation of the 5’ overhang (Bhattacharjee et al., 2016; Stewart et 

al., 2012; F. Wang et al., 2012). The role of Cdc13 in S. cerevisiae is less clear. It has 

been noted that the Cdc13-Stn1-Ten1 complex shares structural and domain similarity 

with RPA, the ssDNA binding protein complex that coats the lagging strand during DNA 

replication (Gao et al., 2007). The similarity between the two complexes has led to the 

theory that Cdc13 forms a telomere-specific RPA-like complex (tRPA) that binds to the 

lagging strand of the telomere to assist DNA replication, perhaps to unwind secondary 
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structures formed by G-rich sequences. It has also been shown that Cdc13/tRPA interacts 

with DNA polymerase α, so Cdc13 could play a role as complex as recruiting DNA 

polymerases to troubled replication forks (Lue et al., 2014). Or it could be a combination 

of both managing secondary structures and recruiting DNA polymerases. In either case, 

both the synergism between the cdc13-defect and DNA replication stress, along with the 

increase in chromosome instability when cdc13 is inactivated during S phase, both 

suggest that Cdc13 acts during S phase to suppress chromosome instability. 

The	role	of	ssDNA	in	chromosome	instability	

Based on the observation that deleting the exonuclease Exo1 rescues chromosome 

instability in cdc13-defective cells, I infer that ssDNA is important is a necessary 

component of cdc13-induced chromosome instability. As such, ssDNA is an important 

component of both proposed models of instability in Figure 6, either promoting the 

formation of a hairpin-capped chromosome or allowing a template switch during DNA 

replication. However, the nature of the ssDNA at the ends of the chromosome is still 

unknown, and not all telomeric ssDNA seems to induce chromosome instability. It has 

been shown that massive amounts of ssDNA can be generated from the telomere when 

Cdc13 is inactive only during G2/M (after nocodazole arrest; Vodenicharov and 

Wellinger, 2006), however inactivating Cdc13 during G2/M did not generate unstable 

chromosomes in the Chr VII disome system. ssDNA generated during S phase, however, 

does seem to be important in the generation of unstable chromosomes. One possible 

explanation is that the nature of the ssDNA is different when generated during S or 

G2/M. Perhaps ssDNA generated during S phase exists primarily as nicks and gaps 
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produced during DNA replication, 

while ssDNA generated during 

G2/M is the result of continuous 

degradation from the end (Figure 7).  

The fact that ssDNA 

accumulated in cells with defective 

Cdc13 has been well established 

(Booth et al., 2001; Garvik et al., 

1995; Grandin et al., 1997; Jia et al., 

2004; Vodenicharov and Wellinger, 

2006), and the excessive amount of 

ssDNA at the telomere has been 

proposed to induce chromosome instability (Hackett and Greider, 2003). My results 

suggest that the presence of ssDNA itself at the telomere is not sufficient to generate 

chromosome instability, and instead the timing and nature of ssDNA generation is more 

important. Cells can repair ssDNA generated during G2/M (presumably through a 

capping defect) without creating unstable chromosomes, but that repair seems to be much 

less efficient during S phase, and unstable chromosomes are created as a result. 

How	does	instability	from	the	telomere	progress	to	centromeric	loci?	

Chromosome instability initiated at the telomere end does not stay at the telomere 

end. In the case of Cdc13, unstable chromosomes cdc13-defective cells induce multiple 

types of rearrangements thousands of bases from the telomere, including allelic 

recombination, formation of other dicentrics, and chromosome truncations. This is not 
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inherently surprising, since progression of unstable chromosomes is a common aspect of 

dicentric chromosome resolution. The classic model is the breakage-fusion-bridge (BFB) 

cycle (McClintock, 1941). However, unlike the BFB cycle, the progression of unstable 

chromosomes I observe in cdc13-defect cells is not dependent on DSB repair. Therefore 

the mechanism behind progression is unclear in the Chr VII system. It is possible that the 

dicentric chromosomes I recover also form DSBs, but conversion occurs by replication 

fork error as the fork approaches the break, leading to another faulty-template switch to 

again join the sisters and create a dicentric chromosome. 

Telomere	instability	independent	of	double-strand	break	repair	

 Most models of telomere instability involve erroneous activity of double strand 

break repair pathways, usually NHEJ (Bae and Baumann, 2007; Celli and de Lange, 

2005; Denchi and de Lange, 2007; Dimitrova et al., 2008; Dimitrova and de Lange, 2009; 

Lazzerini Denchi et al., 2006; Mieczkowski et al., 2003; Pardo and Marcand, 2005; van 

Steensel et al., 1998; Wu et al., 2006; reviewed in O’Sullivan and Karlseder, 2010). Since 

one of the major roles of the telomere is to protect the ends of the chromosome from 

being recognizes as a double strand break (DSB), it is reasonable to hypothesize that 

dysfunction in the telomere would cause the chromosome to lose that protection, and 

induce cycles of chromosome instability as the cell tries to “fix” the ends of the 

chromosome.  

 My results suggest that something else is happening. Similarly, there have been 

other reports of telomere error that are not the result of erroneous DSB repair (Jones et 

al., 2014; Lowden et al., 2011; Oh et al., 2013). The observation that cdc13ts-induced 

unstable chromosomes are not formed in an DSB repair-dependent manner suggests that 
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the unstable chromosomes that I recover are formed through a different mechanism. In 

the past the Weinert lab has linked unstable chromosomes to a faulty template-switch 

event during DNA replication (Admire et al., 2006; Paek et al., 2009), which can be 

applied to the “inside out” telomere replication model earlier described. Therefore I 

conclude that the cdc13-induced unstable chromosomes are also likely generated by a 

faulty-template switch or a fold-back hairpin mechanism. Identifying the molecular 

structure of the initial unstable chromosome would help clarify the mechanism. 

Future	Directions	

 In this project I have developed a conditional system in which to study 

chromosome instability originated from a single locus in a single cell cycle at a high 

frequency. Additionally, this instability seems to be a product of a replication defect in 

the telomere. In the cdc13ts single cell cycle experiment, roughly 1 in 100 cells are 

unstable after exposure to HU (can found a sectored colony). With this frequency of 

events, it is now feasible to track formation and progression of dicentric chromosomes 

with fluorescent markers identify aberrant replication fork structures with 2D gels. The 

conditional nature of cdc13ts, along with its telomere specificity, makes it an attractive 

system to elucidate the molecular structure of unstable chromosomes and understand how 

they are formed. 
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Abstract	10 

Errors during DNA replication cause chromosome instability and gross 11 

chromosomal rearrangements (GCRs). Here we report how defects in a specific protein, 12 

acting at a specific site, lead to unstable chromosomes and GCRs in Saccharomyces 13 

cerevisiae. Using conditional mutations of Cdc13, a telomere-specific protein, we find 14 

that cdc13-induced unstable chromosomes arise in one cell cycle, require passage through 15 

S phase, synergize with defects in DNA replication, and then form in G2. Further genetic 16 

analysis suggests that after replication error unstable chromosomes arise by a process 17 

involving single stranded DNA, but not non-homologous end joining nor homologous 18 

recombination (Exo1 dependent, not Lig4 nor Rad52 dependent). The unstable 19 

chromosomes then progress to form centromere-proximal unstable chromosomes, 20 

including a previously studied isochromosome. This system, using a Cdc13 conditional 21 

mutation, promises a more complete analysis of the ontogeny of instability: in this case 22 

from telomere duplex replication error to unstable chromosome formation and resolution.  23 
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Introduction	24 

 Gross chromosomal rearrangements (GCRs) are a fact of all forms of life. The 25 

rearrangements, including duplications, deletions, and translocations, facilitate evolution 26 

of species in the long term (reviewed in Aguilera and Gómez-González, 2008), but often 27 

associate with genetic disorders and disease of the individual (Bignell et al., 2007). One 28 

type of GCR is an unstable chromosome, which includes dicentric chromosomes 29 

(dicentrics) among other less-well defined structures. Unstable chromosomes are 30 

particularly insidious because they can lead to multiple changes, and persist in 31 

rearranging the genome beyond the time of the initial error.  32 

Several forms of unstable chromosomes have been described. Multiple triplet 33 

repeats present in Fragile X (Verkerk et al., 1991) and Huntington's Disease (MacDonald 34 

et al., 1993) cause ongoing instability because of replication slippage (reviewed in Y. Liu 35 

and Wilson, 2012; Pearson and Sinden, 1998). Some forms of unstable chromosomes are 36 

unknown, such as those associated with “jumping translocations” (Padilla-Nash et al., 37 

2001; Smith et al., 2001). Unstable mammalian chromosomes arise following removal of 38 

some cis-acting replication timing control element that renders some regions of the 39 

chromosome unreplicated as cells enter mitosis (Achkar et al., 2005; Ravi et al., 2013; 40 

Smith et al., 2001). A third common form of unstable chromosomes are of course 41 

dicentrics, first reported by B. McClintock and subsequently many others (Gisselsson et 42 

al., 2000; H. Hill and Golic, 2015; McClintock, 1941). Dicentrics associated with 43 

telomeres and internal telomeric repeats have been reported often (Aksenova et al., 2013; 44 

Denchi and de Lange, 2007; Lopez et al., 2015; Mieczkowski et al., 2003; Pardo and 45 

Marcand, 2005). In one example of telomere dysfunction and dicentric formation, defects 46 
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in a telomere binding protein render chromosomes prone to telomere fusion by non-47 

homologous end joining (NHEJ; Pardo and Marcand, 2005). Dicentric chromosomes, be 48 

they associated with telomeres or with internal sequences, are inherently unstable and can 49 

lead to cycles of chromosomes instability through mechanisms such as the breakage-50 

fusion-bridge cycle (Gisselsson et al., 2001; A. Hill and Bloom, 1989; McClintock, 51 

1941). The association between telomeres and unstable chromosomes is not unique to 52 

dicentrics; the chromosomal breakpoints found in cells with “jumping translocations” 53 

tend to be associated with either interstitial telomeric repeats or pericentromeric regions 54 

(Berger and Bernard, 2007). 55 

How these unstable chromosomes arise is often not clear. Understanding unstable 56 

chromosomes involves identifying the sites of initial error and mechanisms of DNA 57 

replication and repair (Lee et al., 2007; reviewed in Aguilera and Gómez-González, 58 

2008). The sites of initial error are often unknown as the products recovered have usually 59 

lost the initial site (e.g “jumping translocations”). Several systems have been developed 60 

to study large-scale changes and unstable chromosomes (Chen and Kolodner, 1999; 61 

Lemoine et al., 2005; Zhang et al., 2013), though the only other system we know of with 62 

single cell cycle resolution is an inducible replication fork stall system in fission yeast 63 

(Lambert et al., 2010). Understanding molecular mechanisms now seems attainable yet 64 

remains complicated due to the low frequency of events, the still unresolved complexities 65 

of DNA replication and error (Huang et al., 2016; Lambert and Carr, 2013; Willis et al., 66 

2016), and the involvement of multiple steps. 67 

 Our goal is to develop a system in budding yeast where replication errors arise at 68 

a high frequency at a specific site (the telomere), and then form unstable chromosomes 69 
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with trackable fates. More recent work, and this study, suggests that replication errors do 70 

occur in the telomere in many organisms (Ivessa et al., 2002; Lowden et al., 2011; Miller 71 

et al., 2006; Sfeir et al., 2009). We have recently reported that telomerase defects form 72 

unstable chromosomes in the Chr VII disome system (Beyer and Weinert, 2016), building 73 

from an earlier study of telomere defects and instability (Hackett and Greider, 2003). We 74 

set out in this study to further define the ontology of telomeric unstable chromosomes in 75 

the Chr VII system. 76 

Here, we report that Cdc13, a telomeric single stranded (ss)DNA binding protein, 77 

prevents the formation of unstable chromosomes in a Chr VII disome system. We found 78 

that Cdc13, in the Cdc13-Stn1-Ten1 (tRPA) complex, prevents instability in telomere 79 

sequences at the chromosome end, but not at an interstitial TG repeat. Using a conditional 80 

cdc13 mutant, we show that the initial telomere error arises during a single cell cycle 81 

because of a defect in S phase. The cdc13 defect acts synergistically with replication 82 

stress (HU), which further suggests that the initial telomere defect is generated during S 83 

phase. The error then generates unstable chromosomes during the subsequent G2 phase in 84 

the same cell cycle. We also investigated the genetic mechanisms underlying Cdc13-85 

dependent instability; unstable chromosome formation requires Exo1, and thus 86 

presumably extensive ssDNA, but does not require non-homologous end joining (NHEJ) 87 

nor homologous recombination (HR). The dispensability of canonical double-strand 88 

break (DSB) repair pathways implicates some type of “template-switch” mechanism. We 89 

then show that initial telomeric unstable chromosomes, structures still unknown, are 90 

converted to any of several chromosome changes including GCRs, some hundreds of 91 

kilobases away. We propose a mechanism involving an “inside out” replication error 92 
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(Greider, 2016): an S phase replication error arises that is normally prevented by Cdc13/t-93 

RPA, the error forms a structure with extensive ssDNA that allows for a faulty template 94 

switch event, a telomere-proximal unstable chromosome then forms and progresses to 95 

form other structures in subsequent cell cycles (including a previously-described 96 

dicentric).  97 

Results	98 

Chromosome	VII	Disome	System	99 

We use a previously-developed Saccharomyces cerevisiae chromosome system to 100 

measure chromosome instability (Figure 1A). The system consists of a haploid cell with 101 

an additional, non-essential, bona fide Chr VII (Admire et al., 2006). With this system we 102 

detect three classes of chromosome “instability”: unstable chromosomes, chromosome 103 

loss, and allelic recombinants. Each event is rare (at most 1 in 102 cells), necessitating 104 

detection by genetic selection. The Chr VII disome contains the CAN1 gene near the left 105 

telomere of one Chr VII homologue (~30 kb from the end), which is linked to 6 106 

additional genetic markers distinguishing the two homologues (Figure 1A). Cells with an 107 

intact CAN1 gene die (are canavanine sensitive, CanS) when grown in the presence of the 108 

drug canavanine (Can). Cells that have undergone instability, and have lost the CAN1 109 

gene (canavanine resistant, CanR cells), survive and form CanR colonies that arise from 110 

unstable chromosomes, allelic recombinants, or chromosome loss.  111 

The three types of instability are readily identified using a combination of colony 112 

morphology and genetic markers. We previously provided evidence that an unstable 113 



  Langston RE and Weinert T 

 

 39 

chromosome generates a distinctive “sectored” colony on media containing canavanine 114 

and lacking adenine (the initial cell was CanR Ade+; Fig 1B; Admire et al., 2006; Paek et 115 

al., 2009). Sectored colonies have three distinctive phenotypes; they grow very slowly on 116 

canavanine selective plates (taking 5 instead of 2 days to form a colony), they are 117 

“sectored”, and cells taken from a single colony contain up to 6 different phenotypes 118 

(three shown in Figure 1B right). We infer that an initial event formed an initial unstable 119 

chromosome. Once on selective media, or right before plating on selective media (see 120 

Discussion), CanR unstable chromosome then rearrange as cells slowly divided on the 121 

selective plate, giving rise to cells of many different phenotypes in a single colony 122 

(Figure 1C). We have found that cells exposed to canavanine do not die immediately, but 123 

sustain 1 or 2 cell divisions (discussed further in study of cdc13ts conditional mutants 124 

below.) 125 

The other two instability events detected by loss of CAN1 are chromosome loss 126 

and allelic recombination (Figure 1B left). Both form round CanR colonies that grow 127 

normally (e.g. form colonies in 2 to 3 days). Chromosome loss colonies are Ade- while 128 

allelic recombinants are Ade+. Most cells (>95%) from any one CanR round colony 129 

typically have only a single phenotype, as expected if the initial CanR cell were stable and 130 

thus formed identical progeny. 131 

Allelic	and	relic	recombinants	132 

 There is an important feature and concept in our analyses of unstable 133 

chromosomes emphasized here. We find it useful to use the terms “allelic recombinant” 134 

and “relic recombinant” to characterize certain features of instability (Beyer and Weinert, 135 
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2016). To effectively explain allelic and relic recombinants, we present the following 136 

model (Figure 1D): when an initial error occurs, that error may convert immediately to an 137 

allelic recombinant (by recombination with the homolog), to an unstable chromosome (by 138 

recombination with the sister), or be lost entirely. When the cells are then plated to 139 

selective media, the cell with an allelic recombinant rapidly forms a round CanR Ade+ 140 

colony (and the cell with chromosome loss would form a round CanR Ade- colony). The 141 

unstable chromosome has a more complicated fate (Fig 1C) as it may progress to 142 

generate progeny in more centromeric regions. Some of those progeny are also allelic 143 

recombinants. The unstable chromosome-derived allelic recombinants we call “relics 144 

recombinants”. We thus use the term “relic recombinant” to indicate unstable 145 

chromosome-derived allelic recombinants, and allelic recombinants to indicate events 146 

generated directly from the initial error without going through an unstable chromosome. 147 

By this logic most allelic recombinants should be enriched in the region of the initial 148 

error; this is in agreement with previous studies on telomere mutants (Beyer and Weinert, 149 

2016; Carson and Hartwell, 1985). Both allelic and relic recombinants provide valuable 150 

information on instability using a simple genetic logic presented in a subsequent section. 151 

Cdc13	suppresses	chromosome	instability		152 

The major question we address here is where and by what mechanisms do the 153 

unstable chromosomes arise? We reported earlier that unstable chromosomes seemed to 154 

initiate at a “fragile site” in the middle of the chromosome arm of Chr VII (Admire et al., 155 

2006). We now find that events frequently initiate in the telomere, based on study of 156 

telomerase mutants (Beyer and Weinert, 2016) and of cdc13 (this study). 157 
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To study Cdc13, we introduced a temperature sensitive (ts) cdc13F684S allele, 158 

hereafter called cdc13ts, into our Chr VII disome (Paschini et al., 2012). We measured the 159 

three types of chromosome instability (Methods). In brief, we grew cells at a semi-160 

restrictive temperature to form a colony on rich media (30 °C; cells experience a brief 161 

RAD9-dependent G2/M delay before proceeding in each cell division). Events occur at 30 162 

°C. We then plated cells on selective media at a permissive temperature (25 °C, cdc13ts is 163 

functional) to select for chromosome changes (no further events initiate at 25 °C). We 164 

found that cdc13ts cells grown at the semi-restrictive temperature (30 °C) generate a 165 

higher frequency of all three types of chromosome instability than either the CDC13+ 166 

strain grown at 30 °C, or cdc13ts grown at the permissive temperature (25 °C; Figure 2; 167 

Table 1). Most notably, unstable chromosomes arise 31 times more frequently when 168 

cdc13ts is defective. Allelic recombination (3.6x) and chromosome loss (6.0x) were more 169 

modestly increased in cdc13ts mutants (Table 1). We saw a similar increase in unstable 170 

chromosome formation in cdc13Y556A,Y558A, an additional allele with a mutated DNA 171 

binding domain (Figure 2; Paschini et al., 2012).  172 

We note that there is a high level of variance in instability, a common phenotype 173 

seen in multiple strains. The basis for the high variance remains unclear, though it may 174 

involve telomere variability. 175 

We next asked if Cdc13 prevents unstable chromosome formation alone, or as 176 

part of the t-RPA heterotrimeric complex (with Stn1 and Ten1; Gao et al., 2007). We 177 

used a mutation of Stn1, stn1T223A,S250A, that partially disrupts Stn1’s ability to bind to 178 

Cdc13 and Ten1 (C.-C. Liu et al., 2014). We found that the stn1T223A,S250A single 179 

hypomorphic mutant showed no increase in instability. However, the double mutant 180 
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cdc13ts stn1T223A,S250A generated more unstable chromosomes then the cdc13ts single 181 

mutant (3.2-fold increase from cdc13ts, Figure 2). The frequencies of allelic 182 

recombination and chromosome loss were unchanged between the single and double 183 

mutants (Table 1). The simplest hypothesis, from the synergistic increase in unstable 184 

chromosomes in the double mutant, is that the Cdc13-Stn1-Ten1/t-RPA complex 185 

prevents the formation of unstable chromosomes.  186 

Unstable	chromosomes	form	in	a	single	cell	cycle.	187 

We next sought to determine the timeframe of unstable chromosome formation. 188 

Could the cdc13ts-induced error produce chromosome instability in a single cell cycle? 189 

Based on the following experiment, we conclude the cdc13ts defect does induce 190 

instability in one cell cycle. 191 

To test if the error that forms unstable chromosomes arises in a single cell cycle, 192 

we made use of the cdc13ts conditional mutation and synchronized cells (Figure 3A). We 193 

choose to pretreat cells with hydroxyurea (HU) to synchronize them in G1-S. HU-arrest 194 

alone induces a mild increase in unstable chromosomes (3x). We then washed out the 195 

HU, and released cells at 25 °C or 37 °C, the permissive and restrictive temperatures for 196 

cdc13ts. Flow cytometry confirmed that HU treatment arrested cells in G1-S, and that 197 

cells recovered and then arrested in G2/M at 37 °C (Figure 3B). We then plated cells for 198 

instability at 25 °C, the permissive temperature for cdc13ts.  199 

We made several surprising observations. First we found that CanR Ade+ sectored 200 

colonies, each founded by a single cell with an unstable chromosome, indeed form after 201 

cdc13ts was inactivated for a single cell cycle. The initial unstable chromosome must 202 
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trigger the loss of CAN1 gene expression within the first few cell divisions on canavanine 203 

(79% of the cells have gone through at least one cell division; 0% went through more 204 

than 3 cell divisions in 24 hours; n=100; Figure 3-figure supplement 1). Second, unstable 205 

chromosomes began to form after only 2 hours of cdc13ts inactivation and release from 206 

HU, as the majority of cells reach G2 (Figure 3B), and continued to form for up to 4 207 

hours as cells remained in G2 (the longest time tested as cell death begins to increase at 208 

longer times of arrest; Figure 3C, dashed lines). The unstable chromosomes formed then 209 

go on to generate relics at both telomeric and centromeric sites in subsequent cell cycles 210 

(Figure 3-figure supplement 2). We conclude that chromosome instability was triggered 211 

during S phase (creating the initial error) while the erroneous chromosome events causing 212 

the loss of CAN1 can occur either in the G2/M of that cell cycle or the next 1-3 cell 213 

divisions before canavanine kills CanS cells. 214 

We also found synergy between cdc13ts inactivation and HU exposure. Without 215 

HU exposure, unstable chromosomes in cdc13ts increased 21-fold in one cell cycle (t4h vs. 216 

t0h), whereas with HU arrest and then release, unstable chromosomes increased 100-fold 217 

(Figure 3C). This dramatic synergism between replication arrest caused by HU and the 218 

cdc13ts defect suggests that Cdc13 needs to be active during S phase to prevent unstable 219 

chromosomes, an hypothesis further tested in subsequent sections.  220 

Finally, it appeared that only unstable chromosomes form during this time course; 221 

there was no increase in allelic recombinants nor loss (these other two events remained 222 

constant throughout the time course; Figure 3-figure supplement 3). Why the initial error 223 

generates unstable chromosomes but not allelic recombinants was surprising, and may 224 
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have to do with the extent of degradation (less at 30 °C than 37 °C; see Discussion for 225 

speculation).  226 

We conclude that Cdc13 suppresses unstable chromosomes within a single cell 227 

cycle. When the CAN1 gene is lost is unclear; it is either lost in that first cell division or 228 

in a few cell divisions after cdc13ts reactivation. We will present models to explain the 229 

interplay between Cdc13, HU, and CAN1 selection within a single cell cycle in the 230 

Discussion. 231 

Unstable	chromosomes	in	cdc13ts	form	due	to	an	S	phase	defect	232 

Given that unstable chromosomes form in a single cell cycle, we can ask when do 233 

unstable chromosomes form? The two models we wish to distinguish can be phrased as 234 

follows: either error occurs during DNA replication of the telomere (“inside out” 235 

mechanism), or error occurs by “outside in” mechanism of DNA end degradation of a 236 

fully replicated but uncapped telomere (Greider, 2016). The rich literature of Cdc13 does 237 

not allow us to favor one model over another. We do know that Cdc13 interaction with 238 

the telomere is not essential in G1, eliminating a role in G1 (Vodenicharov and 239 

Wellinger, 2006). The model of “inside out” error leading to instability is favored by the 240 

observations that Cdc13 inactivation during S phase leads to the G2/M arrest (Hartwell, 241 

1976) and that cdc13ts and HU synergize in causing unstable chromosomes. Data 242 

favoring an “outside in” error leading to instability comes from the observations that 243 

Cdc13 binds to the telomere throughout the cell cycle and in G2/M, where it is frequently 244 

proposed to cap the telomere (Pennock et al., 2001), and that inactivation of Cdc13 in a 245 
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G2/M arrested cell can also cause end degradation (Taggart et al., 2002; Vodenicharov 246 

and Wellinger, 2006).  247 

To test the “inside out” versus “outside in” models of the origin of instability, we 248 

made use of the conditional cdc13ts mutant and the observation that we can detect events 249 

that arise in a single cell cycle. We designed two experiments; the first leaves cdc13ts 250 

inactive in S phase until it arrests in G2/M, then reactivates Cdc13 in G2/M (Figure 4A 251 

left). By this “inactive in S phase” protocol, which is essentially the experiment reported 252 

in Figure 3, we find that instability is extremely high compared to controls (84-fold 253 

increase; Figure 4C; see Methods).  254 

The second experiment leaves cdc13ts active during S phase then inactivates it in 255 

G2/M. We first allowed cells to progress through S phase at the permissive temperature 256 

of 25 °C, and arrested them in G2/M at the permissive temperature with the spindle 257 

poison nocodazole. We then inactivated cdc13ts by shifting cells to the restrictive 258 

temperature (Figure 4A right, see Methods) for 4 hours at 37 °C while maintaining them 259 

in G2/M with nocodazole (or arresting them in the same cell cycle post anaphase with a 260 

cdc15-2 mutation; Figure 4-figure supplement 1). After 4 hours at 37 °C, we then shifted 261 

the cells to 25 °C to allow them to recover from arrest, and plated for instability at the 262 

same time. Again, by this protocol we leave cdc13ts active during S phase, and only 263 

inactivate it in G2/M after nocodazole arrest, then reactive Cdc13 by shift to the 264 

permissive temperature (cell cycle confirmed by FACS; Figure 4B). Remarkably, when 265 

cdc13ts is only inactive in G2/M very few unstable chromosomes formed (4.8x increase, 266 

versus 84-fold increase in the inactive in S phase experiment; Figure 4C). In agreement 267 

with the previous experiment, the frequencies of allelic recombination and chromosome 268 
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loss are unaffected by either treatment (Figure 4-figure supplement 2). We conclude that 269 

Cdc13 likely must act during S phase to prevent instability. We therefore favor an “inside 270 

out” defect causing instability, and not an “outside in” mechanism.  271 

Cdc13	suppresses	instability	at	the	telomere,	not	at	internal	TG	repeats	272 

We next determined whether unstable chromosomes in Cdc13-defective cells 273 

arise as a result of an error in telomere biology, as expected, or are due to an error 274 

internal to the telomere. Our initial evidence that a cdc13 defect leads to allelic 275 

recombinants enriched in the telomere-proximal interval (between CAN1 and LYS5; Fig 276 

5B top) argues for a telomere-enhanced defect since allelic recombinants are enriched at 277 

the site of initial error. Yet some allelic are not telomere-proximal. Additionally, while 278 

Cdc13 is described as a telomere-specific binding protein, it could theoretically bind to 279 

any single stranded TG-rich region or to other sequences with lower affinity (Lin and 280 

Zakian, 1996).  281 

To further test if Cdc13 acts internally, we inserted a 126 bp TG1-3 repeat into two 282 

locations on the Chr VII CAN1 homologue, 281 kb and 484 kb from the left end. At both 283 

locations the TG repeat was positioned on the telomere side of the nearest efficient origin 284 

of replication (ARS714 and ARS719 respectively). Additionally, the TG-rich strand was 285 

oriented so it would act as the lagging strand template, mimicking the natural telomere 286 

(Figure 5A, Figure 5-figure supplement 2A). URA3 alone was inserted into the 281 kb 287 

site as one of many controls (Figure 5A; see Figure 5-figure supplements 1-4). 288 

 First, we found that the frequency of all three types of chromosome instability are 289 

unchanged by the insertion of the TG repeat internally (Figure 5-figure supplement 1B, 290 
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Figure 5-figure supplement 2B). Second, we detected no shift in allelic recombinants 291 

profile (Fig 5B top, Figure 5-figure supplement 2); if Cdc13/t-RPA protected the internal 292 

TG from instability, we would have expected a “spike” in TG-associated allelic 293 

recombinants in that interval. That the presence or absence of the internal TG repeat does 294 

not change the profile of allelic recombinants suggests that Cdc13/t-RPA normally acts at 295 

a telomere end to prevent replication error. 296 

 Third, detected a pronounced and dramatic shift in the distribution of relic 297 

recombinants to the TG-associated region (Figure 5B bottom, Figure 5-figure supplement 298 

2). This shift was dependent on the orientation of the repeat in regards to the origin and 299 

the direction of replication; the TG sequence had to be on the presumptive lagging strand 300 

on the telomere side of the origin (Figure 5-figure supplement 3, Figure 5-figure 301 

supplement 4). 302 

 How can we explain the internal spike of relic recombinants associated with the 303 

281TG site? Again because we detected few allelics associated internal TG site; we doubt 304 

Cdc13 prevents error at the internal site. However, we carried out additional tests for 305 

internal error by examining the unstable chromosomes formed. We used the URA3 gene 306 

inserted directly before the TG repeat (Figure 5A) and the following logic: if an unstable 307 

chromosomes starts in the telomere, most sectored colonies should contain at least one 308 

Ura+ relic, whereas if instability starts internally at the 281TG site, then those sectored 309 

colonies should contain no Ura+ relics (Figure 5-figure supplement 5). We found that 47 310 

out of 48 of the cdc13ts-induced sectored colonies contained at least one Ura+ cell (Figure 311 

5C). We detected this same fraction of Ura+ cells (47/48) whether the TG sequence was 312 

present or not; we therefore detect no initiation at the internal TG sequence in cdc13ts 313 
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mutants. Yet an additional test also demonstrates that the internal spike of TG-associated 314 

relics still occurs even after selecting against internal initiation (Figure 5-figure 315 

supplement 6). In an analogous test for telomere-proximal retention, we also found that 316 

19 out of 21 cdc13ts sectored colonies retained the LYS5 gene, again indicating that the 317 

colony-founding unstable chromosome normally originates telomere-proximal of LYS5 318 

(220 kb from the telomere; Figure 5-figure supplement 7). We therefore conclude that 319 

few to no unstable chromosomes arise at the internal TG sequence, suggesting in turn that 320 

Cdc13 does not directly act at internal TG sequences to prevent chromosome error. 321 

cdc13ts-induced	unstable	chromosomes	do	not	require	double	strand	break	322 

(DSB)	repair	pathways	HR	and	NHEJ		323 

We next use genetics to investigate the mechanisms underlying cdc13ts-induced 324 

instability. We have previously published that the formation of unstable chromosomes 325 

does not require homologous recombination (HR) nor non-homologous end joining 326 

(NHEJ; Paek et al., 2009). However, at the telomere HR is responsible for telomerase-327 

independent telomere elongation (reviewed in Claussin and Chang, 2015), while other 328 

telomere-initiated instability events require NHEJ (Mieczkowski et al., 2003; Pardo and 329 

Marcand, 2005). Here we asked if the formation of Cdc13-defective unstable 330 

chromosomes require either HR or NHEJ. We generated cdc13ts strains defective in HR 331 

(rad52Δ mutants) or in NHEJ (lig4Δ mutants), and measured instability. Defects in either 332 

repair pathway did not suppress the high frequency of cdc13ts-induced unstable 333 

chromosomes (Table 2). We conclude that cdc13-induced unstable chromosomes do not 334 

require HR nor NHEJ to form. 335 
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Exo1	 and	 Sae2	 contribute	 to	 formation	 of	 cdc13ts-induced	 unstable	336 

chromosomes	337 

We again use genetics to further dissect mechanism. Exo1 is a 5’-3’- exonuclease 338 

known to degrade double-stranded (ds)DNA to ssDNA, acting at the telomere as well as 339 

at stalled forks (Cotta-Ramusino et al., 2005; Dewar and Lydall, 2010). Mutants of Exo1 340 

suppress lethality of cdc13 mutants, presumably by limiting the amount of ssDNA, be it 341 

from an error in telomere capping (degradation from the end; “outside in”) or an “inside 342 

out” replication error normally prevented by Cdc13 (Addinall et al., 2008; Maringele and 343 

Lydall, 2002). We tested if exo1Δ suppressed instability of cdc13ts, and found that indeed 344 

a cdc13ts exo1Δ double mutant have lower levels of unstable chromosomes and of 345 

chromosome loss than cdc13ts EXO1+ cells. Surprisingly cdc13ts exo1Δ double have a 346 

higher frequency of allelic recombinants than cdc13ts alone; the possible conversion of 347 

unstable chromosomes to allelic recombinants in an exo1Δ mutant is addressed in the 348 

Discussion (Table 2).  349 

We also found that mutating the endonuclease Sae2 suppressed instability in 350 

cdc13ts (3.2x decrease relative to cdc13ts). In this case the frequency of allelic 351 

recombinants was not significantly changed (Table 2). Sae2 is an endonuclease that 352 

associates with both the telomere and the MRX complex (Bonetti et al., 2009; Lengsfeld 353 

et al., 2007). From study of both exo1∆ and sae2∆, we infer that preventing ssDNA 354 

accumulation prevents unstable chromosome formation. The feature of ssDNA gaps is 355 

incorporated into our overall model of instability (Discussion).  356 
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Mutation	in	DNA	helicase	Pif1	suppress	unstable	chromosome	formation		357 

Cdc13’s canonical roles are to cap the telomeres to prevent degradation, assist in 358 

DNA replication, and recruit telomerase to the telomere end (through a direct interaction 359 

between Cdc13 and Est1; Tucey and Lundblad, 2013). It is known that Pif1 and Hrq1 are 360 

DNA helicases that suppress telomerase (Pif1 more so than Hrq1), presumably by 361 

removing the template RNA (Bochman et al., 2014; Schulz and Zakian, 1994). We found 362 

that the cdc13ts pif1-m2 double mutant had a lower frequency of unstable chromosomes 363 

compared to cdc13ts (Table 2). The interaction of cdc13ts with hrq1Δ is more complex; 364 

the double mutant has a higher level of unstable chromosomes than cdc13ts, but the 365 

cdc13ts pif1-m2 hrq1Δ mutant has a similar level of unstable chromosomes as cdc13ts 366 

pif1-m2 (4.2x reduction compared to cdc13ts; Table 2). We imagine that Pif1 inhibition of 367 

telomerase may prevent telomerase from rescuing cdc13-defective chromosome ends. 368 

Role	of	other	DNA	maintenance	pathways	in	cdc13ts-dependent	instability	369 

We used genetics to further interrogate mechanisms that may be involved in 370 

cdc13-dependent formation of unstable chromosomes. We tested mutations in Rrm3 371 

(DNA replication), Rad18 (post-replication repair), and Rad9, Rad17, Xrs2, and Tel1 372 

(DNA damage checkpoint) in combination with cdc13ts. Surprisingly, we see only 373 

additive increases in unstable chromosomes in the cdc13ts double mutants compared to 374 

the corresponding single mutants (Table 2). The case of cdc13ts rad9∆ was particularly 375 

surprising because there is significantly more ssDNA generated in cdc13 rad9∆ mutants 376 

than in cdc13 (Booth et al., 2001; Lazzaro et al., 2008), yet we did not see a synergistic 377 

increase in chromosome instability in our cdc13ts rad9∆ strain; perhaps the ssDNA gaps 378 
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in cdc13ts is sufficient to induce chromosome instability and that the additional ssDNA in 379 

cdc13ts rad9∆ does not enhance unstable chromosome formation. Lack of synergy with 380 

cdc13ts indicates that these pathways likely play little role in the generation of cdc13ts-381 

dependent unstable chromosomes. 382 

Telomeric	unstable	chromosomes	progress	and	form	GCRs	 in	centromere-383 

proximal	regions.	384 

If all chromosome instability in cdc13ts originates from the telomere, why do we 385 

recover relic recombinants in centromere-proximal loci? In particular, we recover some 386 

cdc13ts relic recombinants from an internal region previously described “fragile site” 387 

(region 3, Figure 5B dashed line), where a known dicentric chromosome is formed by a 388 

faulty template switch between inverted repeats (Paek et al., 2009). We can test for 389 

progression from the telomere to this specific internal dicentric using the “URA3 proxy 390 

system” (Paek et al., 2009). The URA3 proxy system was constructed to mimic the 391 

instability of endogenous LTR (long terminal repeat) fragments at the “fragile site”; the 392 

LTR fragments and URA3 fragments each undergo recombination twice; first to form a 393 

dicentric, and then to form an isochromosome (Figure 6A; Admire et al., 2006; Paek et 394 

al., 2009). Experimentally, the presence of Ura+ cells indicates that a centromere-395 

proximal URA dicentric was formed and then resolved to the URA3 isochromosome. 396 

We used the URA3 proxy system to measure the progression of telomere-397 

proximal cdc13ts-induced unstable chromosomes. First, we confirmed that insertion of the 398 

URA3 proxy constructs did not alter the frequency of instability (Figure 6B). Second, we 399 

found that Ura+ cells appeared at a high frequency in cdc13ts unstable colonies, far higher 400 
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than in stable allelic colonies used as a control (Ura+ cells can arise as a secondary event 401 

in stable colonies, so they do appear at a very low frequency in stable CanR Ade+ 402 

colonies; Figure 6C). Third, and most importantly, every tested sectored colony from 403 

cdc13ts contained both Lys+ relics and Ura+ relic cells (10/10; Figure 6D). We therefore 404 

conclude the following: an initial telomere-proximal unstable chromosome formed; it 405 

divided to form at least two unstable chromosomes; and one unstable chromosome 406 

resolved to form a Lys+ relic and the other a Ura+ relic isochromosome. 407 

Propagation	of	unstable	chromosomes	to	the	internal	TG	site.	408 

During our analysis of the 281TG site, we made an unexpected observation on 409 

progression of unstable chromosomes. We found that many telomere-associated unstable 410 

chromosomes resolved to the 281TG site (Figure 5B). So while initial error does not occur 411 

at the 281TG site, telomere-proximally formed unstable chromosomes frequently resolve 412 

there (the 94 kb long region between LYS5 and CYH2; Figure 7A). To understand why 413 

this site is a preferred site of resolution, we analyzed the genetic and molecular nature of 414 

these internal TG-associated relics. We found that most of the TG-associated relics tested 415 

had both lost URA3 (94%; Figure 7B) and had undergone a truncation event that 416 

corresponded to the 281 kb site (8/9; Figure 7C). About half of the TG-associated, Ura- 417 

allelic recombinants contained truncations (Figure 7-figure supplement 1). The 418 

abundance of truncations at the internal TG repeat suggests that an unstable chromosome 419 

may often break and resolve to a new telomere at this site. 420 

We made yet one more curious observation. To test why truncations arise at the 421 

internal site, even though events do not initiate there, we generated HR-defective cells 422 
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(cdc13ts rad52Δ 281TG cells). We initially asked if an HR-dependent direct repeat 423 

recombination event might occur between TG sequences at the 281TG and the natural 424 

telomere when the natural telomere is unstable. We found that, first, insertion of 281TG 425 

does not affect the frequency of cdc13ts rad52Δ instability (Figure 7-figure supplement 426 

2A). Second, in an HR-deficient strain, cdc13ts-induced unstable chromosomes still 427 

resolved to the 281TG site. However, now all relics resolved to the 218TG site (100% of 428 

relics are TG-associated, compared to 52% in cdc13ts RAD52+ 281TG cells; Figure 7-429 

figure supplement 2B). Interestingly, we found that only 8 out of 48 cdc13ts rad52Δ 430 

281TG unstable colonies retained at least one Ura+ cell; 40/48 had no Ura+ cells (Figure 7-431 

figure supplement 2C). This result is puzzling for a number of reasons, yet this 432 

hypothesis seems reasonable: unstable chromosomes still originate from the telomere, but 433 

because the dicentric chromosome cannot stabilize via recombination with the 434 

homologue (cells are HR deficient) any double strand break would resolve to the internal 435 

telomere. We conclude the following: first, the 281TG site has become a hotspot for 436 

resolution of unstable chromosomes formed telomere-proximal, and second that 437 

preference is enhanced in HR-defective cells. We speculate on why the internal TG site is 438 

so preferred in rad52Δ mutants (see Figure 7-figure supplement 2D).  439 

Overall, we conclude that unstable chromosomes that originated in the telomere 440 

often progress to centromere-proximal loci to form a plethora of chromosome structures. 441 

These include other dicentric chromosomes, relic recombinants, as well as TG-associated 442 

truncated chromosomes (when a TG1-3 seed sequence is available). 443 
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Discussion	444 

 In this study we report that Cdc13 suppresses chromosome instability arising from 445 

the telomere. The most profound effect of the cdc13ts temperature-sensitive mutation is 446 

on unstable chromosomes. We first showed that the frequency of unstable chromosomes 447 

increases in a cdc13ts mutant, synergizes both with a stn1 mutation (implicating the role 448 

of Cdc13 in the t-RPA complex), and with the disruption of dNTP pools by hydroxyurea 449 

(suggesting a defect in DNA replication). Most importantly in terms of enabling 450 

inference on mechanism, Cdc13/t-RPA prevents formation of unstable chromosomes in 451 

one cell cycle, apparently acting in S phase and not in G2/M per se. We then show, from 452 

profiles of allelic recombinants and experiments utilizing an internal TG sequence, that 453 

Cdc13/t-RPA acts on TG sequences specifically in the telomere, and does not normally 454 

act at internal sequences. We also use genetics to interrogate mechanism; nucleases Exo1 455 

and Sae2 play some role in initiating instability, presumably through ssDNA generation, 456 

as does DNA helicase Pif1 (perhaps by removing telomerase from the DNA; Table 2). In 457 

contrast, canonical DSB repair pathways (HR and NHEJ) are not required for the 458 

formation of unstable chromosomes. Finally, we show that telomere-associated unstable 459 

chromosomes progress towards the centromere to form relics, including other Lys+ allelic 460 

recombinants, other dicentric unstable chromosomes, or TG-truncated recombinants 461 

(when the internal TG is present). We next discuss models of instability.  462 

Models	of	Unstable	Chromosome	Formation	463 

 These studies lead to the following models described in Figure 8. We incorporate 464 

the following data: the initial site of error is the telomere, the contributions of Cdc13, 465 
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replication stress, and Exo1, the location of CAN1, and the observation that unstable 466 

chromosome formation is triggered within a single cell cycle. We propose two possible 467 

models. The first is an “outside in” mechanism (degradation occurs from the outside in; 468 

Greider, 2016) in which a capping defect leads to the exposure of excess ssDNA. The 469 

ssDNA tail could potentially form an unstable chromosome by folding-back on itself, 470 

resulting in a hairpin-capped chromosome (Figure 8 left). In a subsequent cell cycle, this 471 

chromosome could convert into a dicentric chromosome (Deng et al., 2015; Maringele 472 

and Lydall, 2004). The alternative model, which we favor, is an “inside out” mechanism 473 

in which a replication error arises as the fork approaches the telomere. In the absence of 474 

Cdc13, some feature of the replication error may allow for the generation of a closed 475 

fork, or template-switch as noted above. The dicentric then breaks in mitosis, generating 476 

product chromosomes that progress (Figure 8 right). The reason we favor the “inside out” 477 

replication defect model is addressed in the next section. 478 

Cdc13	and	replication	stress	479 

 How might a Cdc13-defect cause instability? As stated above, we depict a 480 

capping-defect model (“outside in”; Figure 8 right) and a DNA replication-defect model 481 

(“inside out”; Figure 8 left) to explain the formation of cdc13ts-induced unstable 482 

chromosomes. While we cannot definitively state that one model is correct, we favor the 483 

“inside out” model because the cdc13ts defect synergizes with replication stress (dNTP 484 

depletion via HU), and unstable chromosomes arise more frequently from a defect in S 485 

phase than a defect in only G2/M.  486 
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How might Cdc13 stabilize DNA replication? There are hints that the mammalian 487 

counterpart to Cdc13/t-RPA (CST) protects against ssDNA at internal sites, presumably 488 

by acting in DNA replication (Miyake et al., 2009). Human CST also plays a role in 489 

stabilizing the replication fork during semi-conservative replication of the telomere and 490 

during maturation of the G-overhang (Bhattacharjee et al., 2016; Stewart et al., 2012; 491 

Wang et al., 2012). What Cdc13/t-RPA in yeast might be doing during replication is 492 

unknown. That role could be as simple as unwinding ssDNA TG sequences, as complex 493 

as recruiting DNA polymerases to troubled forks (Lue et al., 2014), or a combination of 494 

both. Again, the observation that the cdc13-defect synergizes with the depletion of 495 

dNTPs (via HU exposure) to form unstable chromosomes suggests that Cdc13 plays a 496 

role stabilizing the replication fork as it passes through the telomere. 497 

Telomere	instability	without	double	strand	breaks	498 

 Most well known types of telomeric chromosome instability tend to be the result 499 

of erroneous DSB repair and NHEJ-dependent telomere-telomere fusions, though NHEJ 500 

independent telomere rearrangements have been reported (Jones et al., 2014; Lowden et 501 

al., 2011; Oh et al., 2013). That the unstable chromosomes studied in our assay are not 502 

formed by canonical DSB repair mechanisms (NHEJ or HR) suggests another 503 

mechanism, which may be either a faulty template switch or a fold-back hairpin 504 

mechanism. In the past we have linked unstable chromosomes to a faulty template-switch 505 

event during DNA replication, but did not know where events could initiate (Admire et 506 

al., 2006; Paek et al., 2009). So here we conclude that cdc13-defective chromosomes are 507 

also likely generated by a faulty template-switch or a fold-back hairpin mechanism, that 508 
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may occur between some unknown sequences in or near the telomere. Identifying the first 509 

such unstable chromosomes would help clarify mechanism.  510 

Exo1	and	ssDNA	511 

 The observation that mutating Exo1, and to a lesser extent Sae2, rescues unstable 512 

chromosome formation in cdc13-defective cells suggests that the generation of ssDNA is 513 

a crucial step in generating unstable chromosomes. ssDNA is a component of all of our 514 

models, either as a product of end degradation allowing the hairpin to form, or during 515 

DNA replication allowing for a template-switch (Figure 8). However, how ssDNA leads 516 

to unstable chromosomes is a question requiring further study. It has been reported in 517 

previous work that the amount of ssDNA generated is comparable whether cdc13 is 518 

inactivated in S or G2/M (Vodenicharov and Wellinger, 2006). Yet we find that unstable 519 

chromosomes are primarily generated when cdc13ts is inactive during S phase. The nature 520 

of the ssDNA may be very different in the two conditions; cdc13ts inactivity in S may 521 

generate internal gaps while cdc13ts inactivity in only G2/M may generate only 522 

chromosome end gaps. More extensive studies may elucidate that nature of the telomeric 523 

ssDNA in the two protocols. 524 

Telomeric	unstable	chromosomes	“progress”	to	centromeric	 loci	and	form	525 

GCRs	526 

We have shown that telomeric unstable chromosomes trigger the formation of 527 

other shorter chromosomes thousands of bases from telomere (Lys+ relics, TG-ended 528 

truncation, and the Ura+ dicentric; Figure 6). This conversion from longer to shorter 529 
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unstable chromosomes was gratifying to find since conversion is an aspect of most 530 

models of dicentric chromosome behavior. The classic mechanism of converting one 531 

dicentric to another is the breakage-fusion-bridge (BFB) model (McClintock, 1941), in 532 

which an initial dicentric chromosome breaks, the new shorter broken chromosome 533 

replicates in the next division, and sisters fuse. How conversion occurs in our system is 534 

unclear. It is possible that the initial unstable chromosomes is a dicentric, which then 535 

breaks, leaving the broken chromosomes to act like a telomere-defective chromosome. 536 

Defective replication at the break could induce a faulty template-switch, forming shorter 537 

centromere-proximal dicentric chromosomes. In addition, the original dicentric may 538 

break preferentially near the centromere (Lopez et al., 2015), facilitating recovery of the 539 

specific dicentric we have recovered (Admire et al., 2006; Paek et al., 2009).  540 

Exo1	and	allelic	recombinants	541 

 We find it striking that an exo1Δ mutation appears to convert unstable 542 

chromosomes and chromosome loss to allelic recombinants in cdc13-defective cells. 543 

There are two parameters to consider here. First, the sister may often be the preferred 544 

partner as it should be physically closer than the distant homolog. Thus unstable 545 

chromosome formation as a fusion event between sisters may often be more frequent than 546 

a recombination event between homologues. Second, the homologue may be preferred if 547 

the error is such that a search for homology need ensue (and the error is such that both 548 

sisters are somehow defective or unavailable). We suggest that the initial error often leads 549 

to considerable gaps in sisters, allowing faulty template switching and wrong-way 550 

annealing (see Figure 8-figure supplement 1). If, however, the initial error is such that the 551 
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gaps are limited (due to an exo1Δ mutation), then gaps in sisters may not expand, leaving 552 

the error to have to search for homology in the intact homology. In this regard, we note 553 

that we detect only an increase in unstable chromosomes and not allelic recombinants in 554 

the single cell cycle experiment (Figure 3-figure supplement 1). Why do we not detect 555 

allelic recombinants? Perhaps it is because degradation is more extensive at 37 °C 556 

(temperature of single cell cycle experiment) than at 30 °C (temperature of our standard 557 

experiments).  558 

Conclusion	559 

In conclusion we have developed a conditional system to study chromosome 560 

instability that originates from a single locus in a single cell cycle by what appears to be a 561 

replication defect in the telomere. The conditional nature of cdc13ts, along which its 562 

telomere-specific activity, makes this an attractive system to elucidate the molecular 563 

structures of unstable chromosomes and understand how they are formed. 564 

Materials	and	Methods	565 

Yeast	Strains	566 

 All yeast strains used in this study were derived from the A364a TY200 disome 567 

strain previously described (Admire et al., 2006; Paek et al., 2009; Weinert and Hartwell, 568 

1990). The TY200 wild type Chr VII disome strain is MATα +/hxk2::CAN1 lys5/+ 569 

cyhr/CYHS trp5/+ leu1/+ cenVII ade6/+ +/ade3, ura3-52. The endogenous CAN1 gene 570 

on Chr V was mutated and inserted on one copy of Chr VII in place of HXK2. Additional 571 
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strains were generated by LiAC/ssDNA/PEG transformation of TY200 with DNA 572 

fragments or plasmids. Strains were verified by genetic analysis and/or PCR. There were 573 

at least two separate strains made and analyzed for each mutant reported. 574 

 The various cdc13 mutant strains was made by either Margherita Paschini or in 575 

house with a plasmid carrying the corresponding cdc13 mutation via a “pop-in, pop-out” 576 

mechanism (pVL5439 (cdc13F684S); pVL7013 (cdc13Y556A,Y558A); Paschini et al., 2012). 577 

Double mutants with cdc13ts were constructed by transforming PCR amplifications of 578 

KanMX4-marked genes replacements from the Gene Deletion Library into cdc13ts strains 579 

using primers that flanked the coding region. It should be noted that one isolate of cdc13ts 580 

has an altered Chr VIII and V. We do not believe that these alterations affect the 581 

frequency of chromosome instability since neither copy of Chr VII was affected and both 582 

variants of cdc13ts, with and without the altered karyotype, have the same frequency of 583 

all three types of chromosome instability. Double mutants integrated into the cdc13ts 584 

isolate with the altered karyotype are marked in Supplementary file 1. 585 

 The URA3 proxy strains were generated as previously described (Figure S5 from 586 

Paek et al., 2009). Briefly, the URA3 gene fragments were linked to genes encoding drug 587 

resistance in two cassettes: RA:NAT1:RU and A3:KanMX4. These were inserted into 588 

plasmids containing ~500 bp of sequence homology to flanking sites of the 403 kb 589 

(RA:NAT1:RU) or 535 kb (A3:KanMX4) regions of Chr VII. Plasmids were digested 590 

with the appropriate restriction enzymes to free the targeting fragment and cdc13ts cells 591 

were transformed and selected for drug resistance. Correct insertions were verified by 592 

PCR and genetic analysis.  In genetic analyses we verified that insertions were linked to 593 

CAN1 (the changes were in the bottom homolog in Figure 1).  594 
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 The 281TG:URA3 strains were generated by PCR amplification of a 126 bp TG 595 

track from telomere IL from a pRS406:TG126 plasmid. The pRS406:TG126 plasmid was 596 

created by subcloning the TG fragment from a pCR 2.1 vector (gift from V. Lundblad) 597 

into pRS406 with restriction enzymes. The TG126 fragment from pRS406-TG126 was 598 

transformed into TY200 and cdc13ts with primers containing 45 bp of homology to the 599 

DNA of the target sequence. URA3 was amplified via PCR from the pRS406 plasmid. 600 

Cells were then transformed and selected for Ura+. Isolates were verified by PCR with 601 

primers outside of the targeted region. Further genetic analysis was performed to verify 602 

that insertions were integrated into the CAN1 homologue of Chr VII. 603 

 The 122KanMX4 marker was integrated into cdc13ts by transforming cdc13ts with 604 

DNA fragments containing the KanMX gene flanked by 45 bp of homology to the Chr 605 

VII 122 kb locus. DNA fragments were synthesized by PCR amplification of the 606 

KanMX4 gene from the pRS400 plasmid with primers containing 45 bp of homology to 607 

the target sequence. The KanMX4 gene replaced Chr VII 121500 bp – 122100 bp. Correct 608 

insertion of the KanMX4 construct was confirmed via PCR with primers outside of the 609 

targeted region, and the integrated of the construct into the CAN1 homologue of Chr VII 610 

was confirmed by genetic analysis (CanR colonies became sensitive to G418/geneticin). 611 

 The following drug concentrations were used whenever drug selection was 612 

appropriate: canavanine (Can; 60 µg/mL), G418/geneticin (100 µg/mL), hygromycin B 613 

(300 µg/mL), and nourseothricin (Nat; 50 µg/mL). 614 
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Chromosome	instability	assays	615 

 Genetic analysis determined the frequency of unstable chromosomes, allelic 616 

recombinants, and chromosome loss by a slightly modified version of the previously 617 

described instability assay (Admire et al., 2006). Briefly, strains were struck to minimal 618 

media (Min + uracil) at 25 °C to select for retention of both Chr VII homologs. Single 619 

cells were then plated to rich media or rich media with G418 (YEPD, 2% dextrose or 620 

YEPD + G418, 2% dextrose), when appropriate, and grown for 2-3 days at 30 °C to 621 

allow instability to arise, and to form colonies. Once colonies were formed, individual 622 

colonies were suspended in water, cell concentration was determined by counting cells 623 

with a haemocytometer, and cells were plated to selective media and grown at 25 °C to 624 

measure chromosome instability.  625 

To determine the frequency of chromosome loss cells were plated to selective 626 

media containing canavanine (60 µg/mL) and all essential amino acids except arginine 627 

and serine. Cells were grown at 25 °C for 5-6 days to allow for colony formation. Loss 628 

was determined by replica-plating to identify Ade- colonies (CanS Ade-). The frequency 629 

of chromosome loss was calculated by determining the ratio of the number of CanR Ade- 630 

colonies by the total number of cells originally plated. 631 

To determine the frequency of unstable chromosomes and allelic recombination, 632 

cells were plated to canavanine plates that also lacked adenine (in addition to arginine 633 

and serine). Cells were grown for 5-6 days at 25 °C and then colonies were scored based 634 

on morphology (round or sectored, Figure 1B). The frequency of unstable chromosomes 635 

and allelic recombination was calculated by determining the ratio of the number of CanR 636 

Ade+ sectored or round colonies to the total number of cells originally plated. Averages 637 
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and standard deviations were calculated from analysis of at least 6 colonies grown on rich 638 

media that were then plated to selective media. Unless otherwise stated, statistical tests 639 

were preformed using the Kruskal-Wallis method followed by the Dunn’s post hoc test 640 

with Benjamini-Hochberg correction for false discovery rate, P values are reported in 641 

Supplementary file 2 (Benjamini and Hochberg, 1995; Dunn, 2012; Kruskal and Wallis, 642 

1952). 643 

Phenotypic	analysis	of	altered	chromosomes	644 

 Pooled Lineage Analysis: Cells from approximately 50 round or sectored CanR 645 

Ade+ colonies were pooled and suspended in water. Approximately 200 to 300 cells were 646 

then plated to rich media (YEPD) and grown for 2-3 days at 25 °C to form colonies, each 647 

from a single cell. The phenotypes of each colony was determined by replica-plating to 648 

synthetic media, each lacking one essential amino acid, or media containing a drug 649 

(cycloheximide, 5 µg/ml). Cells were grown for 2-3 days at 25 °C, and growth on each 650 

selective plate was assessed. The proportion of relic or allelic recombinants per region 651 

was calculated by dividing the number of genetic recombinants with the total number of 652 

recombinant colonies assayed. Colonies that lacked all the markers were scored 653 

separately as chromosome loss. 654 

 Genetic Marker Retention: To determine whether URA3 (or LYS5) was retained in 655 

an individual colony we tested for the presence of the phenotypic marker. To identify 656 

cells with the phenotypic marker, an entire round or sectored colony was suspended in 657 

150 µL of water in microtiter wells and replica-pinned onto selective media plates (~103 658 

cells pinned). Cells were grown at 25 °C for 2-3 days and then scored for the presence or 659 
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absence of at least one colony per pin on the selective media plate. If no cells grew into 660 

colonies, the remainder of the cells from that specific colony was plated to the 661 

corresponding selective media plate (~106 cells plated) to determine whether there was 662 

truly no cells with the marker in the colony or if the frequency was too low to be detected 663 

by the original pin. 664 

 To quantitatively determine the proportion of cells that retained a specific 665 

phenotype, cells from individual round or sectored colonies were suspended in water, 666 

counted via a haemocytomer, then plated to the appropriate selective media plate. Cells 667 

were grown for 2-3 days at 25 °C, and the number of viable colonies were counted. 668 

Temperature	shift	experiments	669 

 Cells were grown to mid-log overnight at 25 °C in 100 ml of YEPD. Cells were 670 

counted via haemocytomer to confirm that they were in mid-log (2-6×106 cells/ml). Once 671 

the cells were at the appropriate concentration, hydroxyurea was added to 20 ml of 672 

culture (0.2 M HU) and the culture was incubated at 25 °C for 3 hours. Cells were then 673 

washed twice with H2O and resuspended in 20 ml of YEPD (t0h). The culture was then 674 

split; half of the culture was incubated at 37 °C while the other half remained at 25 °C. 675 

The cultures were incubated at either 37 °C or 25 °C for a total of 4 hours. To measure 676 

chromosome instability, 1 ml of culture was taken from both cultures every 1 hour after 677 

the temperature shift, as well as from the t0 time point. The 1 mL aliquots were sonicated, 678 

counted, and plated to CAN and CAN-ade for the instability assay within 30 minutes of 679 

collection (instability assay described above). Cells were also plated to selective plates 680 

lacking arginine to measure cell viability. Viability was measured after 1 day of growth 681 
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by counting the number of viable microcolonies versus single cells. For the control, cells 682 

were never exposed to HU and were instead shifted to either 37 °C or 25 °C immediately 683 

after they were confirmed to be in mid-log. 684 

 Samples for FACS were taken at mid-log, after HU was washed out (if 685 

applicable), and then at 0:15, 0:30, 0:45, 1:00, 2:00, 3:00, and 4:00 hours after cells were 686 

shifted to either 37 °C or 25 °C. The section below describes the FACS protocol. 687 

 To inactivate cdc13ts during S phase, cells were grown to mid-log overnight in 688 

100 ml of YEPD at 25 °C. Once in mid-log growth, a 1 ml aliquot was taken for the 689 

instability assay and 10 ml of culture was incubated at 37 °C. After 4 hours at 37 °C 690 

another 1 ml aliquot of cells were taken for the instability assay. 691 

 To limit cdc13ts inactivation to G2, cells were grown to mid-log overnight in 100 692 

ml of YEPD at 25 °C. Once in mid-log, nocodazole was added to 20 ml of culture (10 693 

µg/ml, 1% DMSO) and the culture was incubated at 25 °C for 3 hours. After incubation, 694 

cells were washed twice with water and resuspended in 20 mL of fresh YEPD (t0h). The 695 

culture was then incubated at 37 °C for 4 hours. Aliquots of cells were taken at t0h and 696 

after 4 hours at 37 °C for the instability assay. To hold cells in G2/M after the 697 

temperature shift additional nocodazole was added (10 µg/ml; 1% DMSO). 698 

As done previously, the 1 mL aliquots for the instability assay were sonicated, 699 

counted, and plated to CAN and CAN-ade for the instable assay within 30 minutes of 700 

collection. Cells were also plated to selective plates lacking arginine to measure cell 701 

viability. 702 
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Samples of FACS analysis were taken at mid-log, after noc was washed out (if 703 

applicable), and at 0:30, 1:00, 2:00, 3:00, and 4:00 after the cells were shifted to 37 °C. 704 

The FACS protocol is described in the following section. 705 

FACS	analysis	706 

Cells were pelleted from 1 mL of log YEPD culture and fixed in 70% ethanol 707 

overnight at 4 °C. Ethanol was removed and cells were resuspended in 50 µl of 50 mM 708 

sodium citrate (pH 7.4) and sonicated at low power (8 s at 20% power). Cells were 709 

pelleted again and resuspended in 1.0 ml of 50 mM sodium citrate with 0.25 mg/ml of 710 

RNaseA for 1 hour at 50 °C. 25 µl of proteinase K solution (20 mg/ml proteinase K in 10 711 

mM Tris pH 8.0, 1 mM CaCl2, 50% glycerol) was subsequently added and the cells were 712 

incubated at 50 °C for an additional hour. Cells were then pelleted and resuspended in 1.0 713 

ml of 50 mM sodium citrate containing 2 µM Sytox green (Invitrogen). Cells were left to 714 

incorporate the dye overnight at 4 °C. Samples were scanned using a Attune Acoustic 715 

Focusing Flow Cytometer (Invitrogen). 716 

Pulsefield	gel	electrophoresis	and	Southern	analysis	717 

 To identify altered chromosomes, pulsefield gel electrophoresis and Southern 718 

blotting for chromosome VII were performed as described (Admire et al., 2006). 719 

Southern hybridization was performed with DNA probes amplified from the genome via 720 

PCR.  721 
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Figure 1. The Chr VII disome system detects chromosome instability. 
(A) The two homologues of Chr VII are in black or gray. Position of CAN1 and 6 hetero-
zygotes are shown 
(B) Genotypic rearrangements of each form of instability. Blue box: from stable CanR 
round colonies. Red box: from unstable CanR sectored colonies. Each individual sectored 
colony contains cells with multiple chromosome structures. 
(C) Hypothetical illustration of how diversity arises from one unstable chromosome. An 
unstable chromosome (depicted as a dicentric) replicates, then more chromosome chang-
es occur in subsequent cell divisions. 
(D) Model of how allelic recombinants, relic recombinants, and chromosome loss could 
be generated from an initial telomere error. The initial error either allows pairing with 
homologue to form an allelic recombinant, or the error allows pairing between sisters to 
fuse them, forming a dicentric. The dicentric then breaks and recombines in a later cell 
division to form a relic recombinant. Alternatively the chromosome could be lost.
*Adapted from Beyer and Weinert 2016

Figure 1
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Figure 2
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Figure 2. Cdc13 acts with CST/t-RPA to suppresses unstable chromosomes in the 
telomere.
Frequency of unstable chromosomes in cdc13 mutants from cells grown at 25 °C (blue) 
or 30 °C (red). The dot plots, average frequency, standard deviation, and statistically 
significant fold changes are noted (* < 0.05, ** < 0.01, *** < 0.001; Mann-Whitney U). 
Each dot represents the frequency of events arising from a single colony grown in rich 
media, then plated to selective media.
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Table 1. Frequency of chromosome instability in cdc13 mutants at 25 and 30 °C 

Temp Strain 
Unstable 
Chromosomes 
(×10-5) 

Allelic 
Recombination 
(×10-5) 

Chromosome Loss  
(×10-5) 

25° 

Wild Type (CDC13+) 4.0 ± 3.7 (1.0) 11 ± 9.8 (1.0) 280 ± 520 (1.0) 
cdc13ts 4.1 ± 2.7 (1.0) 8.4 ± 8.8 (0.76) 1400 ± 2600 (5.2) 
cdc13Y556A,Y558A 21 ± 11 (5.3) 33 ± 18 (3.0) 370 ± 680 (1.3) 
stn1T223A,S250A 9.9 ± 6.4 (2.5) 10. ± 5.3 (0.91) 400 ± 900 (1.4) 
cdc13ts stn1T223A,S250A 7.5 ± 2.6 (1.9) 14 ± 8.5 (1.3) 300 ± 370 (1.1) 

30° 

Wild Type (CDC13+) 3.5 ± 3.1 (1.0) 7.2 ± 4.8 (1.0) 30. ± 39 (1.0) 
cdc13ts 110 ± 88 (31) 26 ± 26 (3.6) 180 ± 510 (6.0) 
cdc13Y556A,Y558A 160 ± 110 (45) 80. ± 99 (11) 460 ± 820 (15) 
stn1T223A,S250A 3.2 ± 1.4 (0.90) 13 ± 20 (1.8) 24 ± 28 (0.80) 
cdc13ts stn1T223A,S250A 350 ± 240 (100) 35 ± 36 (4.9) 140 ± 51 (4.7) 

In bold, statistically significant (p < 0.05, Mann-Whitney U) fold change between single mutants 
and Wild Type (CDC13+) or between cdc13ts double mutants and cdc13ts from the corresponding 
temperature. 
In parenthesis: frequencies were normalized to Wild Type (CDC13+) from the corresponding 
temperature. 
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Figure 3. cdc13ts synergizes with HU and forms unstable chromosomes in one cell 
cycle.
(A) The experimental protocol for generating unstable chromosomes in a single cell 
cycle. Left panel: cdc13ts cells were grown to mid-log overnight, then arrested with HU 
(0.2 M for 3 hours at 25 °C). The HU was then washed out and the culture was split and 
shifted to either 37 °C to inactivate cdc13ts (or to 25 °C to reactive Cdc13ts as a control). 
An aliquot of cells was taken every hour (for a total of 4 hours) and plated to determine 
instability at 25 °C (Methods). Right panel: cells were never exposed to HU, and were 
instead shifted to either 37 °C  for hours indicated, or kept at 25 °C for the same amount 
of time before being plated to determine instability at 25 °C.
(B) FACS analysis of DNA content. Cells were grown in liquid YEPD and prepared as in 
Methods. After HU arrest 70% of cells were in G1/S phase. The time increments refer to 
time after HU wash and shift to either 37 °C or 25 °C for samples tested in 3A.
(C) The frequency of unstable chromosomes in cdc13ts from t0h to t4h after the temperature 
shift up. Blue: incubated at 25 °C; red: incubated at 37 °C; dashed line: no HU exposure; 
solid line: HU exposure. Data shown are the means and sd of 4 independent experiments.

Figure 3
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Figure 3-figure supplement 1. cdc13ts cells plated on canavanine selective plates pro-
ceed through 1-3 cell divisions before ceasing to divide.
Density curve for the colony size of cdc13ts (t0 cells from Figure 3A left) grown on plates 
with (top; Can selection) or without canavanine (bottom; synthetic complete plate) for 24 
or 48 hours (blue and magenta respectively). The distribution did not change between 24 
and 48 hours. Dashed lines: the average number of buds per colony for cells grown with 
canavanine for 24 (mean = 4.01 buds) or 48 hours (3.98 buds). 
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Figure 3-figure supplement 2

Figure 3-figure supplement 2. Telomere-proximal relic recombinants can progress to 
centromere-proximal loci once cdc13ts activity has been restored.
Distribution of allelic and relic recombinants from cdc13ts after HU exposure and inacti-
vation of cdc13ts for 3 hours. Dashed line: before HU exposure; solid line: after HU expo-
sure. Allelics were not expected to change between 25 °C and 37 °C samples as they are 
not generated during the 37 °C incubation. Since the relic profiles between the different 
time points are similar, progression of unstable chromosomes from the telomere end is 
not the result of the cdc13ts defect and is instead a consequence of unstable chromosomes 
formation in general.
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Figure 3-figure supplement 3

Figure 3-figure supplement 3. In a single cell cycle, allelic recombination and chro-
mosome loss do not increase as a result of cdc13ts inactivation.
(A) The frequency of allelic recombination (left) or chromosome loss (right) in cdc13ts 
from t

0h
 to t

4h
 after the temperature shift. Blue: incubated at 25 °C, red: incubated at 37 

°C, dashed line: no HU exposure, solid line: HU exposure. Data shown are the means of 
4 independent experiments.
(B) Frequencies of unstable chromosomes, allelic recombination, and chromosome loss. 
Values in parenthesis are normalized to the t

0h
 no HU control (gray cells). Statistically 

significant differences between t
Xh

 and t
0h

 (no HU control; p < 0.05; Mann-Whitney U) 
are in bold.
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Frequency in cdc13ts: 

Unstable Chromosomes Allelic Recombinants  Chromosome Loss  

no HU HU no HU HU no HU HU 

25 °C t0h 13 ± 9.0 (1.0) 29 ± 10 (2.2) 25 ± 18 (1.0) 73 ± 21 (2.9) 130 ± 70 (1.0) 140 ± 160 (1.1) 

25 °C 

t1h 13 ± 4.2 (1.0) 28 ± 12 (2.2) 15 ± 13  (0.60) 72 ± 30 (5.5) 150 ± 100 (1.2) 200 ± 63 (154) 

t2h 12 ± 2.1 (0.92) 33 ± 4.2 (2.5) 8.0 ±  3.9 
(0.32) 75 ± 29 (3.0) 110 ± 76 (0.85) 240 ± 51 (1.8) 

t3h 11 ± 5.6 (0.85) 41 ± 6.0 (3.2) 10 ± 3.7 (0.40)  84 ± 28 (3.4) 110 ± 23 (0.85) 290 ± 56 (2.2) 
t4h 10 ± 1.9 (0.77) 44 ± 6.1 (3.4) 9.0 ± 4.9 (0.36) 82 ± 55 (3.3) 99 ± 6.9 (0.76)  560 ± 300 (4.3) 

37 °C 

t1h 22 ± 16 (1.7)  26 ± 6.3 (2.0) 6.7 ± 4.4 (0.27) 63 ± 44 (2.5) 180 ± 250 (1.4) 230 ± 40 (1.8) 
t2h 170 ± 110 (13) 290 ± 180 (22) 8.8 ± 6.7 (0.35) 56 ± 17 (2.4) 260 ± 310 (2.0) 390 ± 130 (3.0) 
t3h 370 ± 410 (28) 660 ± 180 (51) 14 ± 11 (0.56) 68 ± 17 (2.7) 310 ± 300 (2.4) 330 ± 110 (2.5) 

t4h 230 ± 95 (18) 1300 ± 460 
(100) 

6.0 ± 0.03 
(0.24) 39 ± 27 (1.6) 200 ± 38 (1.5) 710 ± 480 (5.5) 
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Figure 4

Figure 4. Cdc13 is needed during S phase to suppress the formation of unstable 
chromosomes.
(A) The experimental system to either inactivate in S phase (left) or activate (right) 
cdc13ts during S phase. Left: To inactivate cdc13ts during S phase cdc15-2 and cdc15-2 
cdc13ts cells were grown to mid-log then incubated at 37 °C for 4 hours. cdc15-2 is not 
necessary in this analysis. Right: To leave cdc13ts active during S phase cells were grown 
to mid-log at 25 °C and then arrested with nocodazole (noc). After noc was washed out, 
cells were shifted to 37 °C and kept arrested in G2/M with additional noc. 
(B) FACS analysis of DNA content. Cells were grown in liquid YEPD as depicted in 
Figure 3A (Methods). Blue traces: 25 °C, red traces: 37 °C. After noc arrest 99% of cells 
were in G2/M. Time increments refer to time after noc removed and the temp. shift up.
(C) The average fold change in frequency of unstable chromosomes between t

4h
 and t

0h
. 

The relevant genotypes: open circles, CDC13+ control (cdc15-2); closed circles, cdc13ts 
(cdc15-2 cdc13ts). The fold changes were calculated by dividing each t

4h
 frequency by 

the corresponding t
0h

 frequency for that particular sample (n = 5). The average was then 
calculated (horizontal bar). The statistical significance between strains per experiment is 
shown (n.s. > 0.05, ** < 0.01, Mann-Whitney U).
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Figure 4-figure supplement 1

Figure 4-figure supplement 1. cdc13ts activity in S and inactivity for either only G2 
or only G2-T does not result in unstable chromosomes.
(A) Cells were grown at 25 °C until mid-log and then arrested with noc. Cells were then 
washed (t

0h
) and the culture was split. Both halves were incubated at 37 °C for 4 hours, 

one with (t
4h

 + noc; right) and without (t
4h

 - noc; left). Cells from t
0h

, t
4h

 + noc, and t
4h

 - 
noc were collected for DAPI staining and the instability assay.
(B) Nuclear morphology based on DAPI staining of chromosomes. The proportion of 
cdc13ts cdc15-2 cells with each morphology for the different arresting protocols is shown. 
Blue: cells grown at 25 °C; red: cells grown at 37 °C. Mean and standard deviation from 
at least 6 independent experiments are shown. 
(C) Fold change in the frequency of unstable chromosomes (t

4h
/t

0h
) from CDC13+ cdc15-

2 and cdc13ts cdc15-2 with (n = 6; 6) and without (n = 6; 8) additional nocodazole added 
after the initial noc arrest. The fold change between t

4h
 and t

0h
 remained low despite the 

arresting conditions (noc vs cdc15-2; Mann-Whitney U).
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Figure 4-figure supplement 2

Figure 4-figure supplement 2. Allelic recombination and chromosome loss are not 
affected by inactivation or activation of cdc13ts in S phase.
(A) The average fold change in frequency of allelic recombination between t4h and t0h. 
The relevant genotypes are as follows: open circles, CDC13+ control (cdc15-2); closed 
circles, cdc13ts (cdc13ts cdc15-2). The fold changes were calculated by dividing each t4h 
frequency by the corresponding t0h frequency for that particular sample (N=5). The aver-
age was then calculated (horizontal bar). The statistical significance between strains per 
experiment is shown (n.s. > 0.05, Mann-Whitney U).
(B) The average fold change in frequency of chromosome loss between t4h and t0h. Sym-
bols and calculations are the same as in Figure 5-figure supplement 2A.
(C) The average frequency ± SD of unstable chromosomes, allelic recombination, or 
chromosome loss per time point is shown, as well as the average fold change (t4h/t0h). 
Bold values indicate a significant fold increase compared to the CDC13+ control (cdc15-
2; p < 0.01, Mann-Whitney U).
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cdc13ts

cdc15-2 
S G2/M 5.1 ± 2.9 280 ± 86 84 ± 45 40 ± 19 26 ± 23 0.75 ± 

0.50 230 ± 110 210 ± 9.3 1.5 ± 1.1

cdc13ts

cdc15-2 
G2/M 9.9 ± 5.8 30 ± 19 4.8 ± 2.1 27 ± 16 27 ± 15 1.3 ± 0.99 320 ± 140 320 ± 110 1.5 ± 1.2
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Figure 5. Unstable chromosomes initiate at the telomere and resolve at an internal 
TG site.
(A) Schematic for insertion of the TG1-3 repeat (green box) into the left arm of Chr VII. 
The TG1-3 insert (green box; bracketed) was marked with URA3 (green triangle), and the 
entire construct was inserted 281 kb from the telomere end. As a control, URA3 alone was 
inserted into the same region.
(B) Distribution of allelic and relic recombinants from cdc13ts with no insert, URA3 only, 
or 281TG:URA3. The average percentage and standard deviation for 3 independent experi-
ments are shown. See Methods for number of cells analyzed for each strain.
(C) The percentage of unstable colonies that had at least one Ura+ relic chromosome from 
cdc13ts 281URA3 (white) and cdc13ts 281TG:URA3 (green). n = 48 colonies each.
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Figure 5-figure supplement 1

Figure 5-figure supplement 1. Inserting the TG1-3 repeat into the 281 kb locus does 
not alter the frequency of unstable chromosomes, allelic recombination, or chromo-
some loss.
(A) Schematic of the insertion of 281TG repeat into the left arm of the Chr VII CAN1 ho-
mologue. Identical to Figure 5A.
(B) Frequency of unstable chromosomes (left), allelic recombination (center), and chro-
mosome loss (right) from an unmodified cdc13ts (white), cdc13ts 281URA3 (black), and 
cdc13ts 281TG:URA3 (green). The mean and standard deviation are shown (n > 12; * < 
0.05; n.s. > 0.05; Mann-Whitney U).
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Figure 5-figure supplement 2. Inserting the TG1-3 repeat into the 484 kb locus does 
not change allelic recombinant sites but does change relic recombinant site. 
(A) The TG repeat (green box) is present in the 484 kb locus.
(B) Frequency of allelic recombination (top) and unstable chromosomes (bottom) from 
an unmodified cdc13ts (white) and cdc13ts 484TG1-3 (green) are not altered. The mean and 
standard deviation are shown (n > 12; ** < 0.01; n.s. > 0.05; Mann-Whitney U).
(C) Distribution of allelic and relic recombinants from cdc13ts with no insert or with the 
484TG1-3:URA3. The average percentage and standard deviation for 3 independent experi-
ments are shown. See Methods for number of cells analyzed for each strain.
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Figure 5-figure supplement 3. Inserting the TG1-3:URA3 repeat in the reversed orien-
tation does not result in either an increase in instability or in a “spike” in TG-associ-
ated allelic or relic recombinants. 
(A) The TG repeat (green box) in the 281 kb in the reversed orientation (TG-rich strand 
acting as the template for leading strand replication).
(B) Frequency of allelic recombination (top) and unstable chromosomes (bottom) from an 
unmodified cdc13ts (white) and cdc13ts 281TG-rev:URA3 (green) are not altered. The mean 
and sd are shown (n > 12; ** < 0.01; n.s. > 0.05; Mann-Whitney U).
(C) Distribution of relic and allelic recombinants from cdc13ts with no insert, with  281TG, 
or with 281TG-rev:URA3. The average percentage and standard deviation for 3 indepen-
dent experiments are shown. See Methods for number of cells analyzed for each strain.
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Figure 5-figure supplement 4. Inserting the TG1-3 repeat on the centromere-proximal 
side of an origin does not result in either an increase in instability or in a “spike” in 
TG-associated allelic or relic recombinants. 
(A) The TG

1-3
 repeat (green box) inserted into the left arm of Chr VII in the natural orien-

tation at 287 kb (TG-rich strand as the lagging-strand template).
(B) Frequency of allelic recombination (top) and unstable chromosomes (bottom) from 
an unmodified cdc13ts and cdc13ts 287TG1-3:URA3 are unchanged. The mean and standard 
deviation are shown (n > 12; n.s. > 0.05; Mann-Whitney U).
(C) Distribution of allelic and relic recombinants from cdc13ts with no insert, 281TG

1-3
:U-

RA3, or 287TG
1-3

:URA3. The average percentage and standard deviation for 3 independent 
experiments are shown. See Methods for number of cells analyzed for each strain.
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Figure 5-figure supplement 5. Models for sectored colony formation and unstable 
chromosome resolution in the case of end-only and end-and-internal initiation.
(A) End-only initiation: initial unstable chromosomes form in the telomere (and are Ura+; 
blue cells) and subsequently either resolve to Ura+ relic recombinants or progress to cen-
tromere-proximal loci (possibly losing URA3 and becoming Ura-; red cells). Therefore all 
sectored colonies have some proportion of Ura+ relic recombinants.
(B) End-and-internal initiation: initial unstable chromosome can either form at the end 
(Ura+) or at the internal TG-repeat (Ura-). The sectored colonies that form from an inter-
nal-initiation event form colonies that would not have any Ura+ relics (made up of only 
Ura-, red cells).
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Figure 5-figure supplement 6. Selection against internally-initiated unstable chromo-
somes does not change the proportion of TG-associated relic recombinants.
(A) Insertion of KanMX (blue box) into the 122 kb locus of the Chr VII CAN1 homo-
logue. KanMX was inserted into both cdc13ts with and without the 281TG repeat (green 
box). 
(B) Frequency of allelic and unstable chromosomes recombinants are mostly unchanged 
between cdc13ts 122KanMX with and without 281TG grown on either rich media (no selec-
tion, white) or rich media + G418 (G418, black). The decrease in unstable chromosomes 
in cdc13ts 122KanMX 281TG when initially grown with G418 is attributed to unstable cells 
losing KanMX, and dying, before selection for unstable chromosomes. The mean fre-
quency and the sd are shown. Fold change and statistical significance are given (n.s. > 
0.05; Mann-Whitney U).
(C) Distribution of allelic and relic recombinants from cdc13ts 122KanMX with and with-
out 281TG and grown with or without G418. Green and black lines represent cdc13ts 
122KanMX with and without 281TG respectively. Dashed and solid lines represent cells 
grown without selection (dashed) or with G418 selection (solid). The average percentage 
and standard deviation for 3 independent experiments are shown. 
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Figure 5-figure supplement 7. Almost all cdc13ts sectored colonies contain at least 
one Lys+ cell.
Bar graph of the percent of cdc13ts sectored colonies that contain at least one Lys+ cell 
(19 out of 21, 90%) compared to the expected frequency of Lys+ if unstable chromosomes 
initiated randomly along the chromosome arm (40%). 95% confidence interval is shown 
for cdc13ts (p = 2.503 × 10-06; binomial test).
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Table 2. Frequency of chromosome instability in cdc13ts mutants 

 Strain 
Unstable 
Chromosomes 
(×10-5) 

Allelic 
Recombination  
(×10-5) 

Chromosome Loss  
(×10-5) 

 

Wild Type      
(CDC13+) 3.5 ± 3.1 (1.0) 7.2 ± 4.8 (1.0) 30 ± 39 (1.0) 

cdc13ts 110 ± 88 (31) 26 ± 27 (3.6) 176 ± 510 (5.9) 

HR rad52Δ 17 ± 3.8 (4.9) < 1 18 ± 14 (0.6) 
cdc13ts rad52Δ 287 ± 274  (82) < 1 19800 ± 23800 (660) 

NHEJ lig4Δ 3.1 ± 1.4 (0.89) 9.6 ± 5.6 (1.3) 22 ± 33 (0.73) 
cdc13ts lig4Δ 93 ± 95 (27) 23 ± 2.6 (3.2) 29 ± 43 (0.97) 

Nucleases 

exo1Δ 12 ± 7.6 (3.4) 49 ± 15 (6.8) 301 ± 651 (10) 
cdc13ts exo1Δ 8.0 ± 5.9 (2.3) 344 ± 143 (48) 23 ± 37 (0.77) 
sae2Δ 7.7 ± 2.7 (2.2) 15 ± 11 (2.1) 42 ±24 (1.4) 
cdc13ts sae2Δ 34 ± 11 (9.7) 13 ± 12 (1.8) 95 ± 36 (3.2) 

Telomerase-
regulators 

pif1-m2 39 ± 20. (11) 6.8 ± 2.3 (0.94) 139 ± 57 (4.6) 
hrq1Δ 3.4 ± 1.5 (0.97) 13 ± 14 (1.8) 17 ± 11 (0.57) 
pif1-m2 hrq1Δ 65 ± 20. (19) 6.6 ± 5.5 (0.92) 211 ± 137 (7.0) 
cdc13ts pif1-m2 34 ± 26 (9.7) 7.5 ± 8.7 (1.0) 52 ± 143 (1.7) 
cdc13ts hrq1Δ 167 ± 79 (56) 70 ± 143 (9.7) 72 ± 48 (2.4) 
cdc13ts pif1-m2          
hrq1Δ 26 ± 39 (7.4) 7.0 ± 6.5 (0.97) 32 ± 48 (1.1) 

Helicase rrm3Δ 7.7 ± 2.6 (2.2) 0.99 ± 0.81 (0.14) 150 ± 220 (5.0) 
cdc13ts rrm3Δ 120 ± 55 (34) 14 ± 20 (1.9) 82 ± 74 (2.7) 

PRR rad18Δ 160 ± 89 (46) 51 ± 17 (7.1) 560 ± 690 (19) 
cdc13ts rad18Δ 230 ± 81 (66) 140 ± 71 (19) 650 ± 370 (2.2) 

DNA 
damage 
checkpoint 

rad9Δ 72 ± 56 (21) 9.2 ± 5.3 (1.3) 110 ± 170 (3.7) 
cdc13ts rad9Δ 340 ± 220 (97) 15 ± 13 (2.1) 1300 ± 1200 (43) 
rad17Δ 950 ± 420 (270) 140 ± 210 (19) 510 ± 180 (17) 
cdc13ts rad17Δ 760 ± 920 (220) 820 ± 1000 (110) 450 ± 380 (15) 
tel1Δ 56 ± 27 (16) 170 ± 290 (24) 81 ± 26 (2.7) 
cdc13ts tel1Δ 170 ± 50 (49) 200 ± 180 (28) 190 ± 91 (6.3) 
xrs2Δ 500 ± 360 (140) 36 ± 57 (5.0) 4900 ± 7400 (160) 
cdc13ts xrs2Δ 570 ± 230 (160) 3.1 ± 1.7 (0.43) 1400 ± 890 (47) 

In bold, statistically significant (p < 0.05) fold change between single mutants and Wild Type 
(CDC13+) or between cdc13ts double mutants and cdc13ts. 
Frequencies were normalized to Wild Type (CDC13+). 
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Figure 6. cdc13ts-induced unstable chr. progress to a cen.-proximal dicentric.
(A) Model for the URA3 proxy translocation. Two modules, RA and RU are inserted into 
the left arm as inverted repeats, and the third module (A3) is inserted into the right arm 
(i). An inverted fusion between UR and RA forms a dicentric chromosome (ii). A second-
ary event, a direct repeat translocation between URA and A3 (iii), removes a centromere 
and creates a functional URA3 gene (iv).
(B) Frequency of unstable chromosomes between strains with (blue) and without (black) 
the URA3 proxy system is unchanged. Fold change and statistical significance relative 
to the corresponding wild type frequency are noted (n.s. > 0.05, * < 0.05; *** < 0.001; 
Mann-Whitney U). 
(C) Average frequency of Ura+ cells in stable (black) and unstable colonies (blue) in 
cdc13ts. The average frequency of Ura+ and the standard deviation are shown. The sta-
tistical significance between allelic and unstable colonies is depicted (*** < 0.001; 
Mann-Whitney U)
(D) Percent of individual colonies that contain both Ura+ and Lys+ cells (n = 10 each). 
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Figure 7. Relic recombinants from the internal TG1-3:URA3 containing strains re-
solve genetically at the internal TG repeat as truncations. 
(A) The 281URA3 or 281TG:URA3 repeat (green box) inserted between LYS5 and CYH2S. 
The region between LYS5 and CYH2S is split between telomere-proximal side of the con-
struct (black; Ura+ recombinants) and centromere-proximal of the construct (purple; Ura- 
recombinants). The white box represents the URA3 gene linked to the TG

1-3
 repeat. Red 

line indicates the location of the probe used in 7C left (503875 - 505092 bp).
(B) Percentage of the relic recombinants from unstable cdc13ts cells from the interval 
between LYS5 and CYH2S that have retained or lost URA3. The average percentage and 
standard deviation for 3 independent experiments are shown. For 281URA3 and 281TG:U-
RA3 the total number of Lys- CyhS cell analyzed was 55 and 200 respectively. Bold values 
indicate a statistically significant difference between the TG

1-3
 insertion and the URA3 

control (* < 0.05; Fisher’s exact test).
(C) Southern blot of pulse-field gels from Lys- Ura- CyhS relic recombinants (unstable). A 
Chr VII centromere-linked probe was used to label Chr VII (7A red line). The upper band 
corresponds to the normal Chr VII size (1090 kb) while the lower band corresponds to a 
truncation at approximately 281 kb (this 810 kb band co-migrates with Chr II, 813 kb). 
All but one Lys- Ura- CyhS relic recom. have evidence of a truncation (8/9 tested, all but 
isolate #8).

Figure 7
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Figure 7-figure supplement 1. Some allelic recombinants from the 281TG-associated 
region are truncations associated with the 281 locus.  
(A) The Chr VII CAN1 homologue with 281TG inserted (green box). The probe for South-
ern blots is shown by a red line (503875 - 505092 bp). The intact Chr VII is 1090 kb. A 
truncation at the 281 kb locus would result in a chromosome 810 kb long.
(B) Southern blot of pulse-field gels from rare allelic recombinants (stable). A Chr VII 
centromere-linked probe was used to label Chr VII. The upper band corresponds to the 
normal Chr VII size (1090 kb) while the lower band corresponds to a truncation at 281 kb 
(810 kb; migrates with Chr II, 813 kb). 4 out of 9 allelic recombinants have evidence of a 
truncation (isolates #4, #7-9). Truncated allelic recombinants may result from relics that 
progressed to the internal TG site before selection.
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Figure 7-figure supplement 2. The abundance of 281TG-associated relic recombinants 
is not due to RAD52-dependent recombination.  
(A) Frequency of unstable chromosomes from cdc13ts with and without 281TG:URA3 
and cdc13ts rad52Δ with and without 281TG:URA3. The mean and standard deviation are 
shown (n > 6; n.s. > 0.05; Mann-Whitney U).
(B) Distribution of relic recombinants from cdc13ts and cdc13ts rad52Δ (black and green) 
with and without 281TG (solid and dashed lines). The average percentage and sd for at 
least 2 independent experiments are shown (except cdc13ts rad52Δ, N=1). n represents the 
total number of colonies analyzed in each strain. Insert: Percent of the cells that lost the 
Chr VII CAN1 homologue. Black: cdc13ts RAD52 281TG, black striped: cdc13ts RAD52, 
green: cdc13ts rad52Δ 281TG, green striped: cdc13ts rad52Δ.
(C) The percentage of unstable colonies with Ura+ relic chromosomes from cdc13ts 281TG 
(30 °C; white), cdc13ts rad52Δ 281TG (25 °C; black) and cdc13ts rad52Δ 281TG (30 °C; 
green). n = 48 colonies each (n.s. p > 0.5; Fisher’s exact test).
(D) Model for resolution of an unstable chromosome in cdc13ts rad52Δ with or without 
281TG. Without 281TG (top) unstable chromosomes resolve at the endogenous “fragile 
site”. With the 281TG (bottom), unstable chromosomes resolve at the internal TG repeat.

Figure 7-figure supplement 2
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Figure 8. Model for formation of unstable chromosomes in the telomere.
In a cdc13ts mutant telomeres are compromised, which may trigger either an “outside 
in” capping defect (left) or an “inside out” replication defect (right). Left: “Outside in” 
capping defect: degradation (Exo1) leads to formation of a hairpin-capped chromosome, 
which becomes an unstable dicentric chromosome in the next cell cycle. Can resistance 
would arise after the second mitosis. Right: “Inside out” replication defect: replication 
errors may arise at the fork itself (left) or after the fork has passed (right). Fusion of 
nascent strands, caused by either a leading strand switch to a closed fork, or erroneous 
PRR in G2/M, forms an unstable dicentric chromosome. The initial unstable chromosome 
then undergoes further rounds of instability, possible by breakage and repair during a 
subsequent mitosis. The unstable chromosome can resolve in multiple ways (Figure 1B), 
including by recombination with the intact homologue (as shown). Can resistance would 
arise after the first mitosis.
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Figure 8-figure supplement 1. Model for exo1∆-dependent conversion of unstable 
chromosomes to allelic recombinants.
exo1∆ rescues cdc13ts-induced unstable chromosomes, but instead promotes allelic 
recombination. In an Exo1 strain (left) the cdc13ts-defect may result in prominent resec-
tion from the telomere that may promote interaction with the sister. In exo1∆ (right) the 
cdc13ts-defect may be limited to ssDNA nicks, which may favor resolution by recombina-
tion with the homologue to form stable, allelic recombinants.
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