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Abstract 

Telomeres are nucleoprotein structure located in the extremities of linear 

chromosomes to maintain the integrity of chromosome ends. Telomere dysfunction is 

one of the key driving forces for genomic instability and cancers. For instance, 

recombination-dependent telomere maintenance and chromosome circularization 

following telomere dysfunction had been reported in association with cancers. 

Identifying vulnerable points in these two telomere dysfunction cases would help find 

a possible target for cancer therapy.  

The fission yeast Schizosaccharomyces pombe provides an excellent model for 

studying telomere maintenance due to the ease of genetic manipulation and the 

conservation of many telomere-related genes from yeast to human. In fission yeast, 

deletion of pot1+, which encodes for protection of telomere 1, results in rapid telomere 

loss and chromosome circularization, a phenotype resembles cancer cells with circular 

chromosomes. Fission yeast Rqh1 is a member of the RecQ helicase family that 

regulates homologous recombination (HR) events. The pot1∆ rqh1-hd (helicase dead) 

double mutant maintains telomeres by HR and recombination intermediates accumulate 

at telomeres of the double mutant. Moreover, pot1∆ rqh1-hd cells display long G2 

phase and sensitive to microtubule inhibitor thiabendazole (TBZ).  

One purpose of my research is to understand the mechanism of the TBZ 

sensitivity phenotype of the pot1∆ rqh1-hd double mutant which may allow me to find 

a specific vulnerability in cancer cells that maintain telomeres by HR. Interestingly, I 

found that shortening the G2 of the pot1∆ rqh1-hd double mutant by concomitant loss-

of-function mutation of DNA damage checkpoint proteins Wee1 and Mik1 or gain-of-

function mutation of Cdc2 (cdc2-3w) suppressed the TBZ sensitivity and the 
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accumulation of recombination intermediates at chromosome ends of the pot1∆ rqh1-

hd double mutant. My results suggest that the activation of DNA damage checkpoint 

signaling and holding the pot1∆ rqh1-hd cells at long G2 provide time for the 

accumulation of toxic recombination structures at chromosome ends which perturb 

chromosome segregation and render cells sensitive to TBZ. My results further imply 

that elongation of G2 phase and inhibition of resolution of recombination intermediate 

may sensitize cancer cells that maintain telomere by recombination to anti-microtubule 

drugs.      

The second purpose of my research is to identify the gene required for the 

maintenance of the circular chromosome using fission yeast pot1∆ cells. This gene 

could be a target of cancer therapy that specifically kills cancer cells that have circular 

chromosomes. To date, the mechanisms behind the maintenance of circular 

chromosomes and how cells with circular chromosomes could survive are largely 

enigmatic. I found that the lack of function of chromosome passenger complex (CPC) 

is lethal to cells with circular chromosomes, demonstrating the importance of CPC for 

the survival of cells with circular chromosomes and shedding light on the possible role 

of CPC in the maintenance of circular chromosomes. 

Together, my work proves that fission yeast is a good model organism to 

understand the mechanism of genome stability and cancer-related phenotypes that 

would directly contribute to cancer therapy and possibly other human diseases.  
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Organization of the thesis  

 
Chapter 1. Provides a general introduction and background about telomere, 

RecQ helicases, and ring chromosomes and their implication in genetic diseases and 

cancers with a brief introduction of the model organism used in this study, the fission 

yeast S. pombe, and the aim of the thesis. 

 
Chapter 2. Describes a study of the correlation between long G2 phenotype of 

S. pombe pot1∆ rqh1-hd double mutant and its sensitivity to microtubule inhibitor 

thiabendazole (TBZ). I demonstrated how the activation of DNA damage checkpoint 

pathway and holding the pot1∆ rqh1-hd cells at long G2 render cells sensitive to TBZ. 

 
Chapter 3. Characterizes the importance of chromosome passenger complex 

(CPC) for the survival of cells with ring chromosomes using a synthetic lethality 

approach. I demonstrated that functional CPC is required for the survival of fission 

yeast cells with circular chromosomes. In addition, the synthetic lethality phenotype of 

CPC dysfunction in cells with ring chromosomes is discussed. 

 
Finally, Chapter 4. Provides a conclusion of the thesis, thesis achievements and 

the potential future perspectives of the thesis. 
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Chapter 1. Introduction 

 

1.1 Telomeres: structure and function 

The term telomere stems from the Greek word as “telos” means “end” and “meros” 

means “part” referring to a structure located at the termini of linear chromosomes. The 

first attempts to realize that the end of linear chromosomes has unique features stemmed 

from the experiments done by Herman Muller and Barbara McClintock. By using the 

fruit fly Drosophila melanogaster, Muller observed that the ends of chromosomes are 

almost stable and did not show genetic alteration such as deletion or inversion upon 

irradiation of chromosomes with X-ray [1]. McClintock observed a variable behavior 

of broken chromosomes and telomeres using Zea mays [2]. Meanwhile, broken 

chromosomes were able to fuse together; telomeric DNA did not. Further work on 

telomeres was done by Elizabeth Blackburn and Joseph Gall using the single-celled 

organism, Tetrahymena thermophila which has the advantage of containing thousands 

of minichromosomes, providing sufficient telomeric materials to be studied [3]. Later, 

a collaborative work between Blackburn and Jack Szostak demonstrated the presence 

of telomeres in other organisms such as budding yeast Saccharomyces cerevisiae [4]. 

The importance of the discovery of telomeres and telomerase was realized by the 2009 

Nobel Prize to Elizabeth Blackburn, Jack Szostak, and Carol Greider for the discovery 

of how chromosomes are protected by telomeres [5]. Since that time, many model 

organisms have been exploited to understand the molecular biology of telomeres and 

its implication in human diseases. 

In general, telomeres are DNA/protein complex located at the termini of linear 

chromosomes composed of double-stranded DNA repeat sequences followed by single-
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stranded G-rich overhang at the 3′ terminus known as “G-tail”, a structure that marks 

the chromosome ends from the other parts of the genome [6]. The G-tail is presumed 

to form because of resection of the 5′ end of the C-strand and present in all organisms 

studied so far with variable length among organisms [7]. The length of telomeres varies 

from one organism to another. For instance, human telomeres are 10-20 kb long [8], 

while both fission yeast and budding yeast have a telomere length of 300 bp [9, 10]. 

Laboratory mouse and rats’ telomeres extend to a range of 20-50 kb [11]. A known 

exception is Drosophila melanogaster in which telomeres consist of arrays of telomere-

specific non-long terminal repeat retrotransposons [12]. The telomeric repeat sequences 

are largely evolutionarily conserved among species. The telomeres in human composed 

of hexameric repeat sequence of (TTAGGG)n [13], in Tetrahymena (TTGGGG)n [14], 

in Oxytricha (TTTTGGGG)n [15], and in plants (TTTAGGG)n [16], except for the alga 

Chlamydomonas which uses (TTTTAGGG)n [17]. Yeasts have the same general motif 

for the telomeric sequences with slight diversion. For instance, Saccharomyces 

cerevisiae has (TG1-3)n sequence, while Schizosaccharomyces pombe has (TTACAG1-

8)n [9, 10]. 

Because of the ability of conventional DNA polymerase to extend DNA only 

from 5′ to 3′, one of the two DNA strands will be synthesized continuously called 

“leading strand” whereas the other strand is known as “lagging strand” will be 

synthesized discontinuously in the form of short DNA segments called “Okazaki 

fragment” [18]. The DNA polymerase cannot initiate the DNA synthesis directly and 

needs very short stretches of RNA (RNA primers) to prime each round of DNA 

synthesis. After the maturation of Okazaki fragments, the RNA segments are removed 

and replaced by DNA followed by ligation of these DNA segments generating 

continuous lagging strand. However, the removal of RNA primers at the termini of the 
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newly synthesized DNA cannot be replenished resulting in loss of the terminal parts of 

chromosomal DNA with each round of cell cycle, a phenomenon known as “the end-

replication problem” which was first proposed by James Watson and Olovnikov (Fig. 

1.1) [19, 20] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1. The end-replication problem. The synthesis of DNA is initiated by a stretch of RNA fragment 

called RNA primer (showed as a dotted line).  The DNA polymerase can extend DNA only from 5′ to 3′. 

Therefore, one of the two strands will be synthesized continuously called “leading strand” whereas the 

other strand “lagging strand” will be synthesized discontinuously in the form of short DNA segments 

called “Okazaki fragment.” In the absence of telomerase, the removal of RNA primer at the termini of 

newly synthesized DNA cannot be replenished resulting in loss of the terminal parts of chromosomal 

DNA with each round of cell cycle. Captured from the work of Wilhelm Palm and Titia de Lange. Annu. 

Rev. Genet. 2008. 42:301–34. 
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An enzyme known as telomerase can solve the end-replication problem. 

Telomerase is a specialized reverse transcriptase that uses its RNA as a template for 

DNA synthesis [14]. In the absence of telomerase, continuous loss of DNA terminal 

regions will occur with successive rounds of cell divisions which adversely affects 

genomic stability in the long term [21]. Telomere shortening with increasing passage 

number was also observed in vitro in cultured human fibroblast, a phenomenon known 

as “Hayflick limit” [22].  

If the lost telomeric repeats are not replenished, telomeres become very short and 

sensed as DNA damage (Fig. 1.2) [23]. The activation of DNA damage response halts 

the cells from further division and leads to senescence known as “replicative senescence” 

[23]. Therefore, to maintain genome integrity, the chromosome ends must be protected 

not to be recognized as DNA double-strand break (DSB) and override the DNA repair 

and DNA damage checkpoint responses. To achieve this, a complex of protein had been 

identified to bind and protect the telomeric DNA known as “shelterin”. In mammals, 

the shelterin consists of complex of hexameric proteins; TRF1, TRF2, TIN2, RAP1, 

TPP1, and POT1 [24, 25] (Fig. 1.3 and 1.4). This shelterin has exquisite binding 

specificity and mainly present at telomeres and does not exist at any elsewhere in the 

genome. TFR1 and TRF2 are double-stranded (ds) telomeric binding proteins [26], and 

POT1 is a single-stranded (ss) telomere-binding protein that binds to the single-

stranded overhang [27]. These proteins are held together by TIN2 and TPP1 which act 

as a bridge that tethers TRF1and TRF2 with POT1 [28]. The fission yeast telomere 

shelterin consisting of Taz1, Rap1, Poz1, Tpz1, Ccq1, and Pot1 shows a striking 

similarity to that of a human compared with budding yeast [24, 25]. Taz1, the ortholog 

of TRF1/2 binds to ds telomeric repeat [29], and Pot1, the ortholog of human POT1, 

binds to the ss overhang [30] (Fig. 1.3). 
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Fig. 1.2 (A) Schematic view of eukaryotic chromosomes. The green region indicates the telomeres. 

Telomere replication is followed by processing of the 5′ end resulting in the generation of G-rich 

overhang at the 3′ terminus. (B) Telomere shortening with subsequent cell divisions results in telomere 

deprotection. Short telomeres are sensed as DNA damage site resulting in activation of DNA damage 

and DNA repair pathways which could have deleterious consequences on cell fates such as chromosomal 

instabilities, permanent cell cycle arrest, and cell death. 
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Fig. 1.3. Schematic representation of the conservation of telomere shelterin among different 

eukaryotes. The fission yeast telomere shelterin closely resembles that of mammals. Fission yeast Taz1 

is the ortholog of mammalian TRF1/2 binds to the ds telomeric repeat, and Pot1, the ortholog of human 

POT1, binds to the ss overhang. Budding yeast lacks TRF1/TRF2 homolog. Instead, Rap1 can bind 

directly to ds telomeric region. The CST (CTC1–STN1–TEN1) complex then binds to shelterin to 

facilitate the synthesis of C-strand. Inspired by the work of Jain D and Cooper JP. 2010. Annu Rev 

Genet 44: 243–269. 
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Fig. 1.4. A schematic view of the localization patterns of telomere-binding proteins that shape the 

telomere shelterin to preserve telomeric integrity. Telomere shelterin protects chromosome ends from 

being recognized as DNA damage sites and accordingly inhibits the DNA repair pathways such as 

nonhomologous end joining (NHEJ) and homology-directed repair (HDR) and regulates telomere length. 
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telomerase-dependent hyper-elongation of telomeres, implying that these proteins 

inhibit telomerase recruitment [31, 32].   

…
..
…
..

TRF2 

TRF1 

Rap1 

TIN2 

TPP1 

POT1 

…
..
…
..
…
..

…
..

DNA damage 
signaling 

DNA repair 
activities 

Telomere 
length 

regulation 



8 

 

Telomere dysfunction has been reported to be involved in the aging process and 

cancers [21]. A detrimental consequence of telomere dysfunction is the end-to-end 

chromosome fusion which results in the formation of dicentric chromosomes, rings, 

and sister-chromatid fusion [21] (Fig. 1.5). The segregation of dicentric chromosomes 

results in anaphase bridge and chromosome breakage followed by a series of 

chromosomal breakage-fusion-bridge cycles leading to deleterious chromosomal 

rearrangement and genome instability. POT1 is the first telomere shelterin components 

whose mutation is linked to human cancers [33-35]. 

In fact, telomere shortening acts as a double-edged sword. From one side, 

progressive telomere shortening with cell divisions can eventually lead to replicative 

senescence which would prevent the progression of pre-malignant cells and thus 

conferring a tumor suppression mechanism. On the other side, some cells can escape 

cell senescence and divide indefinitely producing potential tumorigenic cells and enter 

a state known as “crisis”. Beyond this crisis state, cells undergo a series of genomic 

instability and chromosome rearrangement which can eventually lead to upregulation 

of telomerase and indefinite progression of premalignant cells and cancers. 

Consistently, the majority of cancer cells (85-90%) can circumvent telomere shortening 

crisis and maintain telomeres through reactivation of telomerase [36]. Telomerase is 

usually undetectable or present at very low levels in human somatic cells [36]. 

Nevertheless, a population of cancer cells (10-15%) can continue growing with no 

detectable level of telomerase and lengthen their telomeres through a pathway known 

as alternative lengthening of telomeres (ALT) which involves HR between telomeres 

[37]. Telomerase-independent telomere maintenance through HR has been observed in 

some organisms such as mosquito, Anopheles gambiae, yeasts, and telomerase-null 

mouse cells [38-41]. The molecular mechanisms underlying the maintenance of 
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telomeres by ALT remain unknown. Although some telomerase inhibitors have been 

entered clinical trials, till now, there are no inhibitors of the ALT cancer cells have been 

developed [42]. This possibly may due to the lack of specific molecules that can target 

the ALT pathway. Moreover, ALT cancer cells show resistance to treatment with 

telomerase inhibitors and the treatment of telomerase-positive cancer cells with 

telomerase inhibitors triggers the transformation of these cells into ALT cells [42]. 

Therefore, more understanding of recombination-dependent telomere maintenance 

pathway would have significant implications for cancer therapy.   
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Fig. 1.5. Telomere dysfunction and genome instability in cancers. Telomere deprotection as a 

consequence of telomere shortening with cell divisions induces chromosome end fusions and formation 

of dicentric chromosomes which trigger series of breakage-fusion-bridge cycles that lead to genomic 

rearrangement and cancers. Cells can escape telomere shortening through reactivation of telomerase or 

maintain telomere length by recombination in a mechanism known as alternative lengthening of 

telomeres (ALT), producing potential tumorigenic cells. Intrachromosomal end-to-end fusion followed 

telomere dysfunction can produce ring chromosomes which lead to genetic disorders and cancers.  
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1.2 RecQ helicase and recombination-dependent telomere maintenance 

RecQ protein family is highly evolutionarily conserved DNA helicases that play 

important roles in numerous processes of DNA metabolism such as DNA replication, 

recombination, repair, and transcription [43]. RecQ helicases play important roles in 

replication, recombination, and repair at telomeres and recruited to telomeres in a cell 

cycle-dependent manner [43]. In mammals, RecQ helicase consists of five members 

RECQL1, BLM, WRN, RECQL4, and RECQL5 [43]. In yeast, there is only one RecQ 

helicase member has been identified as Rqh1 (the homolog of human BLM in S. pombe) 

[44] and Sgs1 (the homolog of human BLM in S. cerevisiae) [45]. Dysfunction of 

human RecQ helicases results in genetic diseases, aging, and cancer which are mostly 

linked to telomere shortening. [46]. 

In S. cerevisiae, Sgs1 helicase plays a role in the maintenance of telomeres 

through recombination in the absence of telomerase [47]. Similarly, human BLM 

helicase can maintain telomeres in ALT cells [48]. Both BLM and WRN bind to 

telomeric DNA during S-phase in ALT cells, and the overexpression of BLM can 

lengthen the telomeres in these cells [48, 49], indicating that BLM and WRN have an 

important role in the maintenance of telomeric integrity in the absence of telomerase.  

1.2.1 Functional interaction between Pot1 and RecQ helicases 

Although fission yeast pot1∆ rqh1∆ double mutant is synthetically lethal [50], 

the double mutation between pot1∆ and rqh1-hd (helicase-dead point mutation) is alive 

and can maintain telomeres through HR (Fig. 1.6A), a phenotype reminiscent of human 

ALT cancer cells [51]. One possible explanation is that the helicase activity of Rqh1 

may be involved in the resection of telomeres in the absence of Pot1. Second, the 

helicase activity of Rqh1 may be important to suppress the aberrant accumulation of 

recombination intermediates at telomeres. Intriguingly, the pot1∆ rqh1-hd double 
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mutant is sensitive to microtubule inhibitor TBZ (Fig. 1.6B). A possible explanation 

for this TBZ sensitivity phenotype is that the recombination intermediates at telomeres 

exist till M-phase resulting in a physical link between sister chromatids making it 

difficult to separate them upon inhibition of microtubules by TBZ which eventually 

results in cell death. Interestingly, the dual inhibition of human POT1 and RecQ 

helicase WRN results in sensitivity to microtubule inhibitor drug (vinblastine), 

indicating that the functional interaction between fission yeast Pot1 and Rqh1 and 

human POT1 and WRN is conserved [51] and implying that inhibition of WRN in ALT 

cells would enhance the sensitivity of ALT cells to microtubule inhibitors. 

Consequently, fission yeast pot1∆ rqh1-hd double mutant would help understand the 

behavior of cells that maintain telomeres by HR which would be of clinical outcomes 

in the treatment of ALT cancer cells. 

 
 
 
 
 
 
 
 
 
 

Fig. 1.6 (A) A schematic representation of the telomere maintenance by homologous recombination in 

the pot1∆ rqh1-hd double mutant. The recombination intermediates accumulate at the chromosome ends 

of the double mutant. (B) Model of chromosome segregation defects in the pot1∆ rqh1-hd double mutant. 

A pair of sister chromatids of the pot1 ∆ rqh1-hd double mutant with entangled chromosome ends during 

M-phase. The small circle represents centromere/kinetochore. The thick line represents the normal 

mitotic spindle while the thin line represents the destabilized spindle in the presence of TBZ. Fig. 1.6B 

captured from the work of Takahashi K. et al. Mol. Cell. Biol. 31: 495– 506 (2011).  

 

Telomere maintenance by HR 

3′ 
5′ 

3′ 
5′ 

Pot1 
rqh1-hd 

A 

Telomere entanglement  

Telomere entanglement + TBZ 

‘cut’ phenotype 

Chromosome non-disjunction 

B 



13 

 

1.3 Circular chromosomes (Ring chromosomes)  

Circular chromosomes are also known as ring chromosomes (RCs), a term that 

had been first proposed by Cote et al. [52]. RCs are a rare cytogenetic anomaly that has 

been reported in all human chromosomes. RCs are circular DNA molecules that can be 

formed because of breakage at both arms of chromosomes generating sticky ends ready 

for fusion with loss of some genetic materials at the broken regions [2, 53]. 

Alternatively, RCs can be formed due to telomere dysfunction through fusion between 

subtelomeric sequences, telomere-telomere or telomeric-subtelomeric fusion without 

loss of genetic materials generating complete ring chromosome [53, 54]. Nevertheless, 

individuals with complete ring may have a deletion on microscopic levels that cannot 

be detected using standard cytogenetic techniques. RCs can also be classified into two 

main types with different clinical phenotypes; the non-supernumerary ring in which RC 

replaces one of the normal chromosomes resulting in a 46, (r) karyotype and the 

supernumerary ring in which the individual carries extremely small extra chromosome 

in addition to the normal 46 chromosomes with 47, +(r) karyotype [53, 55]. RCs have 

also been described in other eukaryotes such as Drosophila, maize (Zea mays) and 

fission yeast [30, 31, 56, 57].  

How cell with RCs normally segregates its circular chromosomes and passes 

through mitosis depends on whether the RCs undergo sister chromatid exchanges 

(SCEs) before cell division or not [55]. If no SCEs occur at the breakpoint, cells with 

RCs can normally proceed through mitosis, and the separation of ring chromatids would 

normally occur without problem producing two equal-sized rings with a centromere 

each (Fig. 1.7A). In the case of an odd number of SCEs, rings will double in size 

producing a dicentric double-sized ring with two centromeres. The anaphase 

segregation of dicentric ring can lead to chromosome breakage and formation of 
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anaphase bridge. This chromosome breakage can result in more genetic instability 

including loss or amplification of genetic materials, a reunion of different broken 

fragments, or ring loss in subsequent cell divisions (Fig. 1.7B).  If an even number of 

SCEs occur, RCs can either segregate without problem or can form interlocked rings, 

which upon chromosome segregation can produce a ring or chromosome breakage (Fig. 

1.7C).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.7. RC instability during the cell cycle. (A) Rings undergo no SCEs and normally proceed through 

mitosis producing two rings. (B) RC undergoes an odd number of SCEs resulting in the dicentric double-

sized ring with two centromeres. During chromosome segregation, the ring either breaks and forms a 

new ring with further deletion or duplication of genetic materials or the entire dicentric ring passes into 

one daughter cells, producing monosomic cells. (C) RC undergoes even number of SCEs. The two rings 

can either normally segregate producing two normal rings or form interlocked rings that break in the 

subsequent cell divisions. Inspired by the work of Inna E. Pristyazhnyuk and Aleksei G. Menzorov; doi: 

10.1007/s00709-017-1165-1 with slight modifications. 
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1.3.1 Ring chromosomes: genetic disorders and cancers 

RCs are structurally unstable and cells with rings can undergo series of 

chromosome instability (CIN) during cell divisions such as chromosome 

nondisjunction, anaphase bridge, ring fragmentation, nuclear projection, micronuclei, 

pulverized chromosomes which can eventually lead to the production of secondary 

aneuploid cells with possible deleterious consequences, in particular, cancers [58-59]. 

Continuous production of secondary aneuploid cells can contribute to tumorigenesis 

and developmental disorders such as decreased weight at birth, mental retardation, and 

growth retardation, the major physical abnormality of the ring syndrome [58, 60]. Even 

though the ring syndrome is not specific and can interfere with symptoms of different 

pathological origins, some patients with RCs have unique symptoms such as refractory 

epilepsy that associates with RC20 [61].  

In addition to the association of RCs with some genetic disorders, RCs have been 

reported in a wide variety of human neoplasia [62]. For instance, dermatofibrosarcoma 

protuberans (70%), acute myelogenous leukemia, atypical lipomatous tumors (63%), 

acute lymphoblastic leukemia (3.4%), malignant mesenchymoma, parosteal 

osteosarcoma, pancreatic carcinoma (more than 10%), hematopoietic malignancies 

(less than 10%), urinary bladder tumors (more than 15%), low-grade malignant fibrous 

histiocytoma (MFH), mesenchymal tumors (more than 70%) and some others [62]. The 

highest incidence of RCs occurred in mesenchymal tumors. However, RCs are very 

rare in some tumors such as epithelial tumors, nervous system, breast and ovarian 

cancers [62].  

Till now, the mechanism behind the formation of RCs in human neoplasia and 

how cells with RCs could survive are largely enigmatic. One possibility is that the RCs 

can lead to tumor development if the tumor suppressor genes loci are affected by the 
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ring formation [63]. Alternatively, chromosomal alteration such as amplification of the 

genes that negatively regulate tumor suppressor genes can also lead to cancers [64]. 

1.3.2 Clinical management of ring chromosomes 

To date, no possible therapeutic strategies for treatment of RCs disorders have 

been described. Most of the treatment prescribed so far are symptomatic and supportive. 

For example, antiepileptic drugs are the main treatment strategy to control the epileptic 

attacks in patients with RC20 [61]. Surgery intervention remains a preferred option to 

repair malformations associated with RCs and for tumor excision. Drug treatment using 

a tyrosine kinase inhibitor, imatinib, had also been described for the treatment of 

recurrent or metastatic dermatofibrosarcoma protuberans [65]. Recently, some studies 

point out toward “chromosome therapy” strategy as a therapeutic intervention for 

correction of RCs [66, 67].  

In conclusion, treatment of ring chromosome-associated diseases still represents 

a clinical dilemma. Further understanding about the mechanisms of survival of cells 

with RCs is needed to help develop a strategy for selective targeting of pathogenic cells 

with RCs. 

1.4 Fission yeast Schizosaccharomyces pombe as a model organism 

Although both fission yeast and budding yeast are ascomycetes, fission yeast is 

approximately 1000 million years evolutionary distant from budding yeast [68, 69]. 

Fission yeast, commonly known as Schizosaccharomyces pombe, was originally 

isolated by German scientist Paul Lindner in 1893 from East African millet beer [70]. 

Lindner named it Schizosaccharomyces pombe in which “Schizo” refers to the cells 

divide by fission to differentiate it from budding yeasts that divide by bud formation 

and “pombe” is the Swahili word for beer since it was originally isolated from East 

African millet beer [70]. Fission yeast had been developed as an experimental model in 
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the early 1950s by Swiss geneticist Urs Leupold who isolated two homothallic strains 

(968 h90 and h40) and two heterothallic strains of opposite mating type (975 h+ and 972 

h−) [71, 72]. Three of these isolates 968 h90, 975 h+, 972 h− had primed and established 

the infrastructure of yeast genetics and commonly used in nearly all laboratory using 

fission yeast as model organism nowadays. 

S. pombe is a rod-shaped unicellular simple eukaryote with 7-14 µm in length 

and 3-4 µm wide that grows in length by tip elongation until reaching certain cell size 

before initiation of cell division and divides by medial division (Fig. 1.8A). This mode 

of cell growth by increasing length is used as an indicator for the stage of the cell cycle 

at which the longest cells are those about to commit mitosis, and the shortest ones are 

those that are newly born after the completion of cytokinesis [73]. Yeast cells are 

predominately existing in a haploid state (contains one set of chromosomes) which is 

useful to screen for mutants that produce a specific phenotype. Diploid state (contains 

two sets of chromosomes) can also be maintained and can be used to determine whether 

a mutant allele is dominant or recessive relative to the wild-type. Diploid cells are much 

larger in length and width than haploid. Yeast cells are easy to be genetically 

manipulated because they possess efficient HR mechanisms which allow for ease 

introduction of novel genetic materials [74]. Furthermore, fission yeast can be easily 

maintained and grown in the lab using an inexpensive wide range of media and has 

quite a fast cell cycle with cell doubling time about 2-4 h for the wild-type depending 

on the medium and the temperature [75].  

Meiosis in fission yeast occurs by mating heterothallic haploid cells with 

opposite mating type h+ and h− or as a self-cross of homothallic strain (h90), which 

possesses the information of both mating types, under a condition of nitrogen starvation 

which typically arrests cells in G1 [76]. Upon conjugation, the nuclei of mating cells 



18 

 

fuse to form diploid zygotic ascus characterized by zig-zag or banana-like shape which 

precede to meiosis, if the starvation condition persists, producing four haploid 

ascospores that can enter vegetative mitotic cell cycle once the conditions become 

favorable (Fig. 1.8B).  

Fission yeast undergoes a typical eukaryotic cell cycle divided into G1 (gap 1), 

S (synthesis), G2 (gap 2), and M (mitosis) phases. G1, S, and G2 are collectively known 

as “interphase”. The fission yeast cells spend most of their time in G2 (about 70%), and 

the remaining 30% is divided equally among G1, G2, and S-phases (Fig. 1.8B) [75]. 

Cells can undergo mitosis with intact nuclear envelope, a process called “closed mitosis” 

[77]. Since the G1 phase is very short in fission yeast, the cells start DNA replication 

very soon after mitotic exit, and the completion of cytokinesis occurs at S-phase. 

Therefore, the newly born daughter cells are almost in G2 phase [75].  

 

  

 

 

 

 

 

 
 
Fig. 1.8. (A) Representative pictures of vegetative growing wild-type (WT) S. pombe cells. (B) Schematic 

representation of fission yeast life cell cycle. On the right, the mitotic cycle showing the main four phases 

G2, M, G1, and S-phase. On the left, the meiotic cycle is triggered in response to starvation (e.g. nitrogen 

starvation) by mating the two haploid strains of opposite mating type. Upon conjugation, the nuclei of 

mating cells fuse to form diploid zygotic ascus characterized by zig-zag or banana-like shape which 

precede to meiosis producing four haploid ascospores that can enter vegetative mitotic cell cycle once 

the conditions become favorable. Picture of Fig. 1.8B is inspired by the Forsburg lab pombe page; 

http://www-bcf.usc.edu/~forsburg/main4.html. 
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Fission yeast is the sixth eukaryotic organism whose entire genome was 

sequenced following Saccharomyces cerevisiae, Caenorhabditis elegans, Drosophila 

melanogaster, Arabidopsis thaliana and Homo sapiens [78-83]. The complete genome 

sequence was published in 2002 showed that fission yeast haploid cell has a small and 

compact genome of 13.8 Mb in size, compared to the 12.5 Mb of Cerevisiae genome, 

divided between three chromosomes; Chr. I (5.7 Mb), Chr. II (4.6 Mb) and Chr. III (3.5 

Mb) [83]. This small genome provides an advantage for easier genetic manipulation 

compared with the budding yeast that harbors 16 chromosomes. S. pombe cell has 5059 

protein-coding genes with 67% of the genes are closely similar to that of human 

disease-related genes [83], providing it as a powerful tool to study various biological 

processes which are conserved from yeast to human.  

The genome organization patterns in fission yeast share a number of features with 

those of metazoans: the telomere, centromere, and origin of replication are much like 

higher eukaryotes compared with budding yeast [83]. Fission yeast provides a powerful 

tool for studying many biological processes such as the RNAi pathway, centromere 

functions, DNA replication, checkpoint, and cell cycle studies, and telomeres compared 

with budding yeast. 

In fission yeast, the telomeres at chromosomes I and II contain a repetitive 

sequence of 20-40 kb known as subtelomeric elements (STE1), (STE2), and (STE3) 

that extend from telomere toward centromere. On chromosome III, the subtelomeric 

regions were replaced with rDNA repeats at both chromosome arms [9]. The telomere 

proteins that cap the end of fission yeast chromosomes show a striking similarity to 

those of mammals compared with budding yeast. Moreover, the low number of 

chromosomes in fission yeast compared with budding yeast allows for ease genetic 

manipulation and production of specific phenotypes such as chromosome 
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circularization. The chance for all chromosomes to be circularized is inversely 

proportional to the number of chromosomes cells have. In fission yeast, circularization 

of all three chromosomes has been reported in some mutants, while it was not observed 

in budding yeast, providing an advantage for the use of fission yeast to study the 

behavior of ring chromosomes and the molecular mechanisms of their maintenance.  

1.5 The aim of the thesis 

Telomere dysfunction is one of the key driving forces for genomic instability and 

cancers. For instance, recombination-dependent telomere maintenance and 

chromosome circularization following telomere dysfunction had been reported in 

association with cancers. My thesis aims to identify vulnerable points in these two 

telomere dysfunction cases which would help find a possible target for cancer therapy. 

To this end, I performed the following two studies: 

1. Understand the reason behind the TBZ sensitivity phenotype of the pot1∆ rqh1-

hd double mutant.  

The fission yeast pot1∆ rqh1-hd double mutant maintains telomere by HR, a 

phenotype resembles cancer cells that maintain telomere by recombination, and 

sensitive to anti-microtubule TBZ [51]. However, the mechanism of the TBZ sensitivity 

phenotype of the pot1∆ rqh1-hd double mutant is not well understood. Identifying the 

mechanism of the TBZ sensitivity of the pot1∆ rqh1-hd double mutant would enable 

me to find a specific vulnerability in cancer cells that maintain telomeres by 

recombination which could be a target to sensitize these cancer cells to anti-microtubule 

drugs. Therefore, I tried to understand the reason behind the TBZ sensitivity phenotype 

of the pot1∆ rqh1-hd double mutant.  
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2. Define a gene required for the maintenance of a circular chromosome and the 

survival of cells having circular chromosomes.  

Chromosome circularization has been observed in association with human 

cancers [62]. Till now, the mechanisms behind the maintenance of circular 

chromosomes and how cells with circular chromosomes could survive are largely 

enigmatic. Using fission yeast pot1∆ cells that have circular chromosomes, I attempted 

to define a gene required for the survival of cells having circular chromosomes. This 

gene could be a target of cancer therapy to selectively kill cancer cells that harbor 

circular chromosomes.  
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Chapter 2. Long G2 accumulates recombination intermediates 

and disturbs chromosome segregation at dysfunction telomere 

in Schizosaccharomyces pombe 

Note: This study was published in Biochemical and Biophysical Research 

Communications [84]. Most of the figures and tables in this chapter were reproduced from 

the published article with slight modifications. 

2.1 Introduction 

Cell cycle checkpoints are a surveillance mechanism that tightly regulates cell cycle 

progression [85]. In the presence of DNA damage, checkpoints impede the cell cycle 

progression to provide cells with time to repair the damaged DNA, thus ensuring faithful 

transmission of the genome [86]. Failure to enforce DNA damage checkpoint in the 

presence of DNA damage can lead to genome instability and cancers [86, 87].  

In fission yeast, Chk1 is an effector kinase that mediates the DNA damage 

checkpoint signaling [88]. Chk1 is required for the DNA damage checkpoint response but 

not the replication checkpoint and functions under the regulation of a group of checkpoints 

“Rad proteins” that include Rad1, Rad3, Rad9, Rad17, Rad26, and Hus1 [89, 90]. In 

response to the DNA damage, Rad3 phosphorylates the downstream kinase Chk1 resulting 

in Chk1 activation [91]. Active Chk1 phosphorylates the downstream kinases Wee1 and 

Mik1 which in turn phosphorylate Cdc2 at the highly conserved tyrosine-15 (Y15) residue, 

keeping it in an inactive state and hold the cells at the G2/M boundary [92, 93]. Cdc2, 

together with its regulatory subunit cyclin B, is the key regulator that orchestrates the 

transition through the cell cycle phases [94, 95]. The activation of Cdc2-cyclin B complex 
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through its de-phosphorylation at Y15 with Cdc25 phosphatase is the rate-limiting step that 

triggers the G2/M transition and mitotic entry [96]. Therefore, the loss-of-function of Wee1 

and Mik1 or the overexpression of Cdc25 can override the cell cycle checkpoint and elicit 

a premature mitotic entry at a smaller size than that of the wild type [93, 94].  

The telomeres in pot1∆ rqh1 helicase dead (rqh1-hd) point mutant, in which lysine 

547 is mutated to alanine are maintained by HR in a Rad51-dependent manner [51]. The 

recombination intermediates accumulate at the chromosome ends of the pot1∆ rqh1-hd 

double mutant and exist till mitosis resulting in disturbance of chromosome segregation 

and render cells sensitive to TBZ [51]. The pot1∆ rqh1-hd double mutant cells display long 

G2 phenotype, implying the activation of the DNA damage checkpoint. Interestingly, 

deletion of chk1+ or mutation of its kinase domain, in which aspartic acid 155 is mutated 

to alanine which has no kinase activity in vitro, shortened the G2 of the pot1∆ rqh1-hd 

double mutant and suppressed the accumulation of the telomeric recombination and the 

TBZ sensitivity [97]. A notion emerged from these results is whether there is a link between 

the long G2 of the pot1∆ rqh1-hd double mutant and its TBZ sensitivity.  

In this study, I found that shortening the G2 of the pot1∆ rqh1-hd double mutant 

suppressed the TBZ sensitivity and the accumulation of recombination intermediates at the 

telomeres of pot1∆ rqh1-hd cells. My results imply that the long G2 is the cause of the 

TBZ sensitivity of the pot1∆ rqh1-hd double mutant in the way that long G2 provides pot1∆ 

rqh1-hd cells with time for the accumulation of recombination intermediates at the 

chromosome ends which disturb chromosome segregation and render cells sensitive to 

TBZ.   
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Table 2.1 Schizosaccharomyces pombe strains used in this study 

 
 
2.2 Materials and methods 

2.2.1 Mating (Random spore analysis) 

Mix a loopful of freshly growing h+ and freshly growing h− cells in an Eppendorf 

tube containing 10 µL sterile water. Spread the cells on malt extract (ME) (3% BactoTM 

malt extract) media to an area of 1 cm2. Leave the cross to dry and incubate at 25oC to 2-3 

days. Examine under the light microscope for the formation of four spore zygotic asci. Pick 

a loopful of mated cells from the mating plate into an Eppendorf tube containing 100 µL 

sterile water, then add 10 µL 0.5% glusulase and incubate overnight at 25oC. Using 

hemocytometer, confirm there are no complete asci exist. Wash off the spores from the 

glusulase by centrifugation and re-suspend the cells in 100 µL sterile water. Plate the cells 

Strain  Genotype Source 
GT000 h+ leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-

K547A (pPC27-ura4-pot1+-HA) 
Takahashi et al. 

GT002 h− leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-
K547A 

Takahashi et al. 

FY16194 h−  ade6-M216 ura4-D18 cdc2-3w  NBRP 
AH010 h− leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-

K547A cdc2-3w (pPC27-ura4- pot1+-HA) 
This study 

AH009 h− leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1- 
K547A cdc2-3w 

This study 

MY444 h− leu1-32 ura4-D18 wee1-50 mik1::ura4+ NBRP 
KM032 h+ leu1-32 ura4-D18 pot1::kanMX6 rqh1-K547A wee1-50 

mik1::ura4+ (pPC27-leu1- pot1+-HA) 
This study 

KM031 h+ leu1-32 ura4-D18 pot1::kanMX6 rqh1-K547A wee1-50 
mik1::ura4+ 

This study 

TH025 h+ leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-
K547A (pPC27-leu1- pot1+-HA) 

Nakano et al. 

YI002 h− leu1-32 ura4-D18 ade6 pot1::kanMX6 (pPC27-ura4- 
pot1+-HA) 

Nanbu et al. 

SIH60 h− leu1-32 ura4-D18 ade6 pot1::kanMX6 rav1::hphMX6 This study 
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into suitable media and incubate till the formation of colonies (it takes 3-5 days depending 

on the temperature). 

2.2.2 Strain construction 

The pot1∆ rqh1-hd wee1-50 mik1∆ mutant cells (pot1::kanMX6 rqh1- K547A wee1-

50 mik1::ura4+) expressing Pot1 from plasmid (pPC27- pot1+-hemagglutinin [HA], 

containing leu1+) were constructed by mating h+ pot1∆ rqh1-hd double mutant 

(pot1::kanMX6 rqh1-K547A (pPC27-leu1-pot1+-HA) with h− wee1-50 mik1::ura4+ 

double mutant. Cells were streaked on Edinburgh minimal medium (EMM) (1% glucose, 

0.5% NH4Cl, 0.45% Na2HPO4. 12H2O, 4% salt solution, 1% vitamin solution, 1% trace 

element) lacking uracil to select for mik1::ura4+ mutation and on yeast extract agar (YEA) 

(0.5% BactoTM yeast extract, 3% glucose, and 40 µg/mL adenine) plates containing G418 

disulfide (100 µg/mL) at 25oC to select for pot1::kanMX6 mutation. Candidate cells were 

re-streaked on YEA plates containing 4 mM Hydroxyurea (HU) at 25oC to select cells 

harboring rqh1-hd mutation (cells that cannot grow in the presence of HU are cells with 

rqh1-hd mutation). Candidates were re-streaked on YEA at 36oC to select for wee1-50 

mutation. The pot1∆ rqh1-hd wee1-50 mik1∆ mutant cells that do not have pPC27-pot1+-

HA were selected on YEA plates containing 100 µM 5-fluorodeoxyuridine (FUDR). 

The pot1∆ rqh1-hd cdc2-3w triple mutant (pot1::kanMX6 rqh1-K547A cdc2-3w) 

expressing Pot1 from a plasmid (pPC27-pot1+ [HA] , containing ura4+) was constructed 

by mating h+ pot1∆ rqh1-hd double mutant (pot1::kanMX6 rqh1-K547A) expressing Pot1 

from a plasmid (pPC27-pot1+ [HA], containing ura4+) with h− cdc2-3w. Cells were 

streaked on YEA plates containing G418 disulfide at 25oC to select for pot1::kanMX6 

mutation and on YEA plates containing 4 mM HU to select for rqh1-hd mutation. Since 
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cdc2-3w cells characterized by small-sized cells with short G2, the pot1∆ rqh1-hd cells 

with small size were selected as the pot1∆ rqh1-hd cells carrying the cdc2-3w mutation. 

The pot1∆ rqh1-hd cdc2-3w triple mutants that do not have the Pot1 plasmid were counter-

selected on YEA plates containing 2 g/L 5-fluoroorotic acid (FOA). 

2.2.3 Measurement of telomere length 

Telomere length was measured using Southern hybridization. Ten mL of 

exponentially growing log-phase cells are harvested by centrifugation at 5000 rpm for 10 

min at room temperature. Discard the supernatant and re-suspend the cell pellets in 100 µL 

lysis buffer (2% Triton X, 1% SDS, 10 mM Tris-HCl [pH 8.0], 10 mM EDTA, 5 mM 

NaCl) and transfer to 1.5 mL Eppendorf tube. Add ~100 µL volume of acid-washed glass 

beads and 100 µL of phenol/chloroform and vortex at high speed for 30 min at 4oC. Spin 

down the tube at high speed and add 100 µL lysis buffer and 100 µL phenol/chloroform. 

Vortex, spin down and add 200 µL TE buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA). 

Vortex the mixture and centrifuge at 15000 rpm for 10 min at room temperature. Transfer 

the aqueous layer (top layer) ~400 µL to new Eppendorf tube containing 100 µL 

phenol/chloroform and centrifuge one more time at 15000 rpm for 10 min at room 

temperature. Transfer the aqueous layer into a new Eppendorf tube, add 400 µL 2-propanol 

and 40 µL 3 M sodium acetate [pH 5.2], mix, and wait for ~10 min. Centrifuge at 15000 

rpm for 10 min at room temperature (the DNA will precipitate at this stage). Wash the 

DNA pellets with ~500 µL 70% ethanol and centrifuge at 15000 rpm for 5 min at room 

temperature. Pour off the ethanol, dry up the DNA and re-suspend the DNA pellets in 100 

µL TE buffer. Then 1 µL of 1 µg/mL RNase solution is added to degrade the RNA. 

Incubate at 37oC for 4 h and then confirm the degradation of RNA by gel electrophoresis. 
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To extract the DNA after the RNA digestion, add 100 µL phenol/chloroform and centrifuge 

at 15000 rpm for 10 min at room temperature. Transfer the upper layer containing the DNA 

into a new tube and add 2.5× 100% ethanol and 0.1× 3 M sodium acetate and keep at -20 

for ~30 min to allow the precipitation of DNA. Centrifuge at 15000 rpm for 10 min at 4oC. 

Wash the precipitated DNA pellets with 500 µL 70% ethanol and centrifuge at 15000 rpm 

for 5 min at 4oC. Pour off the ethanol and dry up the DNA. The genomic DNA was then 

digested with EcoRI and separated on 1.5% agarose gel. The separated DNA is then 

transferred to a positively charged nylon membrane by the process of blotting. During the 

aspiration, gel was mounted with denaturation buffer (1.5 M NaCl, 0.5 N NaOH) for 12 

min, aspirated and mounted with neutralization buffer (1 M Tris-HCl [pH 5.0], 2 M NaCl) 

for 12 min, then aspirated and mounted with 20X SSC (3 M NaCl, 0.3 M trisodium citrated 

dehydrate) for 1 h. The membrane was then cross-linked by UV cross-linker (1200 J/m3) 

and probed with DNA fragment containing telomere and telomeric-associated sequence 1 

(TAS1) derived from pSNU70, which was amplified by PCR using pITNI as a template 

and purified with Gel Extraction Kit (QIAGEN). Hybridization with the probe was done 

according to the manufacture protocol (AlkPhos DirectTM, GE Healthcare). The single-

stranded telomeric DNA probe was labeled with (γ-32P ATP) (GE Healthcare) by using T4 

polynucleotide kinase. The membrane was placed in 50 mL tube (membrane is oriented 

with DNA side facing the interior of the tube) and hybridized overnight with hybridization 

buffer (Rapid-Hyb Buffer; GE Healthcare) and the ten pmol probe at 55oC. Discard the 

hybridization buffer but keep the membrane inside the tube and wash the membrane twice 

with 100 mL primary wash buffer at 55oC for 10 min. Pour off the primary wash buffer, 

remove the membrane from the tube and place it in a small plastic box with lid, with the 
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DNA side up, and wash the membrane twice with gentle agitation with 100 mL secondary 

wash buffer for 5 min at room temperature. Pour off the excess secondary wash buffer and 

add ~700 µL CDP-StarTM detection reagent onto the membrane surface and let sit for 5 

min. Drain off the excess detection reagent, wrap the membrane and detect the 

chemiluminescent signal using FujiFilm LAS-3000 mini imaging system.   

2.2.4 Pulsed-field gel electrophoresis (PFGE)  

Fifty mL of exponentially growing log-phase cells were collected by centrifugation 

at 5000 rpm for 3 min. Re-suspend the cell pellets with SPI buffer (1.2 M sorbitol, 50 mM 

sodium citrate, 30 mM Na2HPO4. 12H2O, 40 mM EDTA pH [5.6]) to reach a cell density 

of 5.5×108 cells/mL.  For each five agarose plugs, 108 cells were treated with Zymolyase-

100T (2 mg/mL) for 2 h at 37oC. Cells were collected by centrifugation at 5000 rpm for 3 

min and re-suspended in 25 µL TSE buffer (10 mM Tris HCl [pH 7.5], 0.9 M sorbitol, 45 

mM EDTA). Low-melt preparative grade agarose (Bio-Rad, Richmond, CA) was added 

from a 1% solution in TSE buffer equilibrated at 43oC, and the cell suspension was 

transferred into four plug molds. Solidified plugs were washed in PW1 (50 mM Tris-HCl 

[pH 7.5], 0.25 M EDTA, 1% SDS) for 2 h at 50oC, transferred into PW2 (10 mM Tris-HCl 

[pH 9.0], 0.25 M EDTA, 1% w/v N-lauroylsarcosine, 1 mg/mL proteinase K) and 

incubated for 24 h at 50oC. Plugs were incubated at 50oC in fresh PW2 for another 24 h, 

washed extensively twice in 10 mL T10×E (10 mM Tris-HCl [pH 7.5], 10 mM EDTA), 

and incubated at 4oC for 30 min. Treat the plugs twice with 10 mL T10×E and 23 µL 

phenylmethylsulfonyl fluoride (PMSF) and incubate at 50oC for 30 min. Wash the plugs 

twice with 10 mL T10×E and incubate at room temperature for 30 min. Wash the plugs 

twice with 1 mL sterile TE buffer and incubate at 4oC for 16 min. Transfer the plugs to 50 
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mL Falcon tube containing 10 mL 3 buffer (NEB), 100 µL Bovine serum albumin (BSA) 

(10 µg/mL) and 100 µL Dithiothreitol (DTT) (100 mM) and incubated overnight at 37oC. 

Transfer the plugs into new Eppendorf tube containing 300 µL 3 buffer, 3 µL BSA, 3 µL 

DTT and restriction enzyme NotI (40 unit) and incubate at 37oC for 2 h. Add another 40 

unit of NotI and incubate overnight at 37oC. Wash the plugs with 1.5 mL T10×E buffer 

and incubate at 4oC for 30 min. Transfer the plugs to new Eppendorf tube containing 1 mL 

0.5×TBE buffer (50 mM Tris-HCl, 5 mM boric acid, 1 mM EDTA, [pH 8.0] and incubate 

at 4oC for 30 min. The NotI-digested chromosomal DNA was then fractionated in 1% 

agarose gel with 0.5% sterile TBE buffer at 14oC using the CHEF Mapper PFGE system 

at 6 v/cm (200 V) and a pulse time of 60-120s over 24 h. The DNA was visualized by 

staining the gel with ethidium bromide (EtBr) (200 mL 0.5×TBE + 200 µL EtBr). The 

DNA was then blotted onto Hybond-N+ nylon membrane, and the procedures were then 

continued as same as Southern hybridization using probes that were amplified from pITNI 

by PCR and purified with Gel Extraction Kit to M, L, I, C probes. 

2.2.5 Microscopy 

Microscope images of living cells were obtained using an AxioCam digital camera 

(Zeiss) connected to an Axio Observer. Z1 microscope (Zeiss) with a Plan-Apochromat 

63× objective lens (numerical aperture, 1.4). Pictures were captured and analyzed using 

AxioVision Rel. 4.8.2 software (Zeiss). 
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2.3 Results 

2.3.1 Concomitant loss-of-function of wee1+ and mik1+ suppressed the TBZ sensitivity 

of the pot1∆ rqh1-hd double mutant 

The fission yeast cells spend most of their time in G2. The activation of Chk1 in 

response to DNA damage and the subsequent activation of its downstream kinases Wee1 

and Mik1 impede cell cycle progression and hold the cells at the G2/M boundary with long 

G2 till the repair of the damaged DNA [88-93]. Interestingly, the long G2 of the pot1∆ 

rqh1-hd double mutant was suppressed by deletion of chk1+ or mutation of its kinase 

domain, implying the activation of the DNA damage checkpoint in that double mutant (Fig. 

2.1). Moreover, deletion of chk1+ or mutation of its kinase domain suppressed the TBZ 

sensitivity of pot1∆ rqh1-hd cells (Fig. 2.2A), suggesting a possible link between the long 

G2 phenotype of the pot1∆ rqh1-hd double mutant and its TBZ sensitivity. If this is the 

case, then I might expect that the loss-of-function of Chk1 downstream kinases, Wee1 and 

Mik1, would also shorten the G2 of the pot1∆ rqh1-hd double mutant and alleviate its TBZ 

sensitivity. Wee1 delays the onset of mitotic entry in response to DNA damage and to allow 

time for the cells to attain a suitable size before mitotic entry. The concomitant loss-of-

function mutation of wee1, wee1-50 which is a temperature-sensitive mutant allele of wee1, 

and the null mutation of the mik1+ trigger a premature mitotic entry at a decreased cell size 

compared with the wild-type [93]. Indeed, wee1-50 mik1∆ double mutation shortens the 

G2 of the pot1∆ rqh1-hd double mutant (Fig. 2.1).  
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Fig. 2.1. The cell length of vegetative growing pot1∆ rqh1-hd cells, pot1∆ rqh1-hd chk1-kd cells and pot1∆ 

rqh1-hd wee1-50 mik1∆ cells at the indicated temperatures. Bar =10 µm. 

 

To investigate the correlation between the long G2 of the pot1∆ rqh1-hd double 

mutant and its TBZ sensitivity, I examined the TBZ sensitivity of the pot1∆ rqh1-hd wee1-

50 mik1∆ cells. I used wee1-50 mutant rather than wee1∆ because wee1∆ cells diploidized 

at a high rate. I found that pot1∆ rqh1-hd wee1-50 mik1∆ cells are not sensitive to TBZ 

(Fig. 2.2A), supporting the link between the long G2 and the TBZ sensitivity of the pot1∆ 

rqh1-hd double mutant. 

I next examined whether the telomeres in pot1∆ rqh1-hd wee1-50 mik1∆ cells are 

maintained by HR similar to that of the pot1∆ rqh1-hd double mutant. To this end, the 

genomic DNA of pot1∆ rqh1-hd wee1-50 mik1∆ cells was digested with EcoRI and 

analyzed by Southern blotting at 25oC using a probe containing telomere and TAS1 DNA 

fragments. I found that the telomeres in the pot1∆ rqh1-hd wee1-50 mik1∆ cells show a 

distinct pattern of amplified TAS1 similar to that of the pot1∆ rqh1-hd double mutant (Fig. 
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2.2B and 2.2C), implying that the telomeres in pot1∆ rqh1-hd wee1-50 mik1∆ cells are 

maintained by HR.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2. Concomitant loss-of-function mutation of wee1+ and mik1+ suppressed the TBZ sensitivity of 

the pot1∆ rqh1-hd double mutant.  (A) Spotting assay of ten-fold serial dilutions of log-phase cells. The 

pot1∆ rqh1-hd, pot1∆ rqh1-hd chk1-kd, pot1∆ rqh1-hd wee1-50 mik1∆ cells expressing Pot1 from a plasmid, 

and pot1∆ rqh1-hd wee1-50 mik1∆ mutant cells were spotted onto YEA plate and YEA plates containing 9 

µg/mL TBZ at the indicated temperatures. (B) The telomere length of wild-type, pot1∆ rqh1-hd, and pot1∆ 

rqh1-hd wee1-50 mik1∆ cells was analyzed by Southern hybridization. Genomic DNA was digested by EcoRI, 

fractionated on 1.5% agarose gel electrophoresis and hybridized to a probe containing telomere fragment of 

300 bp plus TAS1 of 700 bp. To assess the total amount of DNA, the gel was stained with ethidium bromide 

(EtBr) before blotting onto the membrane. (C) Restriction enzyme sites around the telomere and TAS1 of 

one chromosome arm cloned in the plasmid pNSU70.  
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2.3.2 The loss-of-function mutation of wee1+ and mik1+ suppressed the accumulation 

of telomeric recombination in the pot1∆ rqh1-hd double mutant 

I further examined the chromosome topology in pot1∆ rqh1-hd wee1-50 mik1∆ cells 

by PFGE at 31oC. The genomic DNA was digested with NotI and the presence of the NotI-

digested chromosomal end fragments located at the termini of chromosomes I and II were 

analyzed. In the pot1∆ rqh1-hd double mutant, the chromosome end fragments M, L, I, and 

C were not observed, suggesting that the chromosome ends of that double mutant would 

harbor branched structure, possibly recombination intermediates and thus failed to enter 

the gel. This result reproduced the previous result showing that the chromosome end 

fragments of the pot1∆ rqh1-hd double mutant were unable to enter the gel, possibly due 

to the accumulation of the recombination intermediates [51]. In sharp contrast, I could 

detect the chromosome end fragments M, L, I, and C of pot1∆ rqh1-hd wee1-50 mik1∆ 

cells (Fig. 2.3A and 2.3B). This result suggests that the accumulation of the recombination 

intermediates is suppressed in pot1∆ rqh1-hd wee1-50 mik1∆ cells and highlights the link 

between long G2 and the accumulation of recombination intermediates at telomeres of the 

pot1∆ rqh1-hd double mutant.  
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Fig. 2.3. The chromosome end fragments of pot1∆ rqh1-hd wee1-50 mik1∆ cells are linear.  

(A) NotI-digested genomic DNA from wild-type and two independent colonies of pot1∆ rqh1-hd wee1-

50 mik1∆ were analyzed using PFGE at 31oC. The digested DNA was separated on a 1% agarose gel 

and the terminal chromosomal fragments were detected using probes specific to NotI-digested 

fragments (M, L, I, and C). (B) NotI restriction site map of S. pombe chromosomes I, II, and III is shown. 

 

2.3.3 The gain-of-function mutation of Cdc2 suppresses the TBZ sensitivity of the 

pot1∆ rqh1-hd double mutant  

To further provide evidence supporting the link between the long G2 and the TBZ 

sensitivity of the pot1∆ rqh1-hd double mutant, I searched for another mutation that 

shortens the G2 of the pot1∆ rqh1-hd double mutant. Cdc2, together with its regulatory 

subunit cyclin B, is the key regulator that orchestrates the cell cycle transition [94, 95]. 
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cdc2-3w (C67Y) is a gain function allele of Cdc2 that does not require Cdc25 for mitotic 

induction. cdc2-3w cells can bypass the checkpoint control and enter mitosis with a very 

small cell size compared with the wild-type [98]. Indeed, I found that cdc2-3w mutation 

shortened the G2 and decreased the cell size of pot1∆ rqh1-hd cells (Fig. 2.4A).  

I next examined the TBZ sensitivity phenotype of the pot1∆ rqh1-hd cdc2-3w triple 

mutant cells. Interestingly, I found that pot1∆ rqh1-hd cdc2-3w cells were no longer 

sensitive to TBZ (Fig. 2.4B), further supporting the link between the G2 length of the pot1∆ 

rqh1-hd double mutant and is TBZ sensitivity.  

 

 
 

Fig. 2.4. The gain-of-function mutation of Cdc2 suppressed the TBZ sensitivity of the pot1∆ rqh1-

hd double mutant. (A) The cell length of vegetative growing pot1∆ rqh1-hd cdc2-3w cells at the 

indicated temperatures. The scale bar represents 10 µm. (B) Spotting assay of ten-fold serial dilutions 

log-phase cells were spotted on YEA and YEA containing TBZ (10, and 12.5 µg/mL) at the indicated 

temperatures. 

 

2.3.4 cdc2-3w mutation inhibits the accumulation of recombination intermediates at 

the telomeres of the pot1∆ rqh1-hd double mutant 

I next assessed whether the pot1∆ rqh1-hd cdc2-3w triple mutant maintains 

telomeres by HR like the pot1∆ rqh1-hd double mutant by using Southern hybridization at 

25oC as I previously described in pot1∆ rqh1-hd wee1-50 mik1∆. The Southern 
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hybridization analysis revealed that pot1∆ rqh1-hd cdc2-3w cells display amplified TAS1 

pattern similar to the pot1∆ rqh1-hd cells (Fig. 2.5A), implying that pot1∆ rqh1-hd cdc2-

3w cells maintain telomeres by HR. I next examined whether shortening the G2 of the 

pot1∆ rqh1-hd cells by cdc2-3w mutation will suppress the accumulation of recombination 

intermediates at telomeres. Therefore, I treated the genomic DNA of pot1∆ rqh1-hd cdc2-

3w cells with NotI and analyzed the presence of the chromosome end fragments M, L, I 

and C by PFGE at 25oC. Interestingly, I was able to detect the four terminal fragments M, 

L, I, and C (Fig. 2.5B) implying that the accumulation of recombination intermediates was 

suppressed at the telomeres of pot1∆ rqh1-hd cdc2-3w cells. This result again supports the 

link between long G2 of the pot1∆ rqh1-hd and the accumulation of recombination 

intermediates at telomeres.  

 

 

 

 

 

 

 

 

 
Fig. 2.5. cdc2-3w mutation suppresses the accumulation of recombination intermediates at the 

chromosome ends of the pot1∆ rqh1-hd double mutant. (A) The telomere length of wild-type, pot1∆ rqh1-

hd, and pot1∆ rqh1-hd cdc2-3w mutant cells was analyzed by Southern hybridization at 25oC using a probe 

containing telomere fragment of 300 bp plus TAS1 of 700bp. (B) NotI-digested S. pombe chromosomal DNA 

from wild-type, pot1∆, pot1∆ rqh1-hd, and pot1∆ rqh1-hd cdc2-3w cells were analyzed using PFGE at 25oC.  
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2.4 Summary 

The fission yeast Pot1 is required for telomerase-dependent telomere maintenance 

[31]. Therefore, fission yeast pot1∆ cells exhibit rampant telomere loss followed by an 

intrachromosomal end-to-end fusion [30]. Fission yeast Rqh1 is important to inhibit the 

inappropriate recombination events since rqh1-hd cells show hyper-recombination 

phenotype [44]. Therefore, rqh1-hd cells can trigger recombination-mediated telomere 

maintenance in the absence of Pot1 [51]. In vertebra, inhibition of Pot1 activates DNA 

damage signaling at telomeres and induces cell cycle arrest which is Chk1-dependent [99]. 

Moreover, in mice, the lack-of-function of one of the two Pot1 orthologs, POT1a, elicits 

aberrant recombination at telomeres, suggesting the role of POT1 in the suppression of 

recombination events at telomeres [100]. These facts suggest that the pot1∆ rqh1-hd cells 

experience DNA damage checkpoint activation and accumulation of recombination 

structures at telomeres. Indeed, the pot1∆ rqh1-hd double mutant displays long G2 (Fig. 

2.1) and telomeres are maintained by HR.  A characteristic phenotype of the pot1∆ rqh1-

hd cells is the sensitivity to TBZ. Interestingly, deletion of chk1+ or mutation of its kinase 

domain shortened the G2 and suppressed the TBZ sensitivity of pot1∆ rqh1-hd cells (Fig. 

2.1 and 2.2A) and the accumulation of recombination intermediates at telomeres, implying 

a link between long G2 of the pot1∆ rqh1-hd and its TBZ sensitivity.  

One possible explanation is that lengthening the G2 upon activation of the DNA 

damage checkpoint provides a time for the recombination intermediates to accumulate at 

telomeres which causes segregation problem in the presence of TBZ. If this is true, then a 

mutation that can escape DNA damage checkpoint control should suppress the 

accumulation of telomeric recombination and hence the TBZ sensitivity. Indeed, I found 
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that wee1-50 mik1∆ and cdc2-3w mutations that bypass the DNA damage checkpoint 

control shortened the G2 length of the pot1∆ rqh1-hd double mutant and suppressed the 

TBZ sensitivity and the accumulation of recombination intermediates at telomere, 

supporting the link between the long G2 of the pot1∆ rqh1-hd double mutant and its TBZ 

sensitivity. These results suggest that the cell cycle arrest mediated by the activation of the 

DNA damage checkpoint can adversely affect the cells’ viability by contributing to the 

accumulation of toxic recombination intermediates when telomere function is 

compromised.  In line with this, deletion of DNA damage checkpoint rad9+ or chk1+ 

suppressed the G2/M arrest and the slow growth phenotype of the fission yeast srs2∆ rqh1∆ 

double mutant. Moreover, deletion of recombination genes rad51+ or rad57+ enhanced the 

srs2∆ rqh1∆ cells’ viability, implying that the G2/M arrest is recombination-dependent and 

this DNA-damage checkpoint-dependent arrest worsen cells’ viability [101]. 
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Model of the mechanism of the TBZ sensitivity phenotype of the pot1∆ rqh1-hd double 

mutant 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2.6. Model of the mechanism of TBZ sensitivity phenotype of the pot1∆ rqh1-hd double mutant. 

The long G2 phenotype of the pot1∆ rqh1-hd double mutant allows time for the accumulation of 

recombination intermediates at the telomeres of the double mutant, producing entangled chromosome ends 

which perturb chromosome segregation in the presence of TBZ.  
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Chapter 3.  Chromosome passenger complex is required for 

the survival of cells with ring chromosomes in fission yeast 

Note: This study was published in PLoS One [102]. Most of the figures and tables in 

this chapter were reproduced from the published article with slight modifications. 

3.1 Introduction 

RCs are circular DNA molecules that can be formed because of breakage at both 

arms of chromosomes following by fusion of the chromosomal ends with the loss of 

some genetic materials at the broken regions [2, 53]. Alternatively, RCs can be formed 

due to telomere dysfunction through fusion between subtelomeric sequences, telomere-

telomere or telomeric-subtelomeric regions without loss of genetic materials, 

generating complete ring chromosome [54]. RCs have been observed in many types of 

human cancers and genetic disorders with a variable frequency [53, 61, 62]. In fission 

yeast, chromosome circularization followed telomere resection had been observed in 

some mutants such as pot1∆, tpz1∆, poz1∆ ccq1∆, rad3∆ tel1∆, rad3∆ MRN∆ and trt1∆ 

cells [30, 31, 40, 103].  

To date, the molecular mechanisms of the maintenance of circular chromosomes 

and how cells with circular chromosomes can survive are largely unknown. In this study, 

I attempted to understand how cells with circular chromosomes could survive by 

determining a gene whose dysfunction induces the death of cells with circular 

chromosome using a synthetic lethality approach. Synthetic lethal interaction occurs 

when the concomitant perturbation of the function of two genes results in cell death 

while the perturbation of a single gene does not affect cell survival [104]. 

Chromosome passenger complex (CPC) is an evolutionarily conserved protein 

complex composed of four subunits: the enzymatic subunit Aurora B kinase, 
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scaffolding subunit inner centromeric protein (INCENP), and regulatory subunits 

Survivin and Borealin (also known as Dasra) [105, 106]. CPC plays crucial roles in 

driving and regulation of various mitotic events including chromosome condensation, 

chromosome congression and segregation, activation of spindle assembly checkpoint, 

and cytokinesis [105-107]. Dysfunction of CPC leads to chromosome segregation 

errors and failure of cytokinesis which eventually increase the frequency of generation 

of aneuploid cells and chromosome instability, a hallmark of many human cancers 

[105-107]. To ensure the fidelity of mitosis, CPC components are dynamically 

distributed at different locations to regulate multiple processes at different times during 

mitosis. At early prophase, the CPC is localized to chromosomal arms to promote the 

resolution of cohesion [105-107]. During prometaphase, CPC is confined to the inner 

centromeric region to assist in the destabilization of incorrect kinetochore-microtubule 

attachment and thus activation of spindle assembly checkpoint (SAC) till establishment 

of correct chromosome biorientation. Upon the metaphase-to-anaphase transition, the 

CPC moves from the inner centromere to the spindle midzone followed by a transition 

to the cell equator and midbody to help in the efficient completion of cytokinesis and 

initiation of mitotic exit [105-107]. Additionally, Aurora B, as an enzymatic component 

of the CPC, plays a role in phosphorylation of histone H3 at serine 10 in many 

organisms which is crucial for efficient chromosome segregation [105-107]. In fission 

yeast, the homologs of CPC complex have been identified as Aurora B/Ark1, 

INCENP/Pic1, Survivin/Bir1, and Borealin/Nbl1 with localization patterns closely 

resemble that of mammals [108, 109].  

Appropriate regulation of CPC activity is crucial to protect against genomic 

instability and tumorigenesis. For instance, overexpression of Aurora B has been 

reported in many types of cancer such as hepatocellular carcinoma, non-small cell lung 
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carcinoma, thyroid carcinoma, breast, and colon cancers [110-114].  Overexpression of 

Survivin has also been observed in most of the human tumors especially lung, colon, 

breast, prostate and brain cancers [115-119]. Moreover, overexpression of Aurora B 

and Survivin is associated with poor prognosis of some types of cancer such as ovarian, 

and liver cancers [120, 121]. Recently, several anti-cancer drugs that inhibit the 

expression of Aurora kinase B and Survivin have been developed and undergone 

clinical trials [122, 123].  

In this study, I have investigated the importance of CPC for the survival of cells 

with RCs. I found that the lack of function of CPC components is lethal to fission yeast 

pot1∆ and trt1∆ cells with circular chromosomes. Dysfunction of CPC subunits (Pic1) 

in pot1∆ cells leads to severe growth defect and accumulation of high rates of 

chromosome mis-segregation and DNA damage. I further found that neither Shugoshin 

(Sgo2) nor heterochromatin protein (Swi6), which contribute to the centromeric 

localization of CPC, were required for the viability of pot1∆ cells. My results reveal the 

importance of CPC for the survival of cells with circular chromosomes and shed light 

on the possible roles of CPC in the maintenance of circular chromosomes.  

 

  



43 

 

Table 3.1 Schizosaccharomyces pombe strains used in this study 

 

Strain  Genotype Source 

FY9361 h− leu1 cut17-275 NBRP 

AGK004 h+ leu1-32 ura4-D18 ade6-M210 pot1::kanMX6  (pPC27-
Leu1-pot1+-HA) 

Lab freeze 
stock 

AGK026 h− leu1 ade6-M210 pot1::kanMX6 cut17-275 (pPC27- Leu1- 
pot1+-HA) 

This study 

FY24496 h90 ade6-M216 leu1 bir1-T1<<kanr NBRP 

AGK027 h+ leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 bir1-
T1<<kanr (pPC27-Leu1- pot1+-HA) 

This study 

FY24764 h− leu1 ade6-M216 pic1-T269<<hygR NBRP 

SU001 h+ leu1-32 ura4-D18 ade6-M216 pot1::kanMX6  pic1-
T269<<hygR (pPC27-Leu1- pot1+-HA) 

This study 

SU002 h+ leu1-32 ura4-D18 ade6-M216 pot1::kanMX6  pic1-
T269<<hygR 

This study 

FY24593 h− leu1 ade6 ark1-T7<<kanR Z::Padh 15 mCherry-
atb2+<<natR 

NBRP 

SU005 h+ leu1-32 ura4-D18 ade6 pot1::kanMX6 ark1-T7<<kanR 
Z::Padh 15 mCherry-atb2+<<natR (pPC27-Leu1- pot1+-HA) 

This study 

FY24484 h90 ade6-M216 leu1 ark1-T8-GFP<<kanR NBRP 

SU006 h+ leu1-32 ura4-D18 ade6 pot1::kanMX6 ark1-T8-
GFP<<kanR (pPC27-Leu1- pot1+-HA) 

This study 

NK310 h+ leu1-32 ura4-D18 ade6-M210 trt1::kanMX6 pPC96-trt1+ S. Ukimori 
AGK120 h− leu1 ura4-D18 ade6-M216 trt1::kanMX6 pic1-

T269<<hygR pPC96-trt1+ 
This Study 

AGK121 h− leu1 ura4-D18 ade6-M216 trt1::kanMX6 pic1-
T269<<hygR 

This Study 

FY13784 h90 leu1 ade6-M210 ura4-D18 sgo2::ura4+ NBRP 

AGK009 h+ leu1 ade6-M210 ura4-D18 pot1::kanMX6 sgo2::ura4+ 
(pPC27-Leu1-pot1+-HA) 

This study 

AGK010 h+ leu1 ade6-M210 ura4-D18 pot1::kanMX6 sgo2::ura4+ This Study 

FY13725 h90 leu1 ade6-M210 ura4-D18 swi6::ura4+ NBRP 

AGK014 h+ leu1 ade6-M210 ura4-D18 pot1::kanMX6 swi6::ura4+ 
(pPC27-Leu1-pot1+-HA) 

This study 

AGK015 h+ leu1 ade6-M210 ura4-D18 pot1::kanMX6 swi6::ura4+ This Study 
TN004 h+ rad11-mRFP::natMX6 T. Nanbu 
KTA038 h− leu1-32 ura4-D18 ade6 pot1::kanMX6 rad11- 

mRFP::natMX6 
T. Nanbu 

SU003 h− leu1 ade6-M216 pic1-T269<<hygR rad11-mRFP::natMX6 This study 
SU004 h+ leu1-32 ura4-D18 ade6-M216 pot1::kanMX6  pic1-

T269<<hygR rad11-mRFP::natMX6 
This study 

AGK089 h90 leu1 ade6-M210 ura4-D18 sgo2::ura4+ rad11-
mRFP::natMX6 

This Study 

AGK090 h90 leu1 ade6-M210 ura4-D18 swi6::ura4+ rad11-
mRFP::natMX6 

This Study 

AGK091 h+ leu1 ade6-M210 ura4-D18 pot1::kanMX6 sgo2::ura4+ 
rad11-mRFP::natMX6 

This Study 

AGK092 h+ leu1 ade6-M210 ura4-D18 pot1::kanMX6 swi6::ura4+ 
rad11-mRFP::natMX6 

This Study 
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3.2 Materials and methods 

3.2.1 Strain construction 

The pot1∆ cut17-275 (pot1::kanMX6 cut17-275), pot1∆ bir1-T1 (pot1::kanMX6 

bir1-T1), pot1∆ pic1-T269 (pot1::kanMX6 pic1-T269), pot1∆ ark1-T7 (pot1::kanMX6 

ark1-T7), and pot1∆ ark1-T8 (pot1::kanMX6 ark1-T8) double mutants expressing Pot1 

from the plasmid (pPC27- pot1+-hemagglutinin [HA], containing leu1+) were 

constructed by mating h− leu1 cut17-275, h90 leu1 ade6-M216 bir1-T1<<kanr, h− leu1 

ade6-M216 pic1-T269<<hygR, h− leu1 ade6 ark1-T7<<kanR Z::Padh 15 mCherry-

atb2+<<natR and h90 leu1 ade6-M216 ark1-T8-GFP<<kanR, respectively, with h+ 

leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 expressing Pot1 from the plasmid 

pPC27-leu1-pot1+-HA. Cells were streaked on EMM plates lacking leucine to select 

cells that retain the Pot1 plasmid and on YEA plates containing G418 disulfide at 25oC 

to select cells that harbor pot1::kanMX6 mutation. Candidates were then re-streaked on 

YEA plates at 36oC to select for cut17-275, bir1-T1, pic1-T269, ark1-T7, and ark1-T8 

respectively. pot1∆ cells that could grow on YEA plates at 25oC but not at 36oC were 

selected as a double mutant.  

The trt1∆ pic1-T269 (trt1::kanMX6 pic1-T269) double mutants expressing trt1+ 

from a plasmid were constructed by mating h+ trt1::kanMX6 cells (NK310) expressing 

Trt1 from the plasmid (pPC96-trt1+, a gift from Professor Toru Nakamura, containing 

ade6+ and HSV-tk+ as a positive and negative selection marker, respectively) with h− 

pic1-T269 (FY24764). Cells were streaked on EMM plates lacking adenine to select 

cells that retain the Trt1 plasmid and on YEA plates containing G418 disulfide at 25oC 

to select cells that harbor trt1::kanMX6 mutation. Cells were then re-streaked on YEA 

plates at 36oC to select for pic1-T269 mutation. trt1::kanMX6 cells that could grow at 

25oC but not at 36oC were selected as a double mutant. To force the loss of either Pot1 
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or Trt1 plasmid, the double mutants were streaked on YEA plates containing 100 µM 

FUDR. 

pot1∆ sgo2∆ (pot1::kanMX6 sgo2::ura4) and pot1∆ swi6∆ (pot1::kanMX6 

swi6::ura4) double mutants containing the Pot1 plasmid (pPC27- pot1+- hemagglutinin 

[HA], containing leu1+) were constructed by mating h+ pot1::kanMX6 expressing Pot1 

from the plasmid pPC27-leu1-pot1+-HA with h90 leu1 ade6-M210 ura4-D18 

sgo2::ura4+ and h90 leu1 ade6-M210 ura4-D18 swi6::ura4+, respectively. Cells were 

streaked on EMM plates lacking leucine and uracil to select cells that retain the Pot1 

plasmid and sgo2::ura4+ (in the case of pot1∆ sgo2∆) and swi6::ura4+ (in the case of 

pot1∆ swi6∆). Cells were then re-streaked on YEA plates containing G418 disulfide to 

select cells with pot1::kanMX6 mutation.  

To tag the Rad11 protein with a monomeric red fluorescent protein (mRFP) at 

the C-terminus, pFA6a-mRFP-natMX6-rad11 was linearized by NspV and used in the 

transformation of WT, pic1-T269, pot1∆, pot1∆ pic1-T269, sgo2∆, swi6∆, pot1∆ sgo2∆, 

pot1∆ swi6∆ cells. The transformation was performed either by lithium acetate 

transformation method or direct transformation using S. pombe Direct Transformation 

Kit. 

Lithium acetate transformation method 

Ten milliliters of cell culture were grown in EMM medium with required 

supplements to reach a cell density of 0.5-1×107 cells/mL (OD595 0.2-0.5). Harvest the 

cells by centrifugation at 3000 rpm for 5 min. Wash the cell pellets with 40 mL sterile 

water and centrifuge again at 3000 rpm for 5 min. Re-suspend the cell pellets with 0.1 

M lithium acetate [pH 4.9] to reach a cell density of 1×109 cells/mL. Transfer the cell 

suspension to an Eppendorf tube and incubate at 30oC for 60 min. Add 1 µg plasmid 

DNA dissolved in 15 µL sterile TE [pH 7.5] and mix by gentle vortex till completely 
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re-suspend the cells. Add 290 µL 50% (w/v) pre-warmed polyethylene glycol 4000 

(PEG 4000) and mix by gentle vortex. Re-incubate the cells at 30oC for 60 min. Expose 

the cells to heat shock at 43oC for 15 min. Allow the tube to cool down at the room 

temperature for 10 min. Centrifuge the cells at 5000 rpm for 2 min. Carefully discard 

the supernatant and re-suspend the cell pellets in 100 µL sterile water and mix by 

pipetting. Spread the cells on YEA plates and incubate at 30oC for 24 h. Replica plate 

the cells on selective media and wait for the formation of colonies (it takes about 4 to 5 

days to see the transformed cells). 

Direct transformation method 

Grow two to three mL of cell culture in YEA medium to reach a cell density of 

0.5-1×107 cells/mL. Transfer 1 mL of cell culture to 1.5 mL Eppendorf tube and 

centrifuge at 4000 rpm for 3 min. Re-suspend the cell pellets to reach a total volume of 

25 µL cell suspension. In new Eppendorf tube, prepare 100 µL of plasmid/reagent 

solution by adding 6 µL of 1 µg DNA insert, and 4 µL of Carrier DNA to 90 µL of Sp. 

Transformation Reagent and mix by vortexing. Transfer the 25 µL suspended yeast 

cells to the 100 µL plasmid/reagent solution and mix by vortexing then incubate the 

mixture at 37oC for 2 h. Centrifuge the cells at 4000 rpm for 3 min and re-suspend the 

cell pellets in 100 µL sterile water. Spread the cell suspension on YEA plates and 

incubate at 30oC for 24 h followed by replica plating the cells on selective media (it 

takes about 4-5 days to see the transformed cells).  

3.2.2 Measurement of telomere length (same as described in chapter 2) 

3.2.3 Pulsed-field gel electrophoresis (PFGE) (same as described in chapter 2) 

3.2.4 Microscopy (same as described in chapter 2) 
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3.2.5 Lactose gradient synchronization 

One hundred milliliters of cell culture was grown in YEA to mid-log phase 

(5×106 cells/mL) at 25oC. Ten milliliters of 20% lactose solution was prepared in a 15 

mL Falcon tube, frozen at -80oC for 4 h, and then thawed without disturbance for 3 h 

at 30oC to generate a 10-30% gradient. Cells were harvested by centrifugation at 3000 

rpm for 3 min, and the cell pellets were re-suspended in 750 µL of sterile water. The 

cell suspension was layered on top of the lactose gradient using cut-off blue tips and 

centrifuged at 1000 rpm for 8 min, during which the cells formed a smear about half-

way down the gradient. Fractions of about 0.1-0.4 mL were quickly removed from just 

below the top of the smear using cut-off blue tips. The cells were harvested by 

centrifugation at 4000 rpm for 30 sec in an Eppendorf tube, re-suspended in YEA 

medium, and examined under the microscope for the uniformly small early G2 cells. 

 
3.3 Results 

3.3.1 Pot1 is synthetically lethal with CPC subunits 

Deletion of pot1+ gives rise to cells that can survive only through chromosome 

circularization [30]. Therefore, I used pot1∆ cells to explore a gene that is required for 

the maintenance of a circular chromosome and thereby the survival of cells with circular 

chromosomes. To determine whether CPC is required for the survival of cells with 

circular chromosomes, I generated double mutation between Pot1 and CPC components 

as follow; pot1∆ cut17-275, pot1∆ bir1-T1, pot1∆ ark1-T7, pot1∆ ark1-T8, and pot1∆ 

pic1-T269 and examined the ability of these double mutants to survive. Cut17-275, 

bir1-T1, ark1-T7, ark1-T8, pic1-T269 are temperature-sensitive mutant alleles of CPC 

subunits since CPC is essential for cell viability. The permissive temperature of these 
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temperature-sensitive mutants was 25oC. The restrictive temperature for cut17-275, 

bir1-T1, and pic1-T269 was 36oC, and for ark1-T7 and ark1-T8 was 33oC (Fig. 3.1). 

Given that the cells with circular chromosomes are defective in meiosis [103], 

the pot1∆ CPC double mutants were generated by a strategy of mating the pot1∆ cells 

expressing Pot1 from a plasmid with CPC subunits; then the cells are forced to lose the 

plasmid using a counter-selective medium. The Pot1 plasmid has tk+ gene, which is 

used as a marker for counter-selection of the cells that could grow after the loss of the 

Pot1 plasmid. The expression of tk+ in the presence of FUDR is lethal to yeast cells 

[124]. Therefore, FUDR-containing plates were used to select cells that able to grow 

after the loss of the plasmid. I found that pot1∆ cut17-275, pot1∆ bir1-T1, pot1∆ ark1-

T7, pot1∆ ark1-T8 double mutants lost the ability to grow after the loss of the Pot1 

plasmid even at 25oC (Fig. 3.2). The pot1∆ pic1-T269 double mutant cells could 

produce few colonies at 25oC. However, the cells completely lost the viability at 30oC 

(Fig. 3.2). These results suggest a synthetic lethal interaction between Pot1 and CPC 

components and highlight the importance of CPC for the viability of cells with ring 

chromosomes. 

 

 

 

 

 

 

 

 

 

Fig. 3.1. Cell growth of the temperature-sensitive mutant alleles of CPC (cut17-275, bir1-T1, pic1-T269, 

ark1-T7, and ark1-T8) on YEA at the indicated temperatures. 
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Fig. 3.2. Survival of the double mutants in the presence and absence of the Pot1 plasmid. 

The pot1∆ cut17-275, pot1∆ bir1-T1, pot1∆ ark1-T8, pot1∆ ark1-T7 and pot1∆ pic1-T269 double 

mutants carrying a plasmid expressing pot1+ and tk+ were streaked on selective and counter-selective 

media at the indicated temperatures. The Pot1 plasmid was retained on EMM plates with adenine and 

uracil (EMM+AU). FUDR-containing plates were used as a counter-selection to examine the ability of 

the double mutants to grow after the loss of the Pot1 plasmid. 
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3.3.2 pot1∆ pic1-T269 double mutant survivors have lost telomeric DNA and 

harbored circular chromosomes 

I next examined whether the pot1∆ pic1-T269 double mutant that could grow at 

25oC harbored circular chromosomes like the parental pot1∆ single mutant. To this end, 

the genomic DNA of the pot1∆ pic1-T269 cells were digested by EcoRI and assessed 

for the loss of telomeric DNA by Southern hybridization at 25oC using a probe 

containing telomere and telomere-associated sequence 1 (TAS1). I found that pot1∆ 

pic1-T269 cells show no hybridization signal, indicating the loss of telomeric DNA as 

observed in pot1∆ cells (Fig. 3.3A and 3.3B).  

I further analyzed the chromosome structure by PFGE of NotI-digested 

chromosomes to confirm that pot1∆ pic1-T269 cells maintain the circular chromosome 

phenotype. Treatment of genomic DNA with NotI produces four terminal fragments (L, 

I, M, and C) from the telomeric DNA of Chr. I and II (Chr. III lacks NotI restriction 

site). Hybridization with a probe specific to these terminal fragments revealed an 

intrachromosomal fusion (L+I) and (C+M), band patterns reminiscent to that of circular 

chromosomes, indicating that the pot1∆ pic1-T269 double mutant harbors circular 

chromosomes (Fig. 3.3C and 3.3D). 
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Fig. 3.3. pot1∆ pic1-T269 double mutants lose telomeric DNA and chromosomes are circularized. 

(A) The telomere length of pot1∆ pic1-T269 double mutants was analyzed by Southern blot at 25oC. 

Genomic DNA of pic1-T269 and three independent pot1∆ and pot1∆ pic1-T269 isolates was digested by 

EcoRI and fractionated by 1.5% agarose gel electrophoresis. For detection of telomeric repeats, a probe 

containing telomere plus telomere-associated sequence 1 (TAS1) derived from pNSU70 was used. To 

assess the total amount of DNA, the gel was stained with ethidium bromide (EtBr) prior to blotting onto 

a nylon membrane. (B) Restriction enzyme sites around the telomere and TAS1 of one chromosome arm 

cloned in the plasmid pNSU70. (C) NotI-digested chromosomal DNA from pic1-T269, pot1∆ , and pot1∆ 

pic1-T269 cells were analyzed by PFGE at 25oC. The digested DNA fractionated in a 1% agarose gel, 

transferred to a nylon membrane and hybridized to a mixture of probes specific to the terminal fragments 

(L, I, C, M).  (D) NotI restriction enzyme map of S. pombe chromosomes.  
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3.3.3 Pic1 is required for the survival of trt1∆ cells having circular chromosomes 

An intriguing question arises from the observation of the synthetic lethality of 

pot1∆ CPC double mutant is whether this lethality is Pot1 specific or it is a prevailing 

phenotype for other mutants with circular chromosomes. To test this, I should examine 

the synthetic lethal interaction between Pot1 and a different mutant with circular 

chromosomes. Deletion of fission trt1+ leads to gradual telomere resection producing a 

population of cells that can survive via chromosome circularization [40]. Therefore, 

trt1∆ cells can be used as a model for another mutant with the circular chromosome.      

Since only pot1∆ pic1-T269 double mutant could produce colonies at 25oC, I tested the 

synthetic lethality of the trt1∆ pic1-T269 double mutant. To this end, I constructed trt1∆ 

pic1-T269 double mutant harboring a plasmid expressing trt1+, as well as tk+ to select 

for the cells that could grow after plasmid loss using FUDR-containing plates. I found 

that trt1∆ pic1-T269 cells could form few colonies at 25oC (Fig. 3.4A).  

Given that trt1∆ cells can alternatively maintain telomeres via HR [40], I 

analyzed the loss of telomeric DNA and chromosome circularization in trt1∆ pic1-T269 

survivors using Southern hybridization and PFGE at 25oC, respectively as previously 

described in the pot1∆ pic1-T269 double mutant. The EcoRI-digested genomic DNA 

of the trt1∆ pic1-T269 double mutants revealed that some of the trt1∆ pic1-T269 cells 

lacked telomeric sequence (Fig. 3.4B). Furthermore, the PFGE analysis of the NotI-

digested chromosomal DNA of these cells shows that the individual chromosome end 

fragments are replaced by bands corresponding to the sum of C+M and L+I, reflecting 

the chromosomal patterns of cells with circular chromosomes and indicating that trt1∆ 

pic1-T269 double mutant cells have circular chromosomes (Fig. 3.4C). 

I next examined the ability of these trt1∆ pic1-T269 cells harboring circular 

chromosomes to grow at the semi-permissive temperature of 33oC, the temperature at 
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which Pic1 partially loses its function. I found that trt1∆ pic1-T269 cells failed to grow 

at 33oC (Fig. 3.4D), demonstrating that trt1∆ pic1-T269 double mutant is also 

synthetically lethal.  

Taken together, these results rule out the possibility that the synthetic lethality 

between Pot1 and CPC is Pot1-specific and affirm the importance of CPC for the 

survival of cells with circular chromosomes in general.  
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Fig. 3.4. Pic1 is required for the survival of trt1∆ cells with circular chromosomes. 

(A) trt1∆ pic1-T269 cells harbor a plasmid expressing trt1+ and tk+ were streaked on YEA+FUDR plates 

to select for cells that could grow after the loss of the plasmid. The plasmid was retained on EMM plates 

supplemented with leucine and uracil (EMM+LU). (B) trt1∆ pic1-T269 double mutants lost telomeric 

DNA. The loss of telomeric repeats in trt1∆ pic1-T269 double mutant survivors was analyzed by 

Southern blot at 25oC. (C) The chromosome structure of NotI-digested chromosomal DNA from pic1-

T269, trt1∆, and trt1∆ pic1-T269 cells were analyzed by PFGE at 25oC. (D) Dysfunction of Pic1 leads 

to the death of trt1∆ cells with circular chromosomes. trt1∆ pic1-T269 double mutant cells harbor circular 

chromosomes were streaked on YEA plates at 33oC to evaluate the ability of the cells to grow upon 

inhibiting the function of Pic1.  
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3.3.4 pot1∆ pic1-T269 double mutant loses viability with time and displays high 

frequency of chromosome mis-segregation defects and DNA damage foci at 33oC 

Since pot1∆ pic1-T269 double mutant but not pic1-T269 single mutant lost the 

viability at 33oC (Fig. 3.5A), I followed the change of growth profile of pot1∆ pic1-

T269 compared with pot1∆ and pic1-T269 single mutants in liquid culture at 33oC. The 

growth in liquid culture can provide a more quantitative view to detect a subtle change 

in cell growth. By temperature shift to 33oC, the Pic1 partially loses its function.           

Therefore, if functional Pic1 is required for the survival of cells with circular 

chromosomes, I would observe a defect in the growth of pot1∆ pic1-T269 double 

mutant at 33oC. To test this, I incubated WT, pot1∆, pic1-T269 and pot1∆ pic1-T269 

cells overnight at 25oC and then an equal number of cell density of each strain was 

shifted to 33oC for 3h. I found that pot1∆ pic1-T269 cells showed a marked growth 

defect compared with pot1∆ and pic1-T269 single mutants (Fig. 3.5B), implying that 

the functional Pic1 is crucial for the survival of cells with circular chromosomes.  

Next, to understand the reason behind the synthetic lethality of pot1∆ pic1-T269 

double mutant, I investigated the phenotypes associated with the lack of function of 

Pic1 in pot1∆ cells, as a representative of cells with circular chromosomes. A 

characteristic phenotype associated with the dysfunction of CPC is the high frequency 

of chromosome mis-segregation events. Moreover, some studies reported a correlation 

between chromosome mis-segregation and the occurrence of DNA damage [125, 126].        

According to this, I investigated whether the elevated rates of chromosome mis-

segregation and DNA damage are the reason for the synthetic lethality observed in the 

pot1∆ pic1-T269 double mutant at 33oC. To this end, I tagged Rad11, which encodes 

for the large subunit of replication protein A (RPA) with a monomeric red fluorescent 

protein (mRFP) and used it as a marker for concomitant monitoring of chromosome 
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segregation and DNA damage. RPA is an indicative marker of the single-stranded DNA 

generated during DNA replication, recombination and damage repair [127]. I incubated 

WT, pot1∆, pic1-T269, pot1∆ pic1-T269 cells expressing Rad11-mRFP overnight at 

25oC and then shifted the cells to 33oC for 3h. I calculated the percentage of the 

chromosome mis-segregation and the DNA damage foci of each strain at 25oC and 33oC. 

I observed that pot1∆ pic1-T269 double mutant displayed a high percentage of 

chromosome mis-segregation and DNA damage foci compared with pot1∆ and pic1-

T269 single mutants even at 25oC (Fig. 3.5C and 3.5D).  

This result implies that the synthetic lethality observed in the pot1∆ pic1-T269 

double mutant may be attributed to the elevated rates of chromosome segregation 

defects and DNA damage.  
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Fig. 3.5. Analysis of the synthetic lethality phenotypes associated with the lack of function of Pic1 

in pot1∆ cells. (A) pot1∆ pic1-T269 double mutant cells lost viability at a semi-permissive temperature 

(33oC). (B) Change in the cell number with time at 33oC. WT, pot1∆, pic1-T269, and pot1∆ pic1-T269 

cells were cultured overnight in YEA at 25oC. An equal number (2.62×106 cells/mL) of each strain was 

shifted to 33oC and incubated for 3 h. The difference in the cell number after 3 h temperature shift was 

measured using a hemocytometer. Error bars indicate standard deviation (SD) of three replicates (n = 3). 

(C) The percentage of chromosome segregation errors of septating asynchronous WT, pot1∆, pic1-T269, 

and pot1∆ pic1-T269 cells expressing Rad11 endogenously tagged with mRFP at 25oC and after 3 h 

incubation at 33oC. Examples of cells with chromosome segregation errors such as cut-phenotype and 

chromosome non-disjunction are shown on the top. (D) The percentage of RPA foci-containing cells at 

25oC and after the 3 h temperature shift to 33oC using the data from chromosome segregation defects 

analysis. Arrow marks the RPA foci. N in the top represents the number of cells examined. Error bars 

indicate standard deviation (SD) of three replicates (n = 3). The scale bar = 5 µm. 
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3.3.5 The formation of RPA foci in pot1∆ pic1-T269 double mutant does not 

directly link to chromosome mis-segregation events 

I next asked whether there is a link between the high rates of chromosome 

segregation errors and the DNA damage foci observed in the pot1∆ pic1-T269 double 

mutant at 33oC. To test this, I monitored the percentage of chromosome mis-segregation 

and the DNA damage foci at each stage of the cell cycle by using lactose gradient 

synchronization method that synchronizes the cells at early G2 marked with small-sized 

cells with one nucleus. I cultured the pot1∆ pic1-T269 cells expressing Rad11-mRFP 

at 25oC then the synchronized cells were shifted to 33oC, sampled every 20 min (Fig. 

3.6) and examined for the percentage of DNA damage and chromosome mis-

segregation. I found that the RPA foci are mostly present in G2 cells and the percentage 

of RPA foci did not increase in proportion to the increase in the percentage of M and 

S-phase cells with chromosome segregation errors (Fig. 3.7A). This implies that 

chromosome mis-segregation does not directly induce the generation of DNA damage 

in S-phase.  

I next sought to examine whether the existence of RPA foci in G2 would induce 

chromosome segregation errors by counting the percentage of M-phase cells with 

chromosome mis-segregation that has RPA foci. I found that a very small percentage 

(~ 5%) of the M-phase cells with chromosome mis-segregation had DNA damage (Fig. 

3.7B), excluding the possibility that the generation of DNA damage in G2 causes 

chromosome mis-segregation. Furthermore, to evaluate the possibility that tearing the 

mis-segregated chromosomes that entrapped at the cleavage furrow by septum during 

cytokinesis leads to the generation of DNA damage foci, I scored the percentage of 

septating cells with chromosome mis-segregation that had RPA foci. I found that a low 

fraction (~10%) of septating cells with chromosome mis-segregation displayed RPA 
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foci (Fig. 3.7C), implying that cytokinesis does not induce DNA damage in S-phase, 

where the DNA damage is active.  

Collectively, these results indicate that the RPA foci formation in the pot1∆ pic1-

T269 double mutant does not directly correlate with the chromosome mis-segregation 

events. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.6. Cell cycle progression of the pot1∆ pic1-T269 double mutant. Synchronous early G2 cells 

accumulated using lactose gradient centrifugation and progression through the cell cycle was monitored 

by sampling the cells every 20 min after temperature shift to 33oC. The percentages of M-phase (two 

nuclei without septum) and S-phase (two nuclei with septum) cells are shown.  
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Fig. 3.7. The link between DNA damage and chromosome mis-segregation in the pot1∆ pic1-T269 

double mutant. (A) The percentage of RPA foci and chromosome mis-segregation in synchronized 

pot1∆ pic1-T269 cells expressing Rad11 endogenously tagged with mRFP. The cells were culture by 

incubation at 25oC to obtain log-phase cells, and then cells were synchronized by lactose gradient 

centrifugation, producing cells at early G2. Synchronized early G2 cells were shifted to 33oC, sampled 

every 20 min, and monitored for the percentage of RPA foci and chromosome mis-segregation. The time 

point (0) refers to the synchronized overnight cell culture at 25oC before the temperature shift. The bars 

refer to the time frame corresponding to early G2, M cells and septated cells (as a marker for S-phase). 

(B) The percentage of RPA foci in mitotic cells with chromosome mis-segregation 100 and 120 min after 

temperature shift to 33oC. The scale bar = 5 µm. Examples of cells examined in this experiment are 

shown on the top. N refers to the total number of cells examined. (C) The percentage of RPA foci in S-

phase cells with a septum that display chromosome mis-segregation 100, 120, and 140 min after 

temperature shift to 33oC. 
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3.3.6 Neither Shugoshin (Sgo2) nor heterochromatin protein (Swi6) is 

synthetically lethal with Pot1 

The fission yeast has two members of Shugoshin proteins, Sgo1 and Sgo2. The 

function of Sgo1 is specific to meiosis. However, Sgo2 functions in meiosis and mitosis 

to ensure proper chromosome segregation [128]. Sgo2 is involved in promoting the 

centromeric localization of CPC to ensure error-free chromosome segregation. 

Accordingly, deletion of sgo2+ leads to a marked decrease in the centromeric 

localization of CPC components [129, 130]. Similarly, the heterochromatin protein 

Swi6 contributes to the loading of the Aurora kinase complex to centromeres in a 

redundant manner with Sgo2, and swi6∆ cells show a reduction in the centromeric 

localization of CPC [129]. These facts bring a question of whether the deletion of either 

sgo2+ or swi6+ is synthetically lethal with Pot1. To explore this possibility, I 

constructed pot1∆ sgo2∆ and pot1∆ swi6∆ double mutants harboring a plasmid 

expressing pot1+ and tk+ and examined the ability of the double mutants to survive after 

the loss of the Pot1 plasmid on FUDR-containing plates using spot assay. Interestingly, 

I found that both pot1∆ sgo2∆ and pot1∆ swi6∆ double mutants could grow after the 

loss of the Pot1 plasmid (Fig. 3.8A), indicating that pot1∆ sgo2∆ and pot1∆ swi6∆ 

double mutants are not synthetically lethal.  

I next confirmed that the pot1∆ sgo2∆ and the pot1∆ swi6∆ cells lost the 

telomeric repeats and harbored circular chromosomes by performing Southern 

hybridization and PFGE at 30oC as I previously described in the pot1∆ pic1-T269 

double mutant. The Southern data indicated the complete loss of telomeric signal (Fig. 

3.8B) and PFGE showed that both double mutants carry circular chromosomes like the 

pot1∆ cells (Fig. 3.8C).  Collectively, these results imply that the residual centromeric 
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localization of CPC would be sufficient to maintain the viability of cells with circular 

chromosomes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

 

 

Fig. 3.8. Sgo2 and Swi6 are not synthetically lethal with Pot1. (A) Spot assay of ten-fold serial 

dilutions of pot1∆, pot1∆ sgo2∆ and pot1∆ swi6∆ cells expressing Pot1 plasmid. The plasmid was 

retained on EMM+AU plates and cells that could grow after the loss of the plasmid were counter-selected 

on YEA+FUDR at 30oC. (B) The telomere length of the pot1∆ sgo2∆ and pot1∆ swi6∆ double mutants 

was analyzed by Southern hybridization at 30oC. sgo2∆ and swi6∆ cells are examples for cells with 

telomeric DNA and pot1∆ for cells that lost telomeric repeats. (C) Chromosomal DNA of swi6∆, pot1∆, 

pot1∆ sgo2∆, and pot1∆ swi6∆ cells were digested with NotI and analyzed by PFGE at 30oC.  
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3.3.7 pot1∆ sgo2∆ and pot1∆ swi6∆ double mutants display a high rate of DNA 

damage foci but not chromosome mis-segregation  

The observation that pot1∆ sgo2∆ and pot1∆ swi6∆ double mutants are not 

synthetically lethal raises a possibility that these double mutants might display lower 

rates of chromosome mis-segregation and DNA damage compared with the pot1∆ pic1-

T269 double mutant. To investigate this possibility, I examined the percentage of 

chromosome segregation errors and the DNA damage foci in pot1∆ sgo2∆ and pot1∆ 

swi6∆ cells expressing Rad11 endogenously tagged with mRFP. I found that while both 

pot1∆ sgo2∆ and pot1∆ swi6∆ double mutants displayed a high percentage of DNA 

damage foci, both showed low levels of chromosome mis-segregation compared with 

that of the pot1∆ pic1-T269 double mutant at 33oC (Fig. 3.9).  

These results point toward the low rates of chromosomes mis-segregation as the 

reason for the lack of synthetic lethality observed in pot1∆ sgo2∆ and pot1∆ swi6∆ 

double mutants and suggest that the high frequency of chromosome mis-segregation 

could be the reason for the synthetic lethality observed in pot1∆ pic1-T269 double 

mutant at 33oC. 

 

 

 

 

 

 

 

 

Fig. 3.9. The percentage of RPA foci and chromosome mis-segregation in WT, sgo2∆, swi6∆, pot1∆, 

pot1∆ sgo2∆, and pot1∆ swi6∆ cells expressing Rad11 endogenously-tagged with mRFP were 

concomitantly counted at 30oC. (N) in the top indicates the total number of cells examined. 
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3.4 Summary 

In this study, I investigated whether CPC is required for the survival of cells with 

circular chromosomes using synthetic lethality approach. Throughout this study, I 

mainly used pot1∆ cells as a model strain since deletion of pot1+ has the advantage of 

producing cells that can survive only through chromosome circularization. I first 

examined the synthetic lethality between Pot1 and Cut17/Bir1 and found that pot1∆ 

cut17-275 and pot1∆ bir1-T1 double mutants failed to grow even at 25oC (Fig. 3.2), 

indicating a synthetic lethal interaction between Pot1 and Cut17/Bir1. Since CPC 

components have an interdependent function [131], it is possible that the other CPC 

components are also synthetically lethal with Pot1. Indeed, I found that Pot1 is also 

synthetically lethal with Ark1 and Pic1 (Fig. 3.2).  

I further confirmed that this synthetic lethality does not reflect a specific genetic 

interaction with Pot1 since I found that CPC (Pic1) is also synthetic lethal with trt1∆ 

cells having circular chromosomes (Fig. 3.4D). These results demonstrate that CPC is 

required for the survival of cells with circular chromosomes in general.  

I also observed that inhibiting the function of Pic1 by temperature shift leads to 

accumulation of elevated rates of chromosome mis-segregation events and DNA 

damage foci in pot1∆ cells (Fig. 3.5C and 3.5D). By analyzing the correlation between 

the formation of DNA damage and chromosome mis-segregation in the pot1∆ pic1-

T269 double mutant, I concluded that first: the DNA damage foci are detected in G2 

cells (Fig. 3.7A) and the existence of these foci does not induce chromosome mis-

segregation in M-phase (Fig. 3.7B). Second, the generation of DNA damage foci is 

unlikely to be the outcome of damaging the entrapped mis-segregated chromosomes 

during cytokinesis (Fig. 3.7C). Third, the generation of DNA damage foci and 

chromosome mis-segregation are not directly linked. Nevertheless, I do not exclude the 
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possibility that the DNA damage may be produced later as a consequence of genome 

instability that arises due to chromosome mis-segregation events.  

I next show that the loss-of-function of either Sgo2 or Swi6 does not affect the 

viability of pot1∆ cells (Fig. 3.8A). Further analysis of phenotypes of pot1∆ sgo2∆ and 

pot1∆ swi6∆ double mutants revealed that both double mutants display a high 

percentage of DNA damage, but both show a markedly low percentage of chromosome 

mis-segregation compared with that of the pot1∆ pic1-T269 double mutant at 33oC (Fig. 

3.9). This result demonstrates that the chromosome mis-segregation per se but not the 

DNA damage is the reason for the synthetic lethality of the pot1∆ pic1-T269 double 

mutant at 33oC. Also, it further supports the notion that the formation of DNA damage 

foci is not a direct consequence of chromosome mis-segregation events.  
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Chapter 4. Conclusions 

 

4.1 Thesis summary 

Telomere dysfunction induces genomic instability and promotes carcinogenesis. 

For instance, recombination-dependent telomere maintenance and chromosome 

circularization following telomere dysfunction had been reported in association with 

cancers. In this thesis, I tried to identify vulnerable points in these two telomere 

dysfunction cases which would help find a possible target for cancer therapy.  

Using the genetically tractable organism, fission yeast, I first attempted to 

understand the mechanism of the TBZ sensitivity phenotype of the pot1∆ rqh1-hd 

double mutant which may allow me to find a specific vulnerability in cancer cells that 

maintain telomeres by HR. Second, I tried to identify a gene required for the 

maintenance of the circular chromosome using S. pombe pot1∆ cells that have a circular 

chromosome. This gene would be a target of cancer therapy to specifically kill cancer 

cells harboring circular chromosomes.  

In the first study, I have investigated whether there is a link between the long G2 

of the pot1∆ rqh1-hd double mutant and its TBZ sensitivity. I found that shortening the 

G2 of the pot1∆ rqh1-hd double mutant by concomitant loss-of-function mutation of 

Chk1 downstream kinases, Wee1 and Mik1, or gain-of-function mutation of Cdc2 

(cdc2-3w) suppressed the TBZ sensitivity and the accumulation of recombination 

intermediates at the telomeres of the double mutant. These results imply that the long 

G2 is the reason for the TBZ sensitivity of the pot1∆ rqh1-hd cells in the way that the 

activation of DNA damage checkpoints and holding the pot1∆ rqh1-hd cells at long G2 

provide cells with time to accumulate recombination structures at telomeres which 
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disturb chromosomes segregation and render cells sensitive to TBZ. These results 

further provide insight into the possible roles of DNA damage signaling pathway in the 

regulation of HR events. 

In the second study, I attempted to explore how circular chromosomes are 

maintained and how cells with circular chromosomes could survive using synthetic 

lethality approach. By using fission yeast pot1∆ and trt1∆ cells that have circular 

chromosomes, I found that the lack of function of CPC components is lethal to cells 

with circular chromosomes. The lack of functional CPC results in accumulation of 

elevated rates of chromosomes mis-segregation events and DNA damage. I further 

found that neither Shugoshin (Sgo2) nor heterochromatin protein (Swi6), which 

contribute to the centromeric localization of CPC, is lethal to pot1∆ cells with circular 

chromosomes. Both pot1∆ sgo2∆ and pot1∆ swi6∆ double mutants show a high 

percentage of DNA damage but a low percentage of chromosome mis-segregation, 

suggesting a link between the elevated rates of chromosome mis-segregation and the 

lethality observed in pot1∆ CPC double mutants. These results demonstrate the 

importance of CPC for the survival of cells with circular chromosomes and shed light 

on the possible role of CPC in the maintenance of circular chromosomes. 

4.2 Achievements of the thesis 

By using fission yeast pot1∆ rqh1-hd double mutant that maintains telomeres by 

HR, a pathway by which some cancer cells can escape telomere loss, I provided a model 

showing that the activation of DNA damage checkpoint and holding the cells at long 

G2 could worsen the cell viability rather that enhancing cell survival by contributing to 

the accumulation of toxic recombination intermediates at the chromosome ends when 

the telomere function is compromised and render cells sensitive to anti-microtubule 

drug TBZ. This finding implies that elongation of G2 phase and inhibition of resolution 
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of recombination intermediate may sensitize cancer cells that maintain telomeres by 

recombination to anti-microtubule drugs. My results also indicate that not only DNA 

repair but also DNA damage pathway could contribute to the accumulation of toxic 

recombination structures at telomeres. Furthermore, my data could provide insight for 

possible roles of DNA damage protein Chk1 in the regulation of telomere maintenance 

by the HR pathway through controlling the proteins involved in this pathway.  

I further demonstrate the importance of CPC for the survival of cells with circular 

chromosomes which could provide CPC as a candidate to selectively inhibit the growth 

of human cancer cells that harbor circular chromosomes. In addition, my observation 

that accumulation of a high percentage of DNA damage foci in cells with circular 

chromosomes upon the dysfunction of CPC or the lack of function of proteins that assist 

in CPC centromeric localization such as Sgo2 or Swi6 suggests a role of the CPC, Sgo2, 

and Swi6 in the prevention of activation of DNA damage when the chromosomes are 

circularized, which could be an interesting area to be investigated. 

4.3 Future perspectives 

In fact, little is known regarding the selective targeting of cancer cells that 

maintain telomeres through recombination and those harboring circular chromosomes. 

Fission yeast is an excellent model organism that helps better understand cancer-related 

phenotypes and develop drug treatment for certain types of cancer. 

In this thesis, my data showing that the activation of DNA damage checkpoint 

and keeping the cells at long G2 unexpectedly worsen the viability of pot1∆ rqh1-hd 

double mutant cells in the presence of TBZ could shed light on a possibility to sensitize 

cancer cells that maintain telomeres by recombination to the anti-microtubule drugs by 

inhibition of human RecQ helicase and holding the cells at long G2 phase.  
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Since pot1∆ rqh1-hd double mutant cells are sensitive to anti-microtubule drug 

TBZ, pot1∆ rqh1-hd strain could be exploited in screening for novel microtubule-

targeting agents (MTA). MTA constitute a class of drugs that are widely used in cancer 

therapy. However, the effectiveness of MTA as chemotherapeutic agents has been 

limited by their adverse side effects such as neurological and hematological side effects. 

In addition, resistance to many of the existing MTA is another obstacle that impedes 

the effectiveness of MTA in cancer therapy [132]. Therefore, construction of a drug-

sensitive pot1∆ rqh1-hd strain to screen for novel MTA with fewer side effects and that 

can avoid the conventional MTA drug resistance would be of clinical outcomes in 

cancer therapy [133].  

Moreover, the observation that deletion of chk1+ or its downstream kinase wee1+ 

suppresses the TBZ sensitivity phenotype of the pot1∆ rqh1-hd cells could provide 

insight into the possibility of using a drug-sensitive pot1∆ rqh1-hd strain for the positive 

screening of Chk1 or Wee1 inhibitors (chemical compounds that could inhibit Chk1 or 

Wee1 would suppress the TBZ sensitivity of pot1∆ rqh1-hd cells). Cancer cells with 

no functional G1 checkpoint rely mainly on the G2/M checkpoint, mediated by Chk1 

and Wee1, for cell survival. Therefore, abrogation of the G2/M checkpoint by inhibiting 

the function of Chk1 or Wee1 despite the presence of DNA damage can lead to mitotic 

catastrophe and cell death and hence selectively sensitize the G1 defective cancer cells 

to DNA damaging agents [134]. 

On the side of chromosome circularization, besides the evaluation of the 

possibility to kill human cancer cells having ring chromosomes by targeting CPC, 

investigating the reason behind the accumulation of high levels of DNA damage foci in 

cells harboring circular chromosomes upon the lack of function of CPC or reduction of 

its centromeric localization would provide insight into novel roles of CPC in the 
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prevention of DNA damage upon chromosome circularization. Moreover, developing 

a drug-sensitive pot1∆ strain may greatly assist in identifying the genes required for the 

survival of cells having circular chromosomes using the chemical-genetic screen [133, 

135]. This screen is based on the idea to find the chemical compounds that can 

selectively inhibit the growth of cells harboring circular chromosomes (e.g., pot1∆ 

cells), but not linear ones. Identifying the target of these compounds would provide 

insight about the genes required for the maintenance of circular chromosomes which 

would be of clinical implications in selective killing of human cancer cells that harbor 

circular chromosomes.  
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