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ABSTRACT OF THE DISSERTATION 

 

Investigating the link between mitotic defects and cell death in 

the C. elegans germline and in human tissue culture cells 

 

by 

 

Deanna Marie Stevens 

Doctor of Philosophy in Biomedical Sciences 

University of California, San Diego, 2013 

Professor Arshad Desai, Chair 

 
 

Faithful segregation of genetic material during mitosis is a vital cellular 

function that ensures the accurate passage of critical information from one 

generation to the next. Errors in this process can be highly deleterious, often 

times leading to aneuploidy- a hallmark of cancer and the leading genetic 

cause of birth defects and miscarriages. Given the potentially harmful nature 

of cells resulting from defects in mitosis, a majority of these cells are 

eliminated via apoptosis to prevent further propagation of this damage. 

However, this is not always the case as sometimes these cells evade cell 

death and continue to proliferate. Although the link between mitotic defects 

and activation of the cell death machinery is relatively well established, the 
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underlying mechanism still remains unclear. The work presented here takes a 

closer look, in both the model system Caenorhabditis elegans and human 

tissue culture cells, at the direct effect of a variety of mitotic perturbations in an 

effort to better understand how mitotic defects can signal to cell death. 

In the adult C. elegans germline, which is composed of both mitotic and 

meiotic cells, nuclei that result from a failed mitosis acquire an excess amount 

of double-strand breaks, activate the DNA damage checkpoint and are unable 

to successfully complete meiotic recombination. These nuclei are preferentially 

eliminated by apoptosis, a response that is dependent on the initiation of 

recombination, suggesting that the deliberate double strand breaks that are 

required for recombination survey and mark for elimination nuclei with the 

improper complement of chromosomes. In human tissue culture cells, 

perturbations that prevent proper exit from mitosis while allowing for perfect, or 

near perfect, alignment of chromosomes result in a distinct phenotype called 

chromosome scattering. Cells with scattered chromosomes show 

uncoordinated loss of chromatid cohesion and subsequent spindle defects, yet 

still maintain the hallmarks of an active mitosis. Most notably, cells with 

scattered chromosomes show an increased susceptibility to apoptosis. Overall 

the results of these studies reveal two distinct mechanisms by which mitotic 

defects signal to cell death helping to shed light on the driving force behind 

this phenomenon.  
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Chapter 1. Introduction 

1.1 Mitosis and the cell cycle 

Mitosis is defined as the specialized cellular program responsible for 

the proper segregation of genetic material from one mother cell into two 

daughter cells (Mitchison and Salmon, 2001).  Prior to mitosis, the cell 

undergoes one round of DNA replication followed by a short growth phase to 

survey for and repair any damage that may have occurred during S phase 

(Fig. 1A; Bartek et al., 2004).  The beginning of mitosis (Fig. 1B), or prophase, 

is marked by breakdown of the nuclear envelope, which is immediately 

followed by the condensation of chromosomes (Güttinger et al., 2009) – the 

distinct structures created by the packaging of DNA around proteins called 

histones (Woodcook and Ghosh, 2010) – during prometaphase.  Concomitant 

with chromosome condensation is the formation of the bipolar spindle 

(Tanenbaum and Medema, 2010).  The bipolar spindle consists of a network 

of dynamic microtubules emanating from the centrosome- the main 

microtubule organizing center of a cell and a vital component of the mitotic 

machinery (Bornens, 2012).  The role of spindle microtubules is to search for, 

capture and align the chromosomes so that at metaphase they are properly 

bioriented along the bipolar spindle (Kapoor and Compton, 2002).  Once all 

chromosomes have achieved proper biorientation, segregation occurs in 

anaphase such that each daughter cell receives an exact 1:1 complement of 

the genome and the cell exits mitosis (Sullivan and Morgan, 2007).  The entire 
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process of mitosis is tightly regulated and requires the timely coordination of a 

multitude of cellular events and signaling cascades. 

 

1.1.1 Function and formation of the kinetochore 

Although there are many steps in place to ensure that accurate 

segregation of chromosomes occurs during mitosis, one of the most important 

is the proper alignment of chromosomes along the bipolar spindle.  To aid in 

this process is the specialized protein complex known as the kinetochore, 

which serves as the direct interface between the spindle microtubules and the 

chromosomes (Cheeseman and Desai, 2008). 

The kinetochore is built upon the portion of the chromosome known as 

the centromere (Cleveland et al., 2003).  The centromere is the segment of 

chromatin defined by the presence of the histone variant CENP-A, a protein 

which is required for the localization and formation of the kinetochore (Black 

and Cleveland, 2011).  In all species tested, from fungi to metazoans, CENP-A 

null mutants are completely inviable (Meluh et al., 1998; Howman et al., 2000; 

Takahashi et al., 2000; Blower and Karpen, 2001; Oegema et al., 2001; 

Goshima et al., 2003; Regnier et al., 2005).  Once CENP-A has been 

incorporated into the chromatin one of the first kinetochore proteins to localize 

to the centromere is CENP-C, a highly conserved protein which plays an 

integral role in shaping structure of the inner kinetochore (Tomkiel et al., 

1994).  Other proteins involved in inner kinetochore assembly include KNL-1 

(Cheeseman et al., 2008), KNL-2 (Maddox et al., 2007), the Mis12 complex 
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(Screpanti et al., 2011), the Mis18 complex (Hayashi et al., 2004) and 

members of the CCAN (constitutive centromere-associated network).  The 

CCAN, originally discovered in human cells, is composed of CENP-C and 13 

other proteins (CENP-H, CENP-I and CENP-K-U) and is well conserved in 

vertebrates (Obuse et al., 2004; Foltz et al., 2006; Okada et al., 2006; Izuta et 

al., 2006).  A majority of the CCAN proteins have been discovered in fungi, 

however in both C. elegans and Drosophila no CCAN proteins except for 

CENP-C have been found (Cheeseman and Desai, 2008).   

Built upon the inner kinetochore is the outer kinetochore, which serves 

as the major binding site for spindle microtubules (Kline-Smith et al., 2005).  

Outer kinetochore proteins include, but are not limited to, the Ndc80 complex 

(Tooley and Stukenberg, 2011), the RZZ (Rod-Zw10-Zwilch) complex (Karess, 

2005), CENP-F (Feng et al., 2006), Spindly (Griffis et al., 2007), the Ska 

(Ska1-Ska2) complex (Guimaraes and DeLuca, 2009) and the spindle 

assembly checkpoint proteins (described in section 1.1.2).  While a majority of 

the outer kinetochore components are conserved across species, the 

hierarchy of recruitment as well as the various feedback mechanisms in place 

during microtubule capture differ, to varying degrees, from fungi to vertebrates.  

Briefly, in all species tested, the Ndc80 complex is essential for kinetochore-

microtubule interactions (Wigge and Kilmartin, 2001; DeLuca et al., 2002; 

Desai et al., 2003;  McCleland et al., 2003) and together with KNL-1 and 

Mis12 forms the KMN network, which has been suggested to be the core 

microtubule attachment site on the kinetochore (Cheeseman et al., 2006; 
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Tanaka, 2013).  Outside of the KMN network, the remaining outer kinetochore 

proteins all play various different roles in coupling dynamic microtubule 

chromosome capture to chromosome movement in order to get to an eventual 

state of biorientation along the metaphase plate.  Instrumental in this process 

in metazoans is the kinesin CENP-E (Abrieu et al., 2000) and minus-end 

directed microtubule motor protein dynein and its cofactor dynactin (Bader and 

Vaughan, 2010), which require both Spindly and the RZZ complex for 

recruitment to kinetochores (Griffis et al., 2007; Gassmann et al., 2008; 

Yamamoto et al., 2008; Chan et al., 2009).  In addition to being required for 

proper chromosome-microtubule attachments, the dynein/dynactin complex 

also plays a key role in allowing progression into anaphase once all 

chromosomes have bioriented by removing the spindle assembly checkpoint 

proteins from the kinetochore (Gassmann et al., 2010). 

 

1.1.2 The spindle assembly checkpoint 

The spindle assembly, or mitotic, checkpoint is an evolutionarily 

conserved pathway responsible for monitoring the state of the kinetochore-

microtubule attachments (Lara-Gonzalez et al., 2012).  The role of the SAC is 

to delay cell cycle progression until all chromosomes are properly oriented 

along the bipolar spindle.  The proteins responsible for the SAC localize to the 

outer kinetochore during prometaphase and remain there until they are 

removed right before anaphase onset.  It has previously been shown that a 
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single unattached kinetochore is enough to maintain the checkpoint-mediated 

cell cycle delay (Rieder et al., 1995).   

The spindle assembly checkpoint was first discovered in budding yeast 

in two separate screens for genes involved in mitotic progression.  The mitotic 

arrest deficient (Mad) (Li and Murray, 1991) and the budding uninhibited by 

benomyl (Bub) (Hoyt et al., 1991) genes both play key roles in mediating 

spindle assembly checkpoint function.  These genes are conserved from yeast 

to metazoans but comprise only part of the spindle assembly checkpoint.  

Kinases such as Mps1 (Weiss and Winey, 1996) and Aurora B (Biggins and 

Murray, 2001) are also pivotal for proper checkpoint signaling and in higher 

eukaryotes the checkpoint has evolved to include the function of additional 

proteins for its regulation, such as the RZZ complex, CENP-E and dynein, to 

name a few (Musacchio and Salmon, 2007). 

The spindle assembly checkpoint elicits its function by inhibiting the 

major protein complex responsible for exit from mitosis, the anaphase 

promoting complex/cyclosome (APC/C) (Peters, 2006; Pines, 2006).  The SAC 

specifically targets Cdc20 (Hwang et al., 1998; Kim et al., 1998), which is 

required for the activation of the APC/C (Peters, 2006).  By binding directly to 

Cdc20, the SAC prevents activation of the APC/C until all the chromosomes 

have successfully bioriented.  Once activated the APC/C, an E3 ubiquitin 

ligase, targets two major mitotic proteins for destruction by the 26S 

proteasome: Cyclin B and securin (Thornton and Toczyski, 2003). Cyclin B 

activates the master mitotic kinase CDK1 (Cyclin-dependent kinase 1), and 
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securin inhibits the enzyme separase, the role of which is to cleave the 

cohesin complex that normally holds sister chromatids together.  Both Cyclin B 

degradation and separase-mediated cleavage of cohesin are required for the 

metaphase to anaphase transition and subsequent mitotic exit.   

 

1.1.3 The metaphase-to-anaphase transition 

 Arguably one of the most important steps in mitosis is the transition 

from one plate of fully aligned chromosomes at metaphase to two equally 

separated aggregates of sister chromatids at anaphase.  The metaphase-to-

anaphase transition is tightly regulated to ensure that chromosome 

segregation occurs faithfully with each new daughter cell receiving the correct 

1:1 complement of genetic material (Fig. 2).  Progression into anaphase 

requires two major signaling events- degradation of Cyclin B and separase-

mediated cleavage of cohesin.  Both events are controlled by the activation of 

the APC/C.  Once the APC/C is activated by the silencing of the spindle 

assembly checkpoint, Cyclin B and securin are quickly degraded allowing the 

cell to enter anaphase.   

Cyclin B is responsible for activation of the major mitotic kinase, CDK1, 

and was first discovered in frog egg extracts (Murray and Kirschner, 1989).  

Cyclin B levels are tightly transcriptionally regulated during the cell cycle, 

beginning in S phase and peaking just before the start of mitosis in G2 (Hwang 

et al., 1995).  The number of proteins targets phosphorylated by active Cyclin 

B-CDK1 complex is expansive and include proteins involved in such 
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processes as chromosome condensation, chromosome cohesion and 

dissolution, assembly of the mitotic spindle, attachment of chromosomes to 

the spindle, spindle elongation and separation of chromosomes, mitotic exit 

and cytokinesis (Lindqvist et al., 2009).  Cyclin B mutants unable to be 

targeted for degradation markedly prolong the cell cycle (Gallant et al., 1992; 

Holloway et al., 1993), highlighting just how important regulation of Cyclin B is 

for the proper timing of mitosis. 

Prior to their separation at anaphase, sister chromatids are held 

together by the multi-protein complex cohesin (Peters et al., 2008; Onn et al., 

2009).  Cohesin is loaded along the length of each pair of sister chromatids in 

S phase (Uhlmann, 2009) and is removed via a two-step process during 

mitosis (Fig. 2).  The cohesin along the arms of sister chromatids is removed 

by a non-proteolytic pathway in prophase that requires both the conserved 

protein Wapl and Polo-like kinase 1 (Hauf et al., 2005; Shintomi and Hirano, 

2009).  Centromeric cohesin is protected from this pathway and is catalytically 

cleaved at the onset of anaphase by the protease separase.  Prior to the 

metaphase-to-anaphase transition, separase is held inactive due to binding of 

its inhibitor securin.  Degradation of securin by activation of the APC/C 

assures that sister chromatids will remain together until all chromosomes are 

properly bioriented along the metaphase spindle (Hauf et al., 2001).  Timing 

the coordinated loss of chromatid cohesion to full alignment in metaphase 

prevents the precocious separation of sister chromatids thus safeguarding the 

cell against a missegregation event. 
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1.2 Mitosis and cancer 

 Cancer, by its very definition, results from uncontrolled cell divisions. 

Most cancer cells acquire mutations that allow them to override the cell cycle 

machinery and proliferate unrestrained (Sherr, 2000; Malumbres and 

Barbacid, 2001; Jallepalli and Lengauer, 2001; Massague 2004).  As cancer 

cells continue to divide without checkpoint control, errors in mitosis become 

more frequent and a majority of solid tumor cells exhibit genome instability 

(Bakhoum and Compton, 2012).  The degree of chromosomal instability seen 

in most tumors ranges from a single translocated chromosome to more 

complex chromosome rearrangements, as well as the complete loss or gain of 

whole or parts of chromosomes (McGranahan et al., 2012). Although there is 

still debate over whether chromosomal instability drives tumor formation or is a 

consequence of such, abnormal chromosome content, or aneuploidy, remains 

one of the most common hallmarks of cancer (Holland and Cleveland, 2012). 

 

1.2.1 The role of mitotic genes in tumorigenesis 

 Given the high prevalence of chromosomal instability in solid tumors, a 

substantial amount of research has been done trying to characterize the role 

of mitotic genes in the development and/or progression of cancer.  This work 

has focused mainly on two aspects- determining the frequency of mitotic gene 

mutations in human tumor samples (Pérez de Castro et al., 2007) and utilizing 
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mice to determine the tumorigenic ability of a compromised mitotic gene 

function (Schvartzman et al., 2010).  

 A survey of a vast array of tumor samples revealed that while not as 

prevalent as mutations in classic cancer genes, such as Rb or p53, a variety of 

tumor types do possess mutations in key regulators of the mitotic cell cycle 

(Pérez de Castro et al., 2007).  These genes include major regulatory kinases, 

such as Aurora A (Bischoff et al., 1998; Sen et al., 2002; Gritsko et al., 2003; 

Katayama et al., 1999; Li et al., 2003; Miyoshi et al., 2001; Sakakura et al., 

2001), Aurora B (Bischoff et al., 1998; Chieffi et al., 2006; Araki et al., 2004; 

Smith et al., 2005; Chieffi et al., 2005; Sorrentino et al., 2005), CDK1 

(Kallakury et al., 1997; Soria et al., 2000; Takeno et al., 2002) and PLK1 

(Strebhardt and Ullrich, 2006), which are all over-expressed in a wide variety 

of tumors. Altered expression of kinetochore proteins CENP-F (Pimkhaokham 

et al., 2000; Zirn et al., 2006; Grützmann et al., 2004), ROD and HEC1 

(NDC80) (Pérez de Castro et al., 2007) has also seen in a broad range of 

tumor types. Interestingly, the expression of many spindle assembly 

checkpoint proteins, BUB1 (Lin et al., 2002; Yuan et al., 2006; Moreno-Bueno 

et al., 2003; Grabsch et al., 2003), BUBR1 (Grabsch et al., 2003; Yuan et al., 

2006), MAD1 (Nishigaki et al., 2005; Han et al., 2000) and MAD2 (Hernando 

et al., 2004; Yuan et al., 2006), is also modified, however in some cases the 

expression is reduced while in others it is increased.  Although a majority of 

the mitotic genes displaying abnormal levels of expression have been shown 

to be regulated by the E2F family of transcription factors (Ren et al., 2002) and 
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therefore may be influenced by precedent mutations in the Rb pathway 

(Hernando et al., 2004), it does not discount the fact that the dysregulation of 

genes required for an accurate mitosis can aid in the progression of cancer. 

 To gain better insight into the direct role that aberrant mitotic gene 

function may have in tumor formation, myriad studies have been done in mice 

involving the under or over expression of a variety of key mitotic regulators 

(Schvartzman et al., 2010).  Most of the genes involved in ensuring an 

accurate mitosis are required for viability, therefore a majority of the research 

investigating the tumor suppressive behavior of mitotic genes has been done 

on mice expressing a single copy of the gene of interest.  Mice heterozygous 

for Cenp-E (Weaver et al., 2007), Mad2 (Michel et al., 2001; Chi et al., 2009), 

Mad1 (Iwanaga et al., 2007; Chi et al., 2009), Cdh1 (Garcia-Higuera et al., 

2008) or Plk4 (Ko et al., 2005), as well as mice expressing a hypomorphic 

allele of Bub1 (Schliekelman et al., 2009) show an increased incidence of 

spontaneous, late-onset tumor formation in the lymph nodes, as well as in the 

lung and liver.  In addition mice expressing a single copy of a Cdc20 mutant 

unable to bind to Mad2 are also prone to tumor formation (Li et al., 2009).  

However, these results do not represent a general relationship between mitotic 

gene haploinsufficiency and tumor formation as mice heterozygous for BubR1 

(Baker et al., 2004) or Bub3 (Kalitsis et al., 2000) show no increased incidence 

in spontaneous tumor formation. 

 Since over expression rather than under expression of mitotic genes is 

more commonly seen in human tumors, research has also been aimed at 
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better understanding the oncogenic potential of a variety of genes involved in 

the mitotic program. Forced over expression of Mad2 (Sotillo et al., 2010) or 

Hec1 (Ndc80) (Diaz-Rodriguez et al., 2008) results in widespread tumor 

formation. Targeted over expression of Aurora A in mouse mammary epithelial 

cells causes increased proliferation and branching morphogenesis, leading to 

the development of mammary tumors (Wang et al., 2006). While the degree of 

tumor formation in the cases cited above is not as severe as that seen in mice 

over expressing more well-characterized oncogenes, such as Myc or Ras, 

these studies still indicate that tumors can form as a result of improper control 

of the mitotic cell cycle.  

 Overall the studies in both human tumor samples as well as in mice 

clearly point to an involvement of mitotic gene dysregulation in the progression 

of cancer. Although it is evident that chromosomal instability is a distinguishing 

feature of cancer cells, more work needs to be done to better understanding 

the mechanism responsible for its presence.  

 

1.2.2 Chemotherapeutics aimed at targeting the mitotic machinery 

 The field of cancer chemotherapy has seen many advances since its 

implementation in the 1940s with the discovery of nitrogen mustard and folate 

analogs as antiproliferative agents (Chabner and Roberts, 2005). Although 

research is currently more focused on targeted chemotherapy, broad-

spectrum inhibitors of basic cellular functions, such as DNA synthesis or 

mitosis, are still widely used as effective treatment for a variety of cancers. 
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The anti-mitotic drugs first gained notoriety in the early 1960s with the 

discovery of the Vinca alkaloids and the taxanes. This class of drugs elicits its 

antitumor activity by targeting tubulin, the building block of microtubules. Direct 

binding to tubulin interferes with microtubule dynamics, inhibits cell division 

and eventually leads to the death of the cell (Jordan and Wilson, 2004; Zhou 

and Giannakakou, 2005). While taxol (paclitaxel) is still one of the most widely 

prescribed anti-mitotic cancer drugs on the market, its efficacy spans a broad 

range depending on tumor type and since the biggest side effect is 

neurotoxicity (Boyette-Davis et al., 2013), many researchers are focused on 

finding new drug targets that inhibit mitosis. While the Vinca alkaloids and 

taxane are still the only drugs with FDA approval, the list of anti-mitotic drugs 

currently in clinical trials is expansive (Chan et al., 2012). The protein targets 

are diverse and include kinetochore proteins, mitotic kinases and the 

proteasome, as well as other spindle proteins such as microtubule-associated 

motor proteins (Schmidt and Bastians, 2007; Rao et al., 2012).  

 Given the predominance of the pursuit to find new, drugable mitotic 

protein targets in the field of cancer research, another aspect researchers are 

concentrating on is trying to better understand the cellular response to anti-

mitotic drugs. Ideally, treatment with an anti-mitotic drug would result in an 

initial arrest of the cell cycle followed by death of the cell while still in mitosis. 

Unfortunately this is not the case, as different cell types, as well as different 

types of anti-mitotic drugs show a varied response. While the universal 

response to treatment with an anti-mitotic drug is a mitotic arrest, the 
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subsequent fate of the cell can be one of many outcomes. The cell can 1) 

remain chronically arrested in mitosis until the drug is removed, 2) die in 

mitosis or 3) reenter the cell cycle and either a) die in interphase, b) cease to 

proliferate and senesce or c) reproduce as an aneuploid cell (Rieder, 2004; 

Yamada and Gorbsky, 2005). A recent paper highlighted just how varied the 

cellular response to anti-mitotic drugs is by showing that different cell lines 

show both inter- and intra-line variation to the same drug (Gascoigne and 

Taylor, 2008). Many studies have been done to try to explain this difference at 

a molecular level, however no clear consensus has been achieved (Longley et 

al., 2005; Komlodi-Pasztor et al., 2012). Much like its role in tumor formation, 

the role of mitotic regulation in cancer chemotherapy is more complex than 

was once thought and thus continues to be at the forefront of cancer research. 

 

1.3 C. elegans as a model system 

The nematode species Caenorhabditis elegans has long been used as 

a model system to help answer some of the greatest questions in biology 

(Brenner, 2009). C. elegans is a hermaphroditic species, adults possess both 

male and female gametes and are thus capable of self-fertilization. From initial 

hatching to adulthood takes about 3 days; the worm develops through four 

larval stages before reaching reproductive capacity (Fig. 3A; Riddle et al., 

1997). A single adult worm can produce nearly 300 progeny due to a limited 

number of sperm, however if mated to a male that number increases 4 – 5-fold 

(Hall and Altun, 2008). This relatively quick generation time, as well as the 
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ease of genetic manipulation, has made C. elegans an attractive model 

system for a diverse group of fields. In the 40+ years since Sydney Brenner 

pioneered the use of C. elegans as a multi-cellular organism with which to 

conduct research, myriad breakthroughs in many areas of biological research 

have occurred. One such field is cell biology, with many researchers 

employing C. elegans to explore the driving force behind such critical 

processes as mitotic (Oegema and Hyman, 2006) and meiotic (Lui and 

Colaiácovo, 2013) division of the cell. 

 

1.3.1 The adult C. elegans germline 

 Given the fact that the germline is the sole tissue responsible for the 

production of gametes, germline development in C. elegans is a well-studied 

process (Hubbard and Greenstein, 2000). The germline develops from two 

primordial germ cells designated early on in embryogenesis into roughly 1000 

cells in the fully formed germline of an adult worm (Hubbard and Greenstein, 

2005). The adult C. elegans germline (Fig. 3B) consists of two identical U-

shaped gonad arms. The structure of each arm is a syncitium wherein each 

nucleus is partially membrane enclosed leaving one side open to the common 

maternal cytoplasm. The C. elegans germline displays spatial organization; 

mitotic divisions occur in the distal region, which contains the germline stem 

cells (Kimble and Crittenden, 2005) that generate all the nuclei that undergo 

meiosis to generate oocytes, which are produced at the proximal end of the 

gonad. Directly adjacent to the oocytes, at the most proximal edge of the 
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germline, is the spermatheca. Each spermatheca contains around 150 sperm 

that were produced during the early L4 larval stage of development when the 

germline undergoes a limited period of spermatogenesis (L’Hernault, 2006) 

before permanently switching to the oogenic program.   

 Of the 1000 nuclei in the adult germline, an estimated 25% makeup the 

stem cell or mitotic zone located at the distal tip (Crittenden et al., 2006). The 

size of this region does not diminish over time indicating these nuclei are 

undergoing constant self-renewal to replenish nuclei that have exited the 

region and entered into the meiotic program. As nuclei exit the distal tip, they 

undergo one last round of DNA replication prior to their entry into meiosis. As 

nuclei travel proximally down the gonad arm they undergo various stages of 

meiotic prophase I (Greenstein, 2005).  

The initial stages of meiotic prophase, leptotene and zygotene, occur in 

the transition zone directly adjacent to the mitotic tip. During this time 

chromosomes become tethered to the nuclear envelope, resulting in the 

distinct crescent nuclear morphology attributed to this region (Penkner et al., 

2007). Localization of chromosomes to the nuclear envelope is thought to aid 

in the homology search and capture process required for proper chromosome 

pairing and synapsis (Penkner et al., 2009; Sato et al., 2009). C. elegans 

chromosomes are unique in that they pair through a specialized DNA-protein 

complex called the pairing center (MacQueen et al., 2005; Phillips et al, 2005; 

Phillips and Dernburg, 2006). The pairing center consists of a repetitive stretch 

of DNA at one end of the chromosome bound by one of four Zn-finger proteins 
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(ZIM-1, ZIM-2, ZIM-3 and HIM-8). Once homologous chromosomes pair, the 

synaptonemal complex begins to polymerize. The synaptonemal complex is a 

tripartite proteinaceous structure that assembles along the lengths of 

homologous chromosomes (Colaiácovo, 2006) holding them together to allow 

for the proper completion of recombination, which is also initiated during the 

early stages of meiotic prophase I (Dernburg et al., 1998). Recombination is 

fully complete by the pachytene stage, at which point the synaptonemal 

complex disassembles and the chromosomes remained linked through their 

crossover sites, now called chiasmata- a hallmark of the diplotene stage. The 

chromosomes then maximally condense to become diakinetic nuclei, which 

are then packaged into oocytes. 

 

1.3.2 Homologous recombination 

One of the most important processes in meiosis is the successful 

completion of homologous recombination (Villeneuve and Hillers, 2001). This 

is due not only for its ability to introduce genetic diversity into a population but 

also for its central role in the reductional divisions that generate gametes in 

sexually reproducing organisms. Meiotic recombination is initiated by 

deliberate double-strand breaks, which are catalyzed by the type II 

topoisomerase-like enzyme Spo11 (Keeney et al., 1997). Spo11 is highly 

evolutionarily conserved and in all species tested is essential for 

recombination (Keeney, 2001). Immediately following break formation, sets of 

repair proteins successively localize to the lesion resulting in the resection of 
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one strand of the double-strand break (Filippo et al., 2008). Once resected, 

strand exchange proteins, such as Rad51 and accessory factors such as 

Rad54, localize to the single-strand piece of DNA and promote invasion of the 

single strand to the homolog for repair (Krejci et al., 2012). Successful 

completion of this process results in crossover formation between a set of 

homologous chromosomes. Because the homologs are now physically linked 

through chiasmata, alignment at metaphase I of meiosis results in homologous 

chromosomes becoming orientated towards opposite poles (Schvarzstein et 

al., 2010). This alignment causes a reductional division at anaphase I by 

separating the homologous chromosomes, followed by an equational division 

at anaphase II by separating the sister chromatids. Therefore, without the 

successful completion of homologous recombination, meiotic missegregation 

will occur and result in the production of inviable, aneuploid gametes.  

 

1.3.3 Germline cell death 

Since the germline is tasked with the responsibility of generating the 

gametes that makeup the next generation, it is crucial that the integrity of the 

genome in the germline be properly maintained. Just prior to the packaging of 

nuclei into oocytes, if too many nuclei exist or are somehow unfit these nuclei 

are removed by programmed cell death (Guimenny et al., 1999). In a 

unperturbed, wild type background over half of all nuclei produced by the 

germline are eliminated via programmed cell death in an effort to maintain 

oocyte quality (Andux and Ellis, 2008). Germline cell death signals through the 
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same canonical pathway responsible for somatic cell death (Fig. 4; Conradt 

and Xue, 2005). Briefly, cell death is caused by the activation of the caspase-

like protein CED-3 by the Apaf-1 homolog CED-4.  The Bcl-2 family member 

CED-9 binds CED-4 and inhibits CED-4’s ability to bind to and activate CED-3, 

thereby protecting cells from death.  In somatic cells that are fated to die, the 

BH3-only protein, EGL-1, is transcriptionally upregulated, binds to CED-9 and 

inhibits CED-9’s ability to bind to CED-4, which allows CED-4 to bind CED-3, 

thereby promoting cell death; in germline cells fated to die, however, the 

mechanism by which CED-9 suppression is relieved to activate the pathway 

still remains unclear. It has been shown though that a functional Ras/MAPK 

pathway is required for germline cell death (Guimenny et al., 1999). 

While a substantial number of nuclei with no discernable defects are 

removed via programmed cell death in an unperturbed background, it has 

been shown that nuclei possessing damaged DNA or resulting from defects in 

meiosis are preferentially eliminated. DNA damaging agents such as 

hydroxyurea, N-nitroso-N-ethylurea (ENU) and radiation, both ultraviolet and 

gamma, have all been shown to cause an increase in the levels of cell death 

in the C. elegans germline (Gartner et al., 2000; Garcia-Muse and Boulton, 

2005; Stergiou et al., 2007) . DNA damaged-induced cell death signals 

through a conserved checkpoint (Fig. 4). Genes involved in this pathway 

include kinases ATM-1 and ATL-1, as well as the 9-1-1 complex (HPR-9/MRT-

2/HUS-1), CLK-2 and CEP-1p53 (Stergiou and Hengartner, 2004). Similar to 

somatic cell death, yet unlike physiological germline cell death, the DNA 
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damage checkpoint-induced cell death requires EGL-1. CEP-1p53 

transcriptionally upregulates both EGL-1 and related BH3-only protein, CED-

13, to activate the canonical cell death pathway (Greiss et al., 2008). 

In addition to exogenous agents causing in an increase in germline cell 

death, it has also been shown that failure to properly complete key aspects of 

meiotic prophase I, such as homologous pairing, synaptonemal complex 

formation and recombination, results in a similar increase (Gartner et al., 2000; 

MacQueen et al., 2002; Colaiácovo et al., 2003; Bhalla and Dernburg, 2005; 

Harper et al., 2011). The death seen in these instances signals either through 

the DNA damage checkpoint or the pairing/synapsis checkpoint, which is the 

other germline checkpoint responsible for detecting meiotic errors. As opposed 

to the DNA damage checkpoint which is activated by unrepaired DNA breaks, 

the pairing/synapsis checkpoint is more specific in that it requires both the 

presence of a functional pairing center as well complete chromosome 

asynapsis (Bhalla and Dernburg, 2005; Harper et al., 2011). The 

pairing/synapsis checkpoint also signals through a different upstream effector- 

the AAA-ATPase PCH-2 (Bhalla and Dernburg, 2005). Overall, cell death in the 

C. elegans germline is a well-characterized process and continues to be a 

great system in which to investigate the how cellular defects are sensed in the 

context of a complex tissue.  

In summary, the fundamental goal of this thesis work is to better 

understand the consequences of mitotic defects, both in the C. elegans 

germline and in human tissue culture cells. Gaining a more complete 
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understanding of how errors in mitosis are sensed, especially if and how they 

signal to cell death, allows for the potential discovery of new, more effective 

drugs targets in the treatment of cancer. 
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Figure 1.1 The cell cycle and the stages of mitosis. (A) The cell cycle 
consists of four stages, G1, S, G2 and Mitosis, and two inter-stage 
checkpoints, at the transition from G1 to S and G2 to M. A newly divided cell 
undergoes a short growth phase before DNA replication occurs in S phase. 
After DNA replication, the cell enters another short growth phase before 
entering mitosis. (B) The start of mitosis begins with nuclear envelope 
breakdown and chromosome condensation in prophase, followed by formation 
of the bipolar spindle in prometaphase. Metaphase marks the stage at which 
all chromosomes are properly aligned along the spindle and occurs just before 
chromosomes are separated in anaphase. At telophase, chromosomes begin 
to decondense and the nuclear envelope is reformed. 
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Figure 1.2 Cohesin removal pathways and exit from mitosis. Cohesin 
begins to associate with chromatin in G1 and is loaded between newly 
replicated sister chromatids during S phase. Arm cohesion is removed early in 
mitosis during prophase and requires the activity of PLK1, Aurora B and Wapl. 
Centromeric cohesin is protected from this removal by Shugoshin (SGO1) and 
PP2A and is only removed at the metaphase-to-anaphase transition when 
separase becomes active due to silencing of the spindle assembly checkpoint. 
Spindle assembly checkpoint silencing activates the APC/C, which then 
degrades both securin and Cyclin B, allowing for mitotic exit. 
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Figure 1.3 The C. elegans life cycle and the adult germline. (A) A newly 
laid embryo takes roughly three days to reach adulthood at 20°C, developing 
through four discernable larval stages. (B) The adult C. elegans germline 
consists of two U-shaped gonad arms. Nuclei at the distal tip are undergoing 
mitosis and switch to the meiotic program upon exit from this region. The 
transition zone contains nuclei in the early stages of meiotic prophase I; more 
proximally, nuclei are in the pachytene stage of meiosis and then pass through 
diplotene before being packaged into oocytes as diakinetic nuclei. Directly 
adjacent to the oocytes is the spermatheca. The region of cell death occurs in 
late pachytene, just prior to oocyte packaging. 
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Figure 1.4 Cell death pathways in the C. elegans germline. All germline 
cell death signals through the canonical downstream pathway, CED-9-CED-4-
CED-3. The DNA damage pathway can be activated by a variety of upstream 
sensors, which are not mutually exclusive. Replication defects, however, are 
only sensed by ATL-1 or CLK-2. All pathways converge at CEP-1, which then 
transcriptionally upregulates both EGL-1 and CED-13 to promote cell death. 
Defects in pairing and/or synapsis are sensed by a specific pathway, which 
requires the activity of the AAA-ATPase PCH-2. Homologues are listed in 
superscript: green- mammalian, purple- S. pombe, red- S. cerevisiae. 
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Chapter 2. Meiotic double-strand breaks act as a surveillance 

mechanism to uncover mitotic errors in the C. elegans germline 

 

ABSTRACT 

The genomic integrity of gametes is critical for successful reproduction. 

In the C. elegans germline, gametes are generated in an assembly line-like 

process: mitotic divisions in the germline stem cell niche generate nuclei that 

enter into meiosis and progress through meiotic prophase. Here we show that 

perturbing mitoses in the stem cell niche triggers elimination of nuclei by 

programmed cell death during meiotic prophase. Targeting of nuclei harboring 

mitotic errors for cell death does not require the spindle checkpoint, but 

instead depends on p53 and upstream components of the DNA damage 

response pathway. Detection of mitotic errors also requires Spo11, the 

enzyme that creates double-strand breaks to initiate meiotic recombination. 

Thus, Spo11 not only promotes recombination but also monitors the 

chromosome content of nuclei entering meiosis, generating breaks that trigger 

cell death in the presence of an incorrect chromosome complement. 
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INTRODUCTION 

In sexually reproducing multi-cellular organisms, genetic information is 

propagated via the germline, the specialized tissue that generates haploid 

gametes. Defects in gametogenesis result in aneuploidy, the leading genetic 

cause of miscarriages and birth defects in humans (Hassold et al., 2007). Due 

to the central importance of the germline in the transfer of genetic information, 

understanding the mechanisms that ensure genome integrity in the germline is 

a prominent area of investigation, with important insights emerging from 

studies in model organisms such as C. elegans (Saito et al., 2012; Xu et al., 

2012). 

The germline in the adult C. elegans worm consists of two identical U-

shaped gonad arms with ~1000 nuclei arranged in a syncitium (Kimble and 

Crittenden, 2005). Each nucleus is partially enclosed by membrane in a 

pseudo cell that is open on one side to the common maternal cytoplasm. The 

distal tip of the germline acts as the stem cell niche, generating, via mitotic 

divisions, all of the nuclei that enter into the meiotic pipeline to generate 

oocytes (Byrd and Kimble, 2009). After exit from the distal tip, nuclei progress 

through pre-meiotic S phase, homolog pairing, synaptonemal complex 

formation and recombination as they migrate towards the proximal end of the 

gonad. Meiotic recombination is initiated by double-strand breaks (DSBs) 

catalyzed by the type II DNA topoisomerase-like enzyme Spo11 (Keeney, 

1997). Typically only one double-strand break per homolog develops into a 

successful crossover, even though more than one break per pair is made 
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(Martinez-Perez and Colaiácovo, 2009). At the most proximal end of the 

gonad, individual nuclei are packaged into oocytes and become fertilized by 

the spermatheca, triggering the start of embryogenesis. 

Prior to their packaging into oocytes, a large proportion of meiotic nuclei 

(~50%) are removed via programmed cell death (Gumienny et al., 1999) in 

order to maintain oocyte quality (Andux and Ellis, 2008).  While a majority of 

these nuclei lack any obvious defects, nuclei with DNA damage or meiotic 

defects are preferentially eliminated (Gartner et al., 2000; MacQueen et al., 

2002; Colaiácovo et al., 2003; Bhalla and Dernburg, 2005). For example, in 

mutants that prevent completion of recombination, DSBs persist and trigger 

programmed cell death through the DNA damage checkpoint (Gartner et al, 

2000; Jantsch et al., 2007). Direct irradiation of the germline also strongly 

increases cell death and has been a common approach used to investigate 

DNA damage response pathways in the germline (Gartner et al., 2000; Deng 

et al., 2004; Garcia-Muse and Boulton, 2005; Quevedo et al., 2007; Greiss et 

al., 2008; Lee et al., 2010). 

Here, we determine how the germline responds to mitotic errors in the 

stem cell niche and investigate the mechanism that prevents propagation of 

these nuclei as defective gametes. We examine the effects of different 

perturbations that cause chromosome segregation defects during mitosis and 

find that all significantly elevate the number of nuclei eliminated via 

programmed cell death during meiotic prophase. This cell death is 

independent of the spindle checkpoint, the major pathway responsible for 
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monitoring errors in mitosis. Instead, it requires p53 and upstream activators of 

the DNA damage checkpoint and is correlated with presence of excess DSBs 

in the meiotic nuclei generated following defective mitotic divisions. Inhibition 

of Spo11, the enzyme that initiates meiotic recombination by generating 

double strand breaks, eliminates both the increase in cell death and the 

excess DSBs. Thus, Spo11-mediated double-strand break formation, which is 

integral to the mechanism of meiotic recombination, also serves as a 

surveillance system by creating DSBs to mark nuclei entering meiosis with an 

incorrect chromosome complement for programmed cell death. These findings 

reveal how defective precursor nuclei are detected and eliminated following 

entry into meiosis to prevent formation of aneuploid gametes. 

 

RESULTS 

The cell death pathway in the proximal germline detects mitotic errors 

occurring in the distal stem cell niche 

The cell death pathway surveys nuclei at the proximal end of the 

germline (Gumienny et al., 1999; Fig. 1A).  To determine if this pathway 

specifically detects nuclei that have undergone mitotic errors in the stem cell 

niche in the distal germline, we inhibited key proteins required for mitosis and 

monitored cell death by visualizing the cell corpse engulfment marker CED-

1::GFP (Fig. 1A; Zhou et al., 2001). Soaking-based RNAi interference (RNAi) 

was used to deplete six proteins required for three different aspects of mitosis: 

kinetochore formation (KNL-1 and CENP-CHCP-4; Desai et al., 2003), mitotic 
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microtubule assembly (HCP-1/2 and ZYG-9; Cheeseman et al., 2005; 

Matthews et al., 1998) and centrosome duplication (ZYG-1 and SAS-6; 

O’Connell et al., 2001; Dammermann et al., 2004; Leidel et al., 2005)—none 

of these proteins have any known functions during meiotic prophase.  The 

experimental protocol (Fig. 1B) provides sufficient recovery time after soaking 

in dsRNA to allow nuclei to migrate from the distal tip to the region of cell 

death (Crittenden et al., 2006; Jaramillo-Lambert et al., 2007). Compared to 

controls, a significant increase (1.5 – 2-fold; p<0.001) in germline cell death 

was observed following each individual inhibition of the six components tested 

(Fig. 1B). The magnitude of the increase was similar to that previously 

observed following inhibition of synaptonemal complex formation or homolog 

pairing (MacQueen et al., 2002; Colaiacovo et al., 2003; Bhalla and Dernburg, 

2005). Thus, perturbing mitoses at the germline distal tip triggers the 

elimination of nuclei by the cell death pathway in the proximal germline. 

To further study how mitotic errors are detected by the cell death 

pathway, we first sought to develop a consistent genetic means for perturbing 

distal germline mitoses without directly affecting subsequent meiotic events. 

Inhibition of centrosome duplication is ideally suited for this purpose; 

centrosomes are critical for germline mitosis but are inactivated upon meiotic 

entry and degraded as nuclei travel proximally through the germline 

(Mikeladze-Dvali et al., 2012). To disrupt centrosome duplication, we 

capitalized on a temperature-sensitive mutation in the kinase ZYG-1 (zyg-

1(b1), referred to here as zyg-1ts; O’Connell et al., 2001). When shifted to the 
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restrictive temperature for 24 – 48 hours, zyg-1ts worms displayed a robust 2.5 

– 3-fold increase in germline cell death compared to controls (Fig. 1C,D, S1A; 

p<0.0001). To validate that the observed CED1::GFP circles represent 

programmed cell death, we analyzed zyg-1ts;ced-3(n717) double mutants; 

CED-3/caspase is the downstream effector in the pathway and is required for 

all programmed cell death. In the double mutant, the number of CED-1::GFP 

circles was reduced to nearly zero (Fig. 1C).  To confirm that the increase in 

cell death seen upon ZYG-1 inactivation is a consequence of errors in mitosis 

as opposed to a direct result of loss of ZYG-1 function, we analyzed cell death 

6h after upshift to the restrictive temperature.  This duration of inactivation is 

sufficient to inhibit centrosome duplication but does not allow enough time for 

nuclei from the distal tip to travel to the proximal germline. In contrast to the 

24h and longer inactivation experiments, 6h inactivation had no effect on cell 

death (Fig. S1A). This observation supports the idea that rather than being a 

direct consequence of ZYG-1 inactivation, the increase in cell death results 

from defects in distal mitoses that are detected as the defective nuclei 

progress through meiotic prophase. Thus, conditional inhibition of centrosome 

duplication is a convenient and reproducible means to induce distal mitotic 

errors that result in a robust elevation of programmed cell death in the 

proximal germline. 

 

Nuclei resulting from errors in mitosis progress into meiosis after a 

delay 
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 To directly assess the consequences of perturbing mitosis in the distal 

tip of the germline, we analyzed fixed, extruded gonads, which were labeled to 

visualize chromosomes, microtubules and centrosomes. Analysis of the distal 

tip in zyg-1ts worms, revealed the presence of defective mitotic figures, the 

most notable of which were monopolar spindles (Fig. 1D); less frequently 

observed (20%) defects include abnormalities in spindle structure and 

unaligned or lagging chromosomes. Defective mitotic figures were also 

observed following RNAi-mediated inhibition of kinetochore assembly or 

mitotic microtubule formation (Fig. S1B). 

 To determine if mitotic defects delay the cell cycle by activating the 

spindle checkpoint, we scored for the mitotic index by visualizing mitosis-

associated phosphorylation on Serine 10 of histone H3 (phospho-H3S10; 

Hendzel et al, 1997). Compared to controls, both zyg-1ts upshift and the other 

mitotic perturbations led to a significant increase in the number of phospho-

H3S10 nuclei in the distal tip of the germline (Fig. 1E; Fig. S1C). In zyg-1ts 

worms the number of phospho-H3S10 positive nuclei did not further increase 

between 24h and 48h after ZYG-1 inactivation suggesting that spindle 

checkpoint activation leads to a 2.5 – 3-fold increase in the duration of mitosis 

rather than a permanent mitotic arrest. Consistent with the idea that nuclei with 

mitotic defects exit mitosis and progress into meiosis, in zyg-1ts worms we 

observed nuclei lacking phospho-H3S10 staining and/or outside the distal tip 

that exhibited enhanced DAPI staining (Fig. 1F), as well as the presence of 

micronuclei, defined as small, round DAPI-stained dots (Fig. S1D). Aside from 
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aberrantly DAPI-stained nuclei, no major defects in germline structure were 

observed upon inactivation of ZYG-1 (Fig. 1F). These results suggest that the 

spindle checkpoint delays cell cycle progression, but does not grossly affect 

the ability of the distal tip to supply nuclei for entry into the meiotic program. 

 To more directly test whether nuclei with mitotic defects progress into 

meiosis, we labeled zyg-1ts mutant gonads for HTP-3, a protein whose 

recruitment to the axial elements of the synaptonemal complex requires the 

pre-meiotic S-phase-associated loading of cohesin (Goodyer et al., 2008). In 

germlines dissected from zyg-1ts worms, HTP-3 localization was observed on 

aberrant DAPI-stained nuclei (arrow, Fig. 1G) supporting the conclusion that 

nuclei with mitotic defects in zyg-1ts worms enter meiosis. Injection of 

fluorescent nucleotides to pulse label S-phase nuclei at the distal tip and 

monitor their progression over time further confirmed that ZYG-1 inhibition had 

no major effect on the ability of the nuclei to travel proximally through the 

gonad (Fig. S2). Collectively, these observations suggest that while ZYG-1 

inhibition prolongs mitosis, nuclei with incorrect chromosomal complements 

exit mitosis and enter the meiotic program.  

 

The spindle checkpoint is dispensable for mitotic error-induced cell 

death in the proximal germline 

The results above show that perturbing mitosis triggers a transient 

mitotic delay in the distal germline and an elevation of cell death during meiotic 

prophase in the proximal germline. We next explored the relationship between 



	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  
	
   	
   	
  

   

48	
  
	
  

these two phenomena. In particular, we determined whether activation of the 

spindle checkpoint during distal mitoses marks nuclei for subsequent 

elimination by programmed cell death in the proximal germline (Fig. 2A). For 

this purpose, we inhibited the essential spindle checkpoint components 

Mad1MDF-1, Mad2MDF-2 and Mad3MDF-3, and monitored the consequences on 

both the zyg-1ts-induced mitotic delay, measured by the number of phospho-

H3S10-labeled nuclei in the distal tip, as well as the increase in cell death 

during meiotic prophase, measured by the number of CED-1::GFP circles near 

the turn of the gonad arm. This analysis showed that inhibition of the spindle 

checkpoint eliminated the zyg-1ts-induced mitotic delay—the number of 

phospho-H3S10 positive nuclei was equivalent to controls (Fig. 2B)—but had 

no effect on the elevation in cell death (Fig. 2C). In control worms with no 

induced mitotic defects, inhibition of the spindle checkpoint did not significantly 

affect either the number of phospho-H3S10 nuclei or the number of corpses at 

the gonad turn (Fig. 2B,C). Thus, the spindle checkpoint is responsible for the 

mitotic delay triggered by division defects in the distal germline but is not 

required for the subsequent elimination of the defective nuclei by programmed 

cell death. 

 

The DNA damage checkpoint is required for the increase in cell death 

observed following defective mitoses in the distal tip 

We next focused on the DNA damage checkpoint, which has been well 

studied in the C. elegans germline (Fig. 3A; Gartner et al., 2000; Stergiou and 
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Hengartner, 2004). We first tested p53CEP-1, the DNA damage responder 

directly upstream of the canonical cell death pathway. A null mutant of p53CEP-

1, cep-1(gk138), is viable but fails to elevate cell death following induction of 

DNA damage (Schumacher et al., 2001). A comparison of zyg-1ts;cep-

1(gk138) double mutants to zyg-1ts mutants alone at the restrictive 

temperature revealed that loss of p53CEP-1 suppressed the elevation in cell 

death triggered by inactivation of ZYG-1 (Fig. 3B). RNAi-mediated inhibition of 

the kinetochore proteins KNL-1 and CENP-CHCP-4 also failed to elevate cell 

death in the cep-1 deletion strain (Fig. 3C), indicating loss of p53CEP-1 

generally suppresses the ability of the germline to detect mitotic defects in 

nuclei emanating from the distal tip. Similar to loss of p53CEP-1, loss of HUS-1, 

a subunit of the 911 complex that is recruited to the site of double-strand 

breaks and functions upstream of p53CEP-1 (Hofmann et al., 2002), also 

suppressed the cell death induced by ZYG-1 inhibition (Fig. 3B). Thus, cell 

division defects in the distal germline are detected by the DNA damage 

checkpoint, which activates programmed cell death to trigger removal of the 

defective nuclei. Consistent with previous work showing that the DNA damage 

checkpoint is required for the cell cycle delay seen in the distal tip of germlines 

exposed to ionizing radiation  (Gartner et al., 2000), both the zyg-1ts;cep-

1(gk138) and the zyg-1ts;hus-1(op241) double mutants showed a mild 

reduction in the number of phospho-H3S10 positive nuclei (Fig. 3D). However 

this reduction cannot underline the suppression of cell death given our 

previous results following inhibition of the spindle checkpoint (Fig. 2B,C). 



	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  
	
   	
   	
  

   

50	
  
	
  

Thus, cell division defects in the distal germline are detected by the DNA 

damage checkpoint, which activates programmed cell death to trigger removal 

of defective nuclei. 

  

Meiotic nuclei generated following defective mitotic divisions harbor 

persistent double-strand breaks 

The DNA damage checkpoint typically senses broken DNA ends. We 

therefore tested whether nuclei with mitotic errors generated by inhibition of 

ZYG-1 displayed abnormal numbers of DNA double-strand breaks. To this 

end, we performed immunofluorescence for the RecA-related strand exchange 

protein, RAD-51, which concentrates at sites of double-strand breaks to 

promote strand invasion (Shinohara et al., 1992). In an unperturbed germline, 

RAD-51 foci transiently appear in meiotic nuclei undergoing recombination in 

the transition zone (Alpi et al., 2003). In cases where DNA damage or 

recombination defects are present, RAD-51 foci increase in both frequency 

and persistence, making it a commonly used marker for DNA damage (Craig 

et al., 2012). ZYG-1 inhibition caused a significant increase in both the number 

of nuclei with RAD-51 foci as well as the average number of RAD-51 foci per 

nucleus (Fig. 3E,F), suggesting DNA damage or recombination defects are 

triggered under these conditions. Consistent with this idea, RAD-51-positive 

nuclei persisted longer in zyg-1ts gonads, as evidenced by detection of RAD-

51 staining well into the pachytene stage of meiotic prophase where RAD-51 

foci are not detectable in controls (Fig. 3F). However, inhibition of ZYG-1 did 
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not lead to an accumulation of RAD-51 foci in the distal tip or in the oocytes; 

this is in contrast to other perturbations that result in double-strand breaks, 

such as ionizing radiation, which leads to RAD-51 foci throughout the entire 

germline, or inhibition of the cohesin subunit REC-8, which leads to RAD-51 

during meiotic prophase, including in oocytes (Alpi et al., 2003). Cumulatively, 

these results suggest that nuclei with mitotic errors accumulate DNA breaks in 

meiotic prophase that in turn trigger DNA damage checkpoint-dependent cell 

death. 

 

Spo11 is required for the increase in cell death and the double-strand 

breaks induced by defective distal tip mitoses 

We next investigated the mechanism by which the double-strand 

breaks were generated to mark the defective nuclei for programmed cell 

death. The fact that DNA breaks did not accumulate in the distal tip following 

ZYG-1 inhibition suggested that nuclei with mitotic defects accumulate double-

strand breaks due to an event following mitotic exit. As strong accumulation of 

RAD-51 foci was not observed before the transition zone (Fig. 3F), which 

marks the start of homologous recombination, we tested if recombination itself 

was involved in creating the excess double-strand breaks that mark the 

defective nuclei for death. Meiotic recombination requires the topoisomerase-

related enzyme Spo11, which catalyzes the formation of double-strand breaks 

to initiate the process (Keeney, 2001). We therefore tested if inhibition of 

Spo11 could suppress the elevated cell death induced by defective distal tip 
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mitoses. Analysis of zyg-1ts;spo-11(ok79) double mutants revealed a complete 

suppression of the elevated cell death observed in the zyg-1ts mutant (Fig. 

4A).   

RNAi-mediated inhibition of the kinetochore components KNL-1 and 

CENP-CHCP-4 also failed to elevate cell death in the spo-11(ok79) background 

(Fig. 4B), indicating that suppression is not specific to ZYG-1 inhibition. The 

number of phospho-H3S10 nuclei in the zyg-1ts;spo-11(ok79) double mutants 

was similar to that in the zyg-1ts mutant alone (Fig. 4C), consistent with the 

prior conclusion that reduction in cell death is not linked to whether nuclei 

experience a mitotic delay. Finally, the double-strand breaks visualized as 

RAD-51 foci were significantly decreased in zyg-1ts;spo-11(ok79) double 

mutants compared to the zyg-1ts mutant alone (Fig. 4D). Thus, Spo11, well-

studied for its role in initiation of homologous recombination, creates double 

strand breaks in nuclei resulting from defective divisions in the distal germline 

to target nuclei with mitotic errors for removal by programmed cell death. 
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DISCUSSION 

 Sexually reproducing organisms must carefully safeguard the genomic 

integrity of their germline.  Although the molecular mechanisms that protect 

the germline against errors in meiosis are becoming clear (Hochwagen and 

Amon, 2006), how the germline protects itself against mitotic errors remains 

relatively uncharacterized.  The work described here uses C. elegans as a 

model to gain insight into this question. 

 A key aspect of our study was to examine the role of the spindle 

checkpoint in detection of mitotic errors in the germline. One hypothesis is that 

the spindle checkpoint arrests nuclei with mitotic defects in the distal stem cell 

niche, preventing them from entering the meiotic program (Buttner et al, 2007).  

Through examination of the number of nuclei undergoing mitosis over time 

and analysis of nuclear travel through the germline in upshifted zyg-1ts worms, 

we show that this hypothesis is incorrect.  Although the spindle checkpoint 

prolongs the duration of mitosis, defective nuclei eventually overcome this 

delay and enter the meiotic program. Furthermore, our data shows that 

inhibition of the spindle checkpoint had no effect on the ability of the germline 

to eliminate nuclei with mitotic defects. This finding discounts the idea that 

activation of the checkpoint in the distal tip marks nuclei for subsequent 

removal.  Therefore, although the spindle checkpoint extends mitosis in an 

effort to attenuate errors, it does not play a role in eliminating nuclei with 

mitotic defects once they have occurred. 
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 Our data supports an alternative hypothesis to explain how the germline 

protects itself from passing on gametes with mitotic errors.  We find that nuclei 

resulting from a mitotic missegregation event are targeted for programmed cell 

death by a mechanism that depends on the production of unrepaired Spo11-

induced double-strand breaks and subsequent activation of the DNA damage 

response. While Spo11 is known to promote recombination, this finding 

reveals a previously undiscovered role for Spo11 as a critical component of 

the mechanism that surveys the genome to ensure the presence of a correct 

chromosome complement. 

 We propose that nuclei containing an incorrect complement of 

chromosomes generated by mitotic defects activate the DNA damage pathway 

because chromosomes are unable to properly pair and synapse, which in turn 

prevents repair of recombinigenic breaks (Fig. 4E).  This hypothesis seems 

likely, given the fact that both pairing and the initial licensing step in 

synaptonemal complex formation are dependent on homology (MacQueen et 

al., 2005). Consistent with this idea, worms lacking synaptonemal complex 

proteins SYP-1 or SYP-2 have previously been shown to result in a Spo11-

dependent increase in cell death (MacQueen et al., 2002; Colaiácovo et al., 

2003).  In addition, worms in which individual chromosomes remain unpaired 

yet somehow synapse back on themselves result in persistent double-strand 

breaks and an increase in cell death that is dependent on the DNA damage 

pathway (Harper et al., 2011). A key role for Spo11 in genome surveillance 

may also explain why double-strand breaks occur in excess to the number of 
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crossovers (Martinez-Perez and Colaiácovo, 2009).  Recent work also 

suggests that in the absence of proper pairing, Spo11-dependent breaks 

continue to form (S. Keeney, personal communication), thereby amplifying the 

number of breaks created to potentially trigger the DNA damage response. 

How mitotic defects are linked to cell death is a topic of great interest, 

particularly in the context of chromosomal instability and cancer (Schvartzman 

et al., 2010; Bakhoum and Compton, 2012; Holland and Cleveland, 2012). 

The idea that an abnormal mitosis can trigger DNA damage is a common 

theme emerging from this work (Ganem and Pellman, 2012); the damage can 

occur either directly, through the action of the cleavage furrow (Janssen et al., 

2011), or indirectly via the formation of micronuclei (Crasta et al., 2012). Here 

we present a third way, involving the action of a developmentally controlled 

double-strand break program. In the context of the germline, this purposeful 

induction of breaks, essential for recombination, also functions to weed out 

mitotic errors, thereby protecting the genomic integrity of the gametes. 
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EXPERIMENTAL PROCEDURES 

C. elegans strains 

All strains were maintained at 16°C. Mutant alleles used were zyg-

1(b1), ced-3(n717), ced-4(n1162), cep-1(gk138), hus-1(op241) and spo-

11(ok79). All strains were propagated in the homozygous state, except for 

strains carrying the spo-11(ok79) allele, which were balanced with the nT1 

balancer and propagated as previously described (Dernburg et al., 1998). The 

transgene insertions used, CED-1::GFP and HistoneH2b::mCherry, are from 

strains MD701 and OD95, respectively. Upshift experiments were performed 

by taking mid-to-late L4 larval stage worms and placing them at 25°C for the 

indicated time. 

RNA Interference & Live imaging 

Production of dsRNA, soaking RNAi and live imaging of the gonad was 

done as previously described (Green et al., 2011). 

Immunofluorescence of fixed gonads 

To extrude the gonad, 20-30 worms were placed in a depression slide 

containing 10 µL of egg salts (118 mM NaCl, 48 mM KCl, 2 mM CaCl2 and 5 

mM HEPES pH 7.5) with 1 mg/mL levamisole. Using 2, 27 gauge ½’ needles, 

the head was severed just under the pharynx, allowing for full extrusion of one 

arm of the gonad. Gonads were fixed in 4% PFA for 20 mins, post-fixed in cold 

methanol for 10 mins. All antibody incubations were performed in 1.5 ml 

siliconized tubes- overnight at 4°C for primary antibodies and 1h at RT for 

secondary antibodies. Fixed and stained gonads were then mounted on poly-
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lysine coated slides. Primary antibodies and dilutions used: α tubulin 1:500 

(DM1α – Sigma), γ tubulin 1 µg/mL (A. Desai), phospho-HistoneH3Ser10 1:500 

(Sigma), HTP-3 1:500 (gift of A. Dernburg) and RAD-51 1:1000 (Novus 

Biologicals). Images were recorded on a Deltavision microscope at 1 x 1 or 2 x 

2 binning with a 40x, 60x or 100x objective.  Z-stacks (0.2-µm sections) were 

deconvolved using softWorRx (Applied Precision), analyzed in ImageJ and 

imported into Adobe Photoshop CS4 (Adobe) for further processing. 
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Figure 2.1 (A-C) Perturbation of mitosis in distal tip of the germline 
results in an increase in cell death. (A) Schematic of an adult 
hermaphrodite gonad and a representative image of CED-1::GFP signal; 
arrows denote nuclei undergoing programmed cell death. Scale bar=5 µm. (B) 
Quantification of cell death for the indicated conditions. Error bars are SEM; 
unpaired t test show high significance (p<0.001) between control and each 
individual inhibition. Experimental scheme is shown above the graph. (C) 
Quantification of cell death in the zyg-1ts mutant and example images of the 
region of cell death in a zyg-1ts mutant. The values plotted are the average 
number of CED-1::GFP circles at the following times: for zyg-1ts;ced-3, 24h 
after upshift of L4 larvae; for zyg-1ts at 16°C, adults age-matched to 24h at 
25°C; for control and zyg-1ts at 25°C the compiled average from 24, 36 and 
48h post-upshift of L4 larvae, which have similar individual values (Fig. S1A). 
Error bars are SEM; unpaired t test shows high significance (p<0.0001) 
between control and zyg-1ts at 25°C. Scale bar=10 µm. 
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Figure 2.1 (D-G)  Perturbation of mitosis in distal tip of the germline 
results in an increase in cell death. (D) Immunofluorescence images of the 
distal tip of extruded gonads labeled for DNA, α-tubulin and γ-tubulin 24h post 
upshift of L4 larvae. Images are partial z stack projections. Scale bar=2 µm.  
(E) Images and quantification of phospho-H3S10 positive nuclei in the distal 
gonad region 24h post-upshift of L4 larvae; the prevalence of monopolar 
spindles in the labeled nuclei is also plotted. Each bar represents the average 
value for each condition. Errors bars are SEM; unpaired t test shows high 
significance (p<0.0001) between control and zyg-1ts. Asterisk denotes the 
distal most end of the mitotic tip. Images are partial z stack projections. Scale 
bar=10 µm. (F) Images of extruded gonads 48h post-upshift of L4 larvae 
stained with DAPI to visualize overall germline morphology. Images are partial 
z stack projections; asterisk denotes the distal end of the gonad and the 
circles highlight abnormal DAPI-stained nuclei. Scale bar=10 µm. (G) 
Immunofluorescence images of the pachytene region of extruded gonads 
stained for DNA and HTP-3 24h post upshift. Images are partial z stack 
projections; arrow denotes an abnormal nucleus positive for HTP-3. Scale 
bar=2 µm. 
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Figure 2.2 The spindle assembly checkpoint is required for the delay in 
mitosis, but not for the increase in cell death. (A) Schematic summarizing 
the function of the spindle checkpoint in delaying the cell cycle and 
hypothetical links between checkpoint activation and cell death. (B) 
Experimental scheme for both (C) and (D). (C) Quantification of the number of 
phospho-H3S10 positive nuclei for the indicated conditions. Errors bars are 
SEM; unpaired t test shows high significance (p<0.0001) comparing zyg-1ts 
alone to zyg-1ts in combination with each individual checkpoint protein 
inhibition. (D) Quantification of cell death following inhibition of the spindle 
checkpoint. Error bars are SEM. 
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Figure 2.3 (A-D) The DNA damage checkpoint mediates the elevation in 
cell death induced by defective mitoses in the distal tip. (A) Simplified 
schematic of the DNA damage checkpoint pathway in the C. elegans germline. 
(B) Quantification of cell death following inhibition of the DNA damage 
checkpoint components p53CEP-1 and HUS-1, in both control and zyg-1ts 
worms. Each bar represents the average number of CED-1::GFP positive 
circles 24 - 48h post upshift of L4 larvae. Error bars are SEM; unpaired t test 
shows high significance (p<0.001) between zyg-1ts alone and the double 
mutants. (C) Quantification of cell death for the indicated conditions using the 
experimental scheme shown in Fig. 1B. Each bar represents the average 
number of CED-1::GFP positive circles. Error bars are SEM; unpaired t test 
shows high significance (p<0.001) between RNAi in controls versus RNAi in 
the cep-1 deletion. (D) Quantification of the number of phospho-H3S10 
positive nuclei and the prevalence of monopolar spindles 24h post upshift 
(data for the control and zyg-1ts is the same as in Fig. 1E). Error bars are 
SEM; unpaired t test shows high significance (p<0.001) between zyg-1ts alone 
and the double mutants. 
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Figure 2.3 (E and F) The DNA damage checkpoint mediates the elevation 
in cell death induced by defective mitoses in the distal tip. (E) 
Immunofluorescence images of the late pachytene region of extruded gonads 
stained with DAPI and RAD-51.  Images are a partial z stack projection. Scale 
bar=5 µm. (F) Quantification of the number and prevalence of RAD-51 foci for 
both control and zyg-1ts 48h post upshift. Each gonad was divided into 5 
distinct zones and the number of nuclei labeled with RAD-51 as well as the 
number of foci per nucleus was counted; at least 10 gonads were analyzed 
per genotype. (MZ=mitotic zone; TZ/EP=transition zone/early pachytene; 
MP=mid-pachytene; LP/D=late pachytene/diplotene; Dia=diakinesis) 
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Figure 2.4 (A-D) Meiotic recombination-initiating double-strand breaks 
are responsible for the elevated cell death observed following errors in 
mitosis. (A) Quantification of cell death following inhibition of spo-11 in both 
control and zyg-1ts 24h post upshift. Error bars are SEM; unpaired t test shows 
high significance (p<0.0001) between zyg-1ts alone and the double mutant.  
(B) Quantification of cell death following inhibition of spo-11 in both control and 
indicated mitotic inhibitions (same experimental scheme as Fig. 1B). Error 
bars are SEM; unpaired t test shows high significance (p<0.001) between 
RNAi in controls versus RNAi in the spo-11 deletion. (C) Quantification of the 
number of phospho-H3S10 positive nuclei following inhibition of spo-11 in both 
control and zyg-1ts 24h post upshift of L4 larvae. Error bars are SEM; unpaired 
t test shows no significant difference (p=0.27) between zyg-1ts alone and the 
double mutant. (D) Immunofluorescence images of the late pachytene region 
of extruded gonads for both zyg-1ts and zyg-1ts;spo-11 48h post upshift 
stained with DAPI and RAD-51. Images are a partial z stack projection. Scale 
bar=5 µm. Quantification of the RAD-51 foci is shown below the images (zyg-
1ts values are the same as in Fig. 3F). 
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 Figure 2.4 (E) Meiotic recombination-initiating double-strand breaks are 
responsible for the elevated cell death observed following errors in 
mitosis. (E) Schematic summarizing the role of Spo11-catalyzed breaks in the 
detection of mitotic errors that occurred in the distal tip. The individual nucleus 
cartoons below show a normal nucleus with 2 pairs of homologous 
chromosomes (top) and a defective nucleus in which one of the chromosomes 
is missing due to missegregation (bottom). 
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Figure S2.1 (related to Figure 2.1) Defects in distal tip cells observed 
following inhibition of mitotic subprocesses. (A) Quantification of each 
individual timepoint from the data presented in Fig. 1C. Each bar represents the 
average number of CED-1::GFP positive circles per condition. Error bars are 
SEM; one-way ANOVA analysis shows no significance between the 24, 36 and 
48h time points for either control or zyg-1ts (p=0.23 and p=0.33, respectively). (B) 
Immunofluorescence images of the distal tip of extruded gonads stained with 
DAPI, α tubulin and γ tubulin for both the control and mitotic inhibitions (knl-1, 
CENP-Chcp-4, hcp-1/2 and zyg-9 RNAi).  Images are a partial z stack projection; 
arrowheads denote misaligned chromosomes.  Scale bar=2 µm. (C) 
Quantification of the number of phospho-H3S10 positive nuclei upon inhibition of 
mitosis in the distal germline.  Experimental scheme is the same as is presented 
in Fig. 1B, but instead of live imaging, gonads were extruded, fixed and stained.  
Error bars are SEM; unpaired t test shows high significance (p<0.001) between 
control and each individual inhibition. (D) DAPI-stained nuclei in zyg-1ts germlines 
24h post upshift of L4 larvae showing the presence of micronuclei.  Image 1 is 
from the mitotic/distal tip, image 2 the transition zone and images 3 and 4 
pachytene.  Scale bars= 2 µm. 
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Figure S2.2 (related to Figure 2.1) Disruption of mitotic cell divisions in the 
distal tip does not affect travel of nuclei through the gonad. (A) Schematic of 
the experimental procedure presented in (B) and (C). Injection of Cy3-dUTP was 
done as previously described (Jaramillo-Lambert et al., 2007). (B) Quantification 
of the distance traveled by Cy3-dUTP labeled nuclei in both control and zyg-1ts. 
The number of labeled nuclei was counted in each of the 5 different zones 
(MZ=mitotic zone; TZ/EP=transition zone/early pachytene; MP=mid-pachytene; 
LP/D=late pachytene/diplotene; Dia=diakinesis), the data points represent 24h 
post upshift, averaged for 10 worms per genotype.  Error bars are SEM. (C) 
Representative immunofluorescence images for the data presented in (B), 
counterstained with DAPI.  Images are a maximum projection z stack.  The single 
asterisk denotes the distal tip. Scale bar=10 µm. 
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Chapter 3. Uncoordinated loss of chromatid cohesion is a common 

outcome of extended metaphase arrest 

 

ABSTRACT 

Chromosome segregation requires coordinated separation of sister 

chromatids following biorientation of all chromosomes on the mitotic spindle.  

Chromatid separation at the metaphase-to-anaphase transition is 

accomplished by cleavage of the cohesin complex that holds chromatids 

together.  Here we show using live-cell imaging that extending the metaphase 

bioriented state using five independent perturbations (expression of non-

degradable Cyclin B, expression of a Spindly point mutant that prevents 

spindle checkpoint silencing, depletion of the anaphase inducer Cdc20, 

treatment with a proteasome inhibitor, or treatment with an inhibitor of the 

mitotic kinesin CENP-E) leads to eventual scattering of chromosomes on the 

spindle. This scattering phenotype is characterized by uncoordinated loss of 

cohesion between some, but not all sister chromatids and subsequent spindle 

defects that include centriole separation.  Cells with scattered chromosomes 

persist long-term in a mitotic state and eventually die or exit.  Partial cohesion 

loss-associated scattering is observed in both transformed cells and in 

karyotypically normal human cells, albeit at lower penetrance. Suppressing 

microtubule dynamics reduces scattering, suggesting that cohesion at 

centromeres is unable to resist dynamic microtubule-dependent pulling forces 

on the kinetochores. Consistent with this view, strengthening cohesion by 
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inhibiting the two pathways responsible for its removal significantly inhibits 

scattering.  These results establish that chromosome scattering due to 

uncoordinated partial loss of chromatid cohesion is a common outcome 

following extended arrest with bioriented chromosomes in human cells.  These 

findings have important implications for analysis of mitotic phenotypes in 

human cells and for development of anti-mitotic chemotherapeutic approaches 

in the treatment of cancer. 
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INTRODUCTION 
 

Accurate passage through mitosis is a highly orchestrated process that 

relies on the timely coordination of multiple events to ensure proper 

segregation of genetic material.  Errors in chromosome segregation lead to 

aneuploidy, a well-known hallmark of human cancers.  A key mechanism that 

ensures each daughter cell receives the correct chromosome content is the 

maintenance of the physical links between sister chromatids until all 

chromosomes become properly bioriented on the mitotic spindle (Nasmyth 

and Haering, 2009).  Sister chromatids are held together by cohesin, a 

multisubunit protein complex that is loaded along the length of each pair 

concomitant with replication in S phase (Sherwood et al., 2010).  A majority of 

the cohesin resides on the chromosome arms and is removed at the beginning 

of mitosis, whereas centromeric cohesin remains bound until the metaphase-

to-anaphase transition (Waizenegger et al., 2000).  The prophase removal of 

cohesin involves the activity of the kinases Plk1 and Aurora B (Losada et al., 

2002; Sumara et al., 2002) as well as the physical interaction of the protein 

Wapl with the cohesin complex (Gandhi et al., 2006; Kueng et al., 2006).  In 

contrast, the removal of cohesin at the onset of anaphase requires the 

protease separase, which cleaves the cohesin subunit Scc1 (Uhlmann et al., 

1999; Hauf et al., 2001).  Separase is activated at anaphase onset when the 

anaphase promoting complex/cyclosome (APC/C), an E3 ubiquitin ligase, 

targets its inhibitor securin for degradation and reduces Cdk1 activity 

(Zachariae et al., 1999; Stemmann et al., 2001).  The APC/C activity targeting 
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securin is inhibited by the spindle assembly checkpoint until all chromosomes 

are fully aligned on the metaphase plate.  When the last pair of chromatids 

properly aligns, the checkpoint is turned off, which leads to APC/C-mediated 

degradation of securin, and in turn activates separase.  Separase then 

cleaves the centromeric cohesin in a coordinated manner so that cohesin is 

lost from all sister chromatids as the cell enters anaphase.  Previous studies 

have investigated the consequences of uncoupling these regulated events and 

have shown how important their coordination is for proper chromosome 

segregation and progression through mitosis (Jallepalli et al., 2001; 

McGuinness et al., 2005; Wirth et al., 2006). 

Under conditions where the checkpoint signal is sustained in the 

presence of fully aligned chromosomes, cells persist in mitosis for a variable 

amount of time before the metaphase plate begins to break down.  This 

phenotype, termed chromosome scattering, was initially described as a result 

of inhibition of the spindle and kinetochore associated protein Ska3 (Daum et 

al., 2009) and was later observed in cells expressing a point mutant of the 

kinetochore protein Spindly (Gassmann et al., 2010).  Since both perturbations 

cause the checkpoint to remain active without interfering with chromosome 

alignment, we hypothesized that chromosome scattering is not perturbation 

specific, but rather a general result of prolonged arrest in metaphase.  In the 

present study we set out to determine how frequently cells scatter their 

chromosomes after a persistent arrest in a relatively unperturbed mitosis and 

to investigate the factors contributing to this phenotype.  Using both live cell 
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and fixed image analyses we found chromosome scattering to occur in a wide 

variety of conditions that prevent exit from mitosis with a completely or near-

completely aligned metaphase plate.  Cells with scattered chromosomes had 

partial loss of chromatid cohesion and defects in spindle structure.  Scattering 

was inhibited by either stabilizing microtubules or by preventing the removal of 

cohesion.  These results establish that uncoordinated loss of chromatid 

cohesion is a common outcome of extended metaphase arrest in human cells. 
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RESULTS 

Prolonged Metaphase Arrest Induced by Five Distinct Treatments Leads 

to Chromosome Scattering 

To assess whether chromosome scattering is a general consequence 

of a prolonged metaphase arrest, we tested whether this phenotype is induced 

by multiple perturbations used to hold cells in a metaphase-like state.  For this 

purpose, HeLa FRT cells (harboring a single FRT recombination site that was 

either empty or integrated with tetracycline-regulated transgenes expressing 

either the Spindly F258A or Cyclin B Δ86 mutants (Gassmann et al., 2010)) 

expressing fluorescent histone H2b were exposed to five distinct conditions 

that prevent anaphase entry. Chromosomes aligned fully with normal kinetics 

in four of these conditions—expression of non-degradable Cyclin B Δ86 

(Gallant et al., 1992; Holloway et al., 1993), expression of a Spindly F258A 

mutant following endogenous Spindly depletion, Cdc20 depletion, or 

proteasome inhibitor treatment; in the fifth condition, treatment with a CENP-E 

kinesin inhibitor (Qian et al., 2008; Wood et al., 2010) the majority of 

chromosomes aligned but a few persisted at the poles. Live imaging revealed 

that chromosome scattering is eventually observed for the aligned 

chromosomes with all five perturbations (Fig. 1A; Movie S1 and S2).  

In four out of the five conditions, 100% of the cells exhibited scattering.  

Following Cdc20 knockdown, half of the cells that entered mitosis scattered 

their chromosomes; the remainder progressed through mitosis with a mild 

delay (51 ± 30 mins from NEBD to anaphase compared to 34 ± 5 mins for the 
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control), most likely due to partial penetrance of the RNAi-mediated 

knockdown (Huang et al., 2009).  The time from NEBD to scattering was 

variable between the different conditions, ranging from 44 to 360 mins (Fig. 

1B).  Chromosomes remained condensed during the scattered state indicating 

a persistent mitotic arrest; for the Spindly mutant, prior work showed 

persistence of securin and Cyclin B in the scattered state (Gassmann et al., 

2010).  We also observed securin and Cyclin B persistence in scattered cells 

knocked down for Cdc20 or treated with the CENP-E inhibitor (Fig. S1A and 

B).  Scattered cells expressing Cyclin B Δ86 exhibited high securin levels (Fig. 

S1B), indicating that the single copy Cyclin B Δ86 insertion does not robustly 

activate the anaphase promoting complex and trigger an anaphase-like state 

with high Cdk1 kinase activity (Holloway et al., 1993; Gallant et al., 1992).  We 

did observe a small proportion (~10%) of the cells expressing Cyclin B Δ86 

that were in an anaphase-like state with reduced securin levels  (Fig. S1C); 

these cells are morphologically distinct from the scattered cells, as they show 

equal separated chromosome masses, and were not included in analysis of 

the scattered state. These observations indicate that when progression into 

anaphase is prevented in HeLa FRT cells, chromosome scattering is a 

frequent outcome irrespective of the precise means used to prevent anaphase 

entry. 

 

Chromosome Scattering is Initiated by Uncoordinated Loss of Sister 

Chromatid Cohesion 
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 We next investigated the scattering phenotype at higher resolution 

using both live imaging and fixed analysis. High-resolution live imaging 

revealed initial dispersion of a few fluorescent H2b masses from the 

metaphase plate, followed by increasing dispersion of chromosomes and 

rotation of the spindle within the cell (Fig. 1C; Movie S3).  High-resolution fixed 

analysis revealed the frequent presence of single chromatids in the scattered 

state, indicating loss of sister chromatid cohesion on some of the 

chromosomes in the cell.  In the same cells, sisters at the spindle equator 

remained paired (Fig. 1D).  This result suggests that scattering induced loss of 

cohesin is uncoordinated, in contrast to anaphase onset in which cohesin is 

removed from all sister chromatids simultaneously. 

 The above observations suggest that partial and uncoordinated loss of 

chromatid cohesion is the trigger for entry into the scattered state.  To assess 

if weakened cohesion could be detected prior to the onset of scattering, we 

analyzed the inter-kinetochore distance in cells with fully aligned 

chromosomes prior to visible scattering for arrests generated using Cyclin B 

Δ86 or the Spindly F258A mutant.  Control cells were mock transfected and 

treated with tetracycline in parallel.  In this experiment, which involved fixed 

analysis of an asynchronous population of cells, each cell analyzed had spent 

a variable and undetermined amount of time with fully aligned chromosomes.  

A mild but statistically significant increase is observed for the average inter-

kinetochore distance for the two perturbations (unpaired t test, p = 0.0001 for 

Cyclin B Δ86 and 0.0005 for the Spindly F258A mutant when compared to 
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control).  However, we observed the presence of a number of hyper-stretched 

sister kinetochores in cells expressing either the Spindly F258A or Cyclin B 

Δ86 mutants (Fig. 1E), which are not detected in the control cells.  We suggest 

this extended stretch reflects weakened sister cohesion that is less able to 

resist the outward pulling forces generated on the kinetochores and will soon 

after lead to dispersion of chromatids from the metaphase plate and entry into 

the scattered state. These measurements support the notion that 

uncoordinated loss of cohesion underlies the scattering phenotype. 

 

Spindle Defects are a Secondary Consequence of Entry into the 

Scattered State 

Analysis in fixed cells revealed that the scattered state is frequently 

correlated with spindle defects that include extra spindle poles and 

disengaged centrioles (Fig. 2A and B). Live imaging of a HeLa cell line 

expressing mRFP:histone H2b and YFP:α-tubulin that was transfected to 

transiently express nondegradable Cyclin B Δ86 revealed that chromosomes 

scattered from the plate prior to the emergence of spindle defects and spindle 

rotation (Fig. 2C, n=14 cells).  The time in which spindle defects arose after 

cells scattered their chromosomes was variable, ranging from 60 to 344 mins 

after the first visible sign of scattering. In 5/6 cells where spindle rotation was 

clearly visible, rotation preceded the appearance of extra spindle poles.  In 

fixed analysis, the spindle rotation phenotype appears as spindle 

malorientation relative to the cell substrate. These results suggest that partial 
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and uncoordinated loss of chromatid cohesion is the initiating event in 

scattering, followed by subsequent spindle defects. 

 

Karyotypically Normal Human Cells are Susceptible to Chromosome 

Scattering After An Extended Metaphase Arrest 

The observation that entry into the chromosome scattering state is a 

frequent response to a prolonged metaphase arrest in HeLa FRT cells 

prompted us to test whether this phenotype is also observed in a 

karyotypically normal human cell line.  For this purpose, we analyzed 

telomerase-immortalized RPE1 cells (hTERT-RPE1) expressing fluorescent 

histone H2b.  We initially attempted Cdc20 RNAi in these cells to generate a 

metaphase arrest but low transfection efficiency prevented significant 

knockdown and extended arrest in metaphase.  We therefore treated hTERT-

RPE1 cells with the CENP-E inhibitor and imaged them over time (Fig. 3A).  

Of the treated cells, 35% exhibited chromosome scattering following an 

extended arrest (Class II), 35% delayed in mitosis and progressed into 

anaphase (Class I) and 30% remained arrested in mitosis for the duration of 

the 10 hr time lapse without scattering, but did exhibit a large number of polar 

chromosomes that had never congressed to the metaphase plate (Class III).  

When compared to HeLa FRT cells, the Class II hTERT-RPE1 cells took over 

twice as long to scatter their chromosomes (362 ± 62 mins after NEBD for 

hTERT-RPE1 and 164 ± 50 mins for HeLa FRT, Fig. 3B).  Fixed analysis of 

both cell lines treated with the CENP-E inhibitor revealed the presence of 
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single chromatids in cells with scattered chromosomes (Fig. 3C), confirming 

the idea that scattering results from the uncoordinated loss of cohesion. 

These results establish that scattering is also observed at a significant 

frequency in karyotypically normal human cells following an extended 

metaphase arrest, albeit at lower penetrance and after a longer arrest time 

than in the highly aneuploid HeLa FRT cells. 

 

The Spindle Checkpoint is Reactivated in the Scattered State and Leads 

to Long-Term Persistence in Mitosis 

The spindle checkpoint is silenced by removal of checkpoint proteins 

from the kinetochore following microtubule attachment (Hardwick and Shah, 

2010). Uncoordinated loss of chromatid cohesion is expected to reactivate the 

checkpoint on the individual chromatids that are no longer stably attached to 

the spindle.  Consistent with this, we observed Mad1 labeling on kinetochores 

of single chromatids in scattered Cyclin B Δ86-expressing cells (no Mad1 

labeling is observed on metaphase aligned chromosomes prior to scattering 

onset, Fig. 4A). 

We next assessed the long-term consequences of entry into the 

scattered state. For this purpose, we filmed HeLa FRT cells or hTERT-RPE1 

cells for 48 hrs following treatment with the CENP-E inhibitor. For both cell 

lines, the scattered cells persisted in their aberrant state for 10-25 hrs and 

then exhibited one of two fates: mitotic exit (characterized by chromosome 

decondensation and separation of the chromatin into two or three distinct 
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masses) or death (characterized by the presence of hypercondensed 

chromatin masses) (Fig. 4B). For both cell lines, the predominant long-term 

outcome of chromosome scattering via inhibition of CENP-E was mitotic exit.  

A portion of the cells that exited the scattering state subsequently died in 

interphase (50% for HeLa FRT cells and 4% for hTERT-RPE1 cells); the 

remaining population of cells neither died nor entered another round of mitosis 

during the 48 hr filming period. 

We also filmed HeLa FRT cells expressing the Spindly F258A mutant or 

Cyclin B Δ86 for 48 hrs.  For these two conditions, which lock the spindle 

checkpoint into an active state or prevent mitotic exit, respectively (Gassmann 

et al., 2010; Gallant and Nigg, 1992) cells persisted with condensed, scattered 

chromosomes and eventually died 10-25 hrs after initial entry into mitosis (Fig. 

4C).  

We next assessed whether the long-term persistence in the scattered 

state required spindle checkpoint activity.  We first treated HeLa FRT cells with 

the CENP-E inhibitor and filmed them for 5 hrs.  We then added the Mps1 

inhibitor reversine (Santaguida et al., 2010) and assessed the outcome in cells 

that had already been in a scattered state for 1-5 hrs.  We also performed a 

similar experiment with scattered cells generated using the Spindly F258A 

mutant.  Without reversine addition, scattered cells generated by either 

perturbation spent 8-14 hrs in mitosis before exiting or undergoing cell death 

(Fig. 4D). For both perturbations, treatment with reversine led to rapid exit 

from the scattered mitotic state, as determined by chromosome 
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decondensation (Fig. 4E and F).  This result, together with the presence of 

checkpoint proteins on the kinetochores of scattered chromatids, suggests that 

spindle checkpoint activity maintains the cells in the long-term scattered 

mitotic state. 

Overall, the long-term filming revealed that once cells enter the 

scattered state, they persist in this state for minimally 8 hrs and either exit in a 

non anaphase-like manner or die in the scattered state.  In the cells that do 

exit the scattered state interphase cell death is frequently observed.  The long-

term persistence of this aberrant mitotic state is likely due to activation of the 

spindle checkpoint following partial loss of chromatid cohesion.  Given that, 

under our conditions, normal mitotic duration (from NEBD to anaphase) in 

HeLa FRT cells is ~34 mins and in hTERT-RPE1 cells is ~29 mins, the 

persistence of the scattered state for over 10-25 hrs indicates that, once cells 

scatter their chromosomes, they are effectively in a terminal state and are 

unable to recover and proliferate. 

 

Prolonged Biorientation With Dynamic Microtubules Promotes 

Chromosome Scattering 

Prior to the onset of chromosome scattering, cells spend a significant 

amount of time arrested with most, or all, chromosomes aligned on the 

metaphase plate.  In bioriented chromosomes, pulling forces from the dynamic 

spindle microtubules bound to kinetochores are resisted by cohesion between 

the sisters, placing sister chromatids under tension (Bloom and Yeh, 2010). To 
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determine if the action of dynamic microtubules contributes to the 

chromosome scattering phenotype, taxol was added to cells expressing Cyclin 

B Δ86 following full alignment in metaphase in order to stabilize microtubules 

and decrease tension across sisters.  Asynchronously cycling cells induced for 

Cyclin B Δ86 expression were imaged live and monitored for entry into mitosis 

and alignment of chromosomes.  Taxol was added after 30 minutes; enough 

time to allow for completion of, but not significant arrest in, metaphase.  

Continued long-term live imaging of these cells revealed that addition of taxol 

effectively inhibits chromosome scattering.  After the addition of taxol, cells 

expressing Cyclin B Δ86 remain arrested with a metaphase plate without 

scattering (Fig. 5A).  After a variable amount of time, the plate did begin to 

breakdown and collapse, however this is due to the effect of taxol on spindle 

structure, as the same phenotype is observed in control cells not expressing 

Cyclin B Δ86 (data not shown). 

Since the average time a cell spends in mitosis prior to scattering is at 

least twice as long as the normal mitotic duration, it is possible that the amount 

of time a cell stays in mitosis, not just the forces from dynamic microtubules, 

contributes to the onset of chromosome scattering.  To address this possibility, 

HeLa FRT cells, hTERT-RPE1 cells and HeLa cells expressing mRFP:histone 

H2b and YFP:α-tubulin were treated with monastrol, which arrests cells in 

mitosis with very little to no tension across sisters (average interkinetochore 

distance as measured by ACA staining: 0.42 ± 0.07 µm in cells treated with 

monastrol compared to 1.41 ± 0.15 µm in untreated cells fully aligned in 
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metaphase). The cells were incubated in the presence of the drug for 6 hrs, 

given fresh, drug-free media and subsequently imaged live for 10 hrs.  The 

majority of hTERT-RPE1 cells entered anaphase after washout (Fig. 5B and 

C), indicating that extended time in mitosis without tension across sisters does 

not induce scattering in this cell line.  The HeLa FRT cells, however, 

responded in one of two ways: 50% entered anaphase after washout whereas 

the other 50% remain arrested with what appear to be scattered chromosomes 

(Fig. 5B and C).  Since a proportion of the cells that did progress through 

mitosis did so with multipolar spindles (three or four distinct chromatin masses 

segregating at anaphase), it appeared that spindle defects were arising during 

the prolonged drug treatment in the HeLa FRT cells.  We speculated that in 

the 50% of these cells that did not progress into anaphase, spindle defects as 

opposed to uncoordinated cohesion loss, was responsible for the progression 

defect.  To test this, we directly imaged spindles and chromosomes under the 

same experimental regime in a different HeLa line stably expressing 

mRFP:histone H2b and YFP:α-tubulin.  In this line, we observed that at the 

time of washout 40% of the cells had more than two α-tubulin foci, indicating 

aberrant spindle formation.  Of the cells with multipolar spindles, 50% failed to 

progress into anaphase (Fig. 5B and C), supporting the view that spindle 

defects can arise during prolonged treatment in monastrol and perturb 

progression after washout. 

Overall, these results suggest that spending an extended time in 

mitosis without tension across sisters does not promote uncoordinated 
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cohesion loss to the same extent as when tension is present.  However, 

depending on the cell line, different levels of spindle defects may be present at 

the time of drug washout, which greatly decreases the frequency of normal 

progression into anaphase. Cumulatively, the analysis of acute taxol treatment 

and monastrol treatment followed by washout suggests that uncoordinated 

cohesion loss during extended metaphase arrest is promoted by the action of 

dynamic microtubules pulling on bioriented kinetochores. 

 

Strengthening Cohesion Inhibits Chromosome Scattering 

The above results suggest that chromatid cohesion is lost in an 

uncoordinated manner during an extended mitotic arrest and this loss is 

promoted by dynamic microtubules exerting tension on the paired sisters.  To 

test this model, we decided to strengthen cohesion by perturbing its cleavage 

during anaphase and/or its non-proteolytic removal during prophase.  In an 

unperturbed mitosis, the majority of cohesin is removed in prophase by a non-

proteolytic pathway involving the conserved Wapl protein and Polo-like kinase 

1 (Hauf et al., 2005; Shintomi and Hirano, 2009).  Centromeric cohesion is 

protected during prophase and removed at the metaphase-to-anaphase 

transition by the protease separase, whose activity is inhibited by the spindle 

assembly checkpoint until all of the chromosomes are properly bioriented 

(Hauf et al., 2001).  We inhibited separase via RNAi in HeLa FRT cells 

expressing Cyclin B Δ86 (Fig. S2).  Live imaging of these cells revealed that 

inhibition of separase led to a delay in the onset of chromosome scattering 
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(NEBD to scattering: 119 ± 51 mins with Cyclin B Δ86 + separase RNAi 

versus 78 ± 25 mins with Cyclin B Δ86 alone, Fig. 6A and C).  However, all of 

the cells that entered mitosis scattered their chromosomes (Fig. 6B).  In cells 

not expressing Cyclin B Δ86, separase knockdown caused two different 

phenotypes, 50% of the cells either progressed through anaphase, albeit with 

both a delay in timing (NEBD to anaphase onset: 51 ± 12 mins versus 34 ± 5 

mins for the control) and the appearance of lagging chromosomes, whereas 

the other 50% remain arrested in mitosis with what appear to be scattered 

chromosomes (data not shown).  Inhibition of Wapl by RNAi (Fig. S2) also led 

to a delay in the onset of chromosome scattering (NEBD to scattering: 134 ± 

47 mins with Cyclin B Δ86 + Wapl RNAi, Fig. 6A and C).  Similar to separase 

inhibition, all of the cells that entered mitosis with reduced Wapl function 

scattered their chromosomes (Fig. 6B).  Reducing the function of both 

separase and Wapl together had a strongly synergistic effect.  Only one-third 

of the cells that entered mitosis scattered their chromosomes in the double 

RNAi, whereas the remaining cells either died or persisted in mitosis with an 

observable metaphase plate (Fig. 6A and B).   Of the cells that scattered, the 

time spent in mitosis prior to chromosome scattering increased nearly 3-fold 

(200 ± 91 mins) compared to the control cells  (78 ± 25 mins) (Fig. 6C).  65% 

of the cells that persisted with a metaphase plate showed no signs of spindle 

rotation, as assessed by the orientation of the metaphase plate; the remaining 

35% exhibited mild spindle rocking but not the full rotations observed in 

scattered cells.  These results suggest that strengthening cohesion by 
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blocking both cohesin removal pathways significantly inhibits the scattering 

phenotype. 
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DISCUSSION 

In this study, we describe an aberrant mitotic state that is induced in 

karyotypically normal and abnormal human cells by multiple perturbations that 

prevent normal progression into anaphase.  Entry into this state is triggered by 

partial and uncoordinated loss of sister chromatid cohesion on chromosomes 

aligned at the metaphase plate.  Spindle checkpoint activation on the single 

chromatids leads to persistence in a mitotic state with increasing loss of 

cohesion and subsequent spindle defects, followed by an eventual non 

anaphase-like exit and/or cell death.  These results suggest that chromatid 

cohesion is placed under stress in an attached bi-oriented state and extending 

this state can lead to cohesion failure.  Discovery of this phenotype as a 

general result of prolonged metaphase arrest has implications for the 

interpretation of mitotic defects following perturbation of specific components 

and for the mechanistic analysis of anti-mitotic chemotherapeutic strategies. 

 

Distinction Between Scattering and Anaphase 

Both scattering and anaphase are associated with loss of chromatid 

cohesion.  Anaphase onset is tightly coupled to biorientation of all 

chromosomes in the cell (Rieder et al., 1995).  In contrast, scattering is 

observed with perturbations where all of the chromosomes are aligned as well 

as with perturbations where some chromosomes fail to align at the plate. 

Thus, it appears that too much time spent in a bioriented state initiates entry 

into the scattered state.  Another key distinction between scattering and 
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anaphase is that in the scattering phenotype, cohesion loss is partial and 

uncoordinated; a hallmark of anaphase is coordinated removal of cohesion 

that is coupled to Cdk1 inactivation.  The lack of coordination in the presence 

of Cdk1 activity leads to reactivation of the spindle checkpoint on single 

chromatids following their dispersal from the plate.  We propose that this traps 

the cell in an increasingly unstable mitotic state, leading to further cohesion 

loss (Fig. 7).  The onset of scattering is also followed by spindle defects and 

spindle rotation within the cell (Fig. 7).  At metaphase, biorientation of 

chromosomes and forces in the spindle are poised to coordinate separation of 

sister chromatids (Matos et al., 2009).  The partial loss of cohesion during 

scattering may lead to an imbalance in these forces and subsequent spindle 

structure defects.   

The comparison between scattering and anaphase onset suggests that 

cohesion is a potential weak link during mitosis and rapid alignment and 

progression are important to avoid entering into the scattered state.  It is 

currently unclear what features make a subset of chromosomes initiate 

scattering.  Either a differential force depending on spindle location underlies 

susceptibility to scattering or there is chromosome-autonomous susceptibility, 

potentially dictated by the amount of cohesin present at individual 

centromeres. 

 

Mechanism of Scattering 
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There are two possible explanations for the dysregulation that leads to 

the partial uncoordinated cohesion loss that underlies scattering.  The first 

explanation is that the separase-mediated cleavage reaction, which normally 

acts to trigger anaphase, is weakly activated in an extended mitotic arrest.  

The second possibility is that cohesion mediated by the cohesin ring is unable 

to mechanically resist microtubule-dependent pulling forces over an extended 

time.  Prior work has suggested that weak separase activation may occur in 

nocodazole-arrested cells over time (Nakajima et al., 2007).  Using separase 

RNAi, we weakly delayed but did not inhibit the onset of scattering.  However, 

this weak effect may reflect partial penetrance of the RNAi knockdown. The 

strongly synergistic suppression of scattering by Wapl RNAi and separase 

RNAi, as well as observation of centriole disengagement which involves 

separase activity (Tsou et al., 2009), suggests that separase activation does 

indeed contribute to the scattering phenotype.  However, this does not exclude 

the possibility that independently of cleavage, cohesin is unable to maintain 

cohesion over an extended period under mechanical load.  A recent study 

similar to ours also reported partial loss of cohesion following extended 

metaphase arrest (Daum et al., 2011).  In that study, the authors proposed 

that cohesion fatigue induced by extended biorientation accounts for the loss 

of cohesion; however, neither they nor we can conclusively eliminate weak 

activation of normal cohesin removal pathways as the origin of the 

uncoordinated cohesion loss.  Further work will be necessary to elucidate the 

mechanistic origins of the scattered phenotype. 
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Implications of the Scattering Phenotype for Characterization of Mitotic 

Phenotypes 

The prevalence of the scattering phenotype has significant implications 

for RNAi-based phenotypic analysis of mitotic mechanisms in human cells.  

Numerous knockdowns reported in the literature, when analyzed using fixed 

assays, show the hallmarks of this phenotype (e.g. (Cho et al., 2006; Ban et 

al., 2007; Thein et al., 2007; Woolner et al., 2008; Yang et al., 2008; Wu et al., 

2008; Fang et al., 2009; Mattiuzzo et al., 2011)).  As control cells treated in 

parallel do not show the phenotype, the observed defects are interpreted to 

reflect the function(s) of the targeted protein(s).  Our observations suggest that 

future work must consider the possibility that defects observed in fixed assays 

may either reflect a function of the targeted protein or secondary 

consequences of entry into the scattered state.  As scattering is observed with 

multiple perturbations that permit full or partial biorientation of chromosomes, 

many perturbations are likely to lead to eventual scattering.  One approach 

that may help avoid confusion would be to perform live imaging from NEBD 

onward following knockdowns. In addition to revealing the primary phenotype, 

such an approach will also reveal if an extended metaphase arrest is occurring 

and whether this eventually results in scattering. 

 

Implications of the Scattering Phenotype for Evaluation and Design of 

Anti-Mitotic Agents 
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Anti-mitotic agents targeting tubulin are a mainstay of modern cancer 

chemotherapy.  Increased mechanistic understanding of mitosis has led to 

significant interest and investment in the development of new highly specific 

anti-mitotic agents. The existence of the scattering phenotype in cells used to 

assess such agents has implications for these efforts.  For example, recent 

work testing for the efficacy of taxol-mediated killing of cells suggested that 

cells held in metaphase by depletion of Cdc20 RNAi were more susceptible to 

taxol (Huang et al., 2009).  In that study, spindle defects were evident in the 

Cdc20 RNAi-mediated arrest but the chromosome behavior was not analyzed.  

We suggest that the Cdc20 RNAi may be causing these cells to enter the 

scattered state, and this in turn enhances their sensitivity to taxol. This 

example indicates how monitoring of entry into the scattered state may prove 

useful in evaluation of anti-mitotic agents. 

A corollary to the above is the terminal nature of the scattered state 

and, in our comparison of HeLa FRT cells and hTERT-RPE1 cells, the 

significantly higher susceptibility of the former to scattering.  This observation 

suggests that highly aneuploid cancer cells may be more susceptible to 

scattering than normal cells.  Testing this idea will require high-resolution 

analysis of a large number of cell lines and quantitative analysis of their 

scattering properties using a uniform means for inducing metaphase arrest.  If 

such an effort reveals that cancer cells show significantly higher susceptibility 

to scattering then development of therapeutic agents that induce scattering, 



	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  
	
   	
   	
  

   

96	
  
	
  

potentially by holding cells in a metaphase-like state, may provide a new 

avenue for anti-mitotic chemotherapy. 
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MATERIALS AND METHODS 

Cell lines and drugs 

Stable isogenic HeLa Flp-In T-Rex (HeLa FRT) cell lines expressing the 

nondegradable Cyclin B1 (lacking the N-terminal 86 amino acids) and the 

Spindly point mutant, both stably expressing H2b:mRFP, were previously 

generated (Gassmann et al., 2010; Tighe et al., 2004).  Stable expression of 

H2b:mRFP, and mRFP:H2b and YFP:α-tubulin, in hTERT-RPE1 and HeLa 

cells respectively, was done by retroviral delivery as previously described 

(Shah et al., 2004).  hTERT-RPE1 and HeLa cells were obtained from the 

ATCC (American Type Culture Collection, www.atcc.org).  The CENP-E 

inhibitor used was a close analog of GSK923295 (Qian et al., 2008; Wood et 

al., 2010) and was a gift from D. Cleveland and A. Shiau.  For all experiments 

it was used at a final concentration of 1 µM.  Reversine (Santaguida et al., 

2010) was used at a final concentration of 0.5 µM.  MG132 (Sigma) was used 

at a final concentration of 20 µM. 

Cell culture and RNAi 

Cells were maintained at 37°C in a 5% CO2 atmosphere.  HeLa cells 

were maintained in Dulbecco’s modified Eagle’s medium (Gibco), hTERT-

RPE1 cells were maintained in DMEM/F12+Glutamax (Gibco) and both were 

supplemented with 10% tetracycline-free fetal bovine serum (Clontech), 100 

U/mL penicillin and 100 U/mL streptomycin.  For immunofluorescence, cells 

were seeded on 12-mm poly-L-lysine coated coverslips in 12-well plates 24 h 

prior to treatment.  For live-cell imaging experiments, cells were seeded in a 
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35-mm glass-bottom dish coated with poly-D-lysine (MatTek).  Cells were 

transfected using Oligofectamine and reduced-serum Opti-MEM (Invitrogen) 

according to manufacturer’s instructions.  A predesigned (Dharmacon/Thermo 

Scientific) siRNA for Spindly (GAAAGGGUCUCAAACUGAA), 

ESPL1/separase (GCUUGUGAUGCCAUCCUGAUU) or a nontargeting 

control (UGGUUUACAUGUCGACUAA) was used at a final concentration of 

100 nM.  ON-TARGETplus SMARTpool siRNA (Dharmacon/Thermo Scientific) 

was used for knockdown of Cdc20 (L-003225-00) and Wapl (L-026287-01) at 

a final concentration of 100 nM.  After incubation for 5-6 hrs, 1 vol of medium 

and fetal bovine serum (10% final) was added.  After 24 hrs, the transfection 

mixture was replaced with fresh medium.  For live imaging of HeLa Flp-In T-

Rex cells, transgene expression was induced with tetracycline (0.2 mg/mL) 24 

hrs after transfection, and the filming session was initiated 8 hrs later. 

Live-cell imaging 

For live-cell imaging, medium was replaced with CO2-independent 

medium (Gibco) supplemented with 10% tetracycline-free fetal bovine serum, 

100 U/mL penicillin and 100 U/mL streptomycin.  Tetracycline (0.2 mg/mL) 

was added to maintain transgene expression, and the medium was covered 

with mineral oil immediately before filming.  Time-lapse images were recorded 

(every 4 minutes for the 10 hr filming, every 12 minutes for the 48 hr filming 

and every 30 sec for the 3 hr imaging) on a Deltavision microscope (Applied 

Precision) equipped with an environmental chamber heated to 37°C.  Images 

were acquired with a CoolSnap charge-coupled device camera (Roper 
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Scientific) and a 40x NA 1.35 U-planApo objective (Olympus) at 2 x 2 binning.  

Images were viewed and analyzed with MetaMorph software (Molecular 

Dynamics). 

Indirect Immunofluorescence 

Cells were washed once with PBS and fixed with 4% paraformaldehyde 

in PBS for 10-15 min at room temperature, then permeabilized for 3-5 min with 

0.1% Triton X-100 in PBS.  Primary antibodies and dilutions used: ACA 1:500 

(Antibodies Incorporated), α-tubulin 1:500 (DM1α – Sigma), Sas4 1:500 (A. 

Dammermann, K. Oegema Lab), Mad1 1:40 (a gift from A. Musacchio), Cyclin 

B 1:100 (Santa Cruz) and securin 1:100 (Abcam).  Images were recorded on a 

Deltavision microscope at 1 x 1 binning with a 100x NA 1.3 U-planApo 

objective.  Z-stacks (0.2-µm sections) were deconvolved using softWorRx 

(Applied Precision) and maximum intensity projections were imported into 

Adobe Photoshop CS4 (Adobe) for further processing.  Determination of 

interkinetochore stretched was done as previously described (Gassmann et 

al., 2010). 
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Figure 3.1 (A-B) Chromosome scattering results from a prolonged 
metaphase arrest and is characterized by uncoordinated loss of 
chromatid cohesion. (A) Selected images from time-lapse imaging 
sequences of cells expressing histone H2b:mRFP.  Time (in mins) is indicated 
on the lower right of each panel; time 0 indicates NEBD.  The scheme for each 
set of experiments is depicted above the images.  Both Cyclin B Δ86 and the 
Spindly motif mutant are under regulated expression, induced by Tetracycline.  
For Spindly F258A, endogenous Spindly was knocked down via RNAi prior to 
expression of the mutant.  Scale bar, 5 µm. (B) Quantification of the 
experiments in (A) for the time cells spent in mitosis prior to scattering.  Each 
mark represents one cell and the black line indicates the average.  For 
MG132, the average time spent in mitosis was calculated from metaphase 
alignment to scattering since no new cells entered mitosis after addition of the 
drug and a majority of the cells were fully aligned at the beginning of filming.   
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Figure 3.1 (C-E) Chromosome scattering results from a prolonged 
metaphase arrest and is characterized by uncoordinated loss of 
chromatid cohesion. (C) Selected images from a time-lapse imaging 
sequence of cells expressing histone H2b:mRFP.  Images were acquired 
every 30 seconds, time (in mins:secs) is indicated on the lower right of each 
panel; time 0 represents the fully aligned metaphase plate just prior to the 
onset of visible scattering.  Arrowheads indicate chromatids that have escaped 
from the metaphase plate.  Scale bar, 5 µm. (D) Immunofluorescence images 
of cells that are either unaligned in prometaphase or have scattered their 
chromosomes, stained for DNA and centromere marker ACA.  Paired sister 
chromatids are seen off the plate in prometaphase, whereas single chromatids 
are seen off the plate in scattered cells.  Scale bar, 5 µm; magnified image 1 
µm. (E) Distance between the ACA signals at sister kinetochores at 
metaphase for the indicated conditions.  Each mark represents one pair of 
sister kinetochores, and the black line indicates the average.  
Immunofluorescence of a single Z plane of a metaphase cell stained for ACA 
for each condition is shown highlighting the difference in interkinetochore 
distance.  Scale bar, 1 µm. 
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Figure 3.2 Chromosome scattering results in spindle defects that are 
secondary to loss of cohesion. (A, B) Immunofluorescence images of 
scattered cells stained with DNA and (A) α-tubulin [arrowheads denote all 
spindle poles] and (B) centriole marker Sas4.  Scale bar, 5 µm; magnified 
image 1 µm. (C) Selected images from time-lapse imaging sequences of cells 
expressing mRFP:histone H2b and YFP:α-tubulin.  The experimental scheme 
is depicted above the images.  Time (in mins) is indicated on the lower right of 
each panel; time 0 for panel set 1 is NEBD and for panel set 2 full alignment in 
metaphase.  Arrowheads indicated the appearance of extra spindle poles.  
Scale bar, 5 µm. 
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Figure 3.3 Chromosome scattering occurs in karotypically normal cells 
(A) Selected images from time-lapse imaging sequences of cells expressing 
histone H2b:mRFP for HeLa FRT and hTERT-RPE1 cells treated with a 
CENP-E inhibitor.  Time (in mins) is indicated on the lower right of each panel; 
time 0 is NEBD.  The experimental scheme is depicted above the images.  
Scale bar, 5 µm. (B) Comparison and quantification of the cellular response to 
the CENP-E inhibitor. (C) Immunofluorescence images of scattered cells that 
are stained for DNA and centromere marker ACA.  Individual chromatids are 
seen off the plate in the scattered state for both cells lines treated with the 
CENP-E inhibitor. Scale bar, 5 µm; magnified image 1 µm. 
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Figure 3.4 (A-D) The spindle assembly checkpoint is reactivated upon 
loss of cohesion and is required to maintain the scattered state (A) 
Immunofluorescence images of metaphase-aligned and scattered cells 
expressing Cyclin B Δ86 stained for DNA, Mad1 and ACA.  No Mad1 is seen 
on fully aligned chromosomes, whereas Mad1 relocalizes to kinetochores of 
single chromatids upon scattering.  Scale bar, 5 µm; magnified image 1 µm. 
(B and C) Selected images from time-lapse imaging sequences of cells 
expressing histone H2b:mRFP for (B) HeLa FRT and hTERT-RPE1 cells 
treated with a CENP-E inhibitor  and (C) HeLa FRT cells expressing either 
Cyclin B Δ86 or the Spindly motif mutant.  The scheme for each set of 
experiments is depicted above the images.  Time (in mins) is indicated on the 
lower right of each panel; time 0 is NEBD.  Scale bar, 5 µm. (D) Determination 
and quantification of the endpoint of cells in the scattered state. All error bars 
represent SD. 
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Figure 3.4 (E and F) The spindle assembly checkpoint is reactivated 
upon loss of cohesion and is required to maintain the scattered state (E) 
Selected images from time-lapse imaging sequences of cells expressing 
histone H2b:mRFP.  HeLa FRT cells were imaged for 5 hours in the presence 
of the CENP-E inhibitor prior to the addition of 0.5 µM reversine.  The red 
arrowhead indicates the frame after which reversine was added for that cell.  
Time (in mins) is indicated in the lower right of each panel; time 0 is directly 
after drug addition.  Scale bar, 5 µm. (F) Quantification of the results for (E).  
Each mark represents one cell and the black line indicates the average. 
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Figure 3.5 (A) Biorientation with dynamic microtubule-dependent tension 
at kinetochores contributes to the onset of chromosome scattering (A) 
Selected images from time-lapse imaging sequences of Cyclin B Δ86 HeLa 
FRT cells expressing histone H2b:mRFP.  The experimental scheme is 
depicted above the images.   Taxol was added to an asynchronous population 
of cells after the initial 30 minutes of filming.  The red arrowhead denotes the 
frame after which the drug was added.  Time (in mins) is indicated on the 
lower right of each panel; time 0 is NEBD.  Scale bar, 5 µm.  
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Figure 3.5 (B and C) Biorientation with dynamic microtubule-dependent 
tension at kinetochores contributes to the onset of chromosome 
scattering (B) Selected images from time-lapse imaging sequences of cells 
expressing H2b:mRFP (HeLa FRT and hTERT-RPE1) or mRFP:histone H2b 
and YFP:α-tubulin. The scheme used for monastrol addition and washout is 
indicated on top.  Time (in mins) is indicated on the lower right of each panel; 
time 0 is the start of filming, directly after monastrol washout.  The arrowhead 
indicates the persistence of an extra spindle pole. Scale bar, 5 µm. (C) 
Quantification of the experiments in (B).   
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Figure 3.6 Chromosome scattering is prevented by inhibition of the two 
pathways that remove cohesin (A) Selected images from time-lapse 
imaging sequences of Cyclin B Δ86 HeLa FRT cells expressing histone 
H2b:mRFP and subjected to the indicated perturbations.  The experimental 
scheme is depicted on top.  Time (in mins) is indicated on the lower right of 
each panel; time 0 is NEBD.  Scale bar, 5 µm. (B and C) Quantification of the 
experiments in (A); (B) the percentage of total cells in mitosis that scatter for 
each condition and (C) the time that those cells remain in mitosis before 
scattering is plotted (only cells that scattered were analyzed for the double 
separase/Wapl inhibition); each mark represents one cell and the black line 
indicates the average.  
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Figure 3.7 Model describing the chromosome scattering phenotype 
In an unperturbed mitosis, sister chromatids align along the metaphase plate 
and lose their cohesion in a coordinated manner such that all sisters are 
separated simultaneously.  In contrast, during a prolonged metaphase arrest, 
single unpaired sister chromatids escape from the plate while a majority of the 
chromosomes still remain paired.  These single sister chromatids activate the 
spindle assembly checkpoint and hold the cell in an extended mitotic arrest 
during which further cohesion loss and spindle defects occur.  Cells with 
scattered chromosomes remain in a long-term mitotic state and eventually 
escape via a non-anaphase like exit or cell death. 
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Figure S3.1 (related to Figure 3.1) Cells with scattered chromosomes 
maintain the hallmarks of mitosis (A, B, C) Immunofluorescence images of 
control or scattered cells for (A and C) securin and (B) Cyclin B.  For (A and B) 
the arrowhead indicates cells in metaphase, the arrow indicates cells in 
anaphase.  In (C), the arrowhead indicates a scattered cell, the arrow 
indicates a cell that has entered an anaphase-like state.  Scale bar, 5 µm. 
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Figure S3.2 (related to Figure 3.6) Immunoblot of protein inhibition via 
RNAi Whole cell lysates were probed for either separase or Wapl for the 
various conditions. 
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Chapter 4. Conclusions and Future Directions 
 
 Understanding the process by which one cell divides into two has long 

since been at the forefront of biological research (Paweletz, 2001). Although 

the basic steps required for the faithful segregation of chromosomes are now 

well understood, the signaling pathways responsible for sensing and 

preventing the propagation of cells resulting from errors in this process remain 

somewhat unclear. The work of my thesis was aimed at shedding light on 

some of these mechanisms by investigating both the direct consequences of 

defects in mitosis, as well as the eventual outcome of these defects. Through 

the efforts described in Chapter 2 and 3, I have uncovered two different means 

by which cells respond to errors in mitosis.  

 

The role of DNA damage in response to errors in mitosis 

My work in the C. elegans germline shows that in the context of a 

complex tissue, errors in mitosis are sensed by a mechanism that utilizes a 

key aspect of the developmentally controlled machinery already in place. 

Nuclei resulting from mitotic errors are removed via DNA damage-induced 

programmed cell death because they retain unrepaired double-strand breaks. 

These double-strand breaks are the direct result of Spo11-catalyzed initiation 

of homologous recombination, indicating that the Spo11-induced breaks are 

acting as a surveillance mechanism to detect nuclei with the improper 

complement of chromosomes. Consistent with the idea that activation of the 

DNA damage pathway may intrinsically be tied to the formation of meiotic 
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double-strand breaks, previous work in the Drosophila and mouse germlines 

showed that activation of p53 occurs normally during recombination (Lu et al., 

2010). Although the functional consequence of this activation remain unclear, 

as flies null for p53 show no obvious defects, this activation is required to 

sense defects in the completion of recombination. Flies null for homologous 

recombination repair protein rad54, which show no discernable phenotype on 

their own, display sterility and severe oogenesis defects when combined with 

a p53 null mutant. Furthermore, these defects were rescued by the addition of 

a spo11 null mutation, indicating that activation of the DNA damage pathway 

by persistent deliberate double-strand breaks is a conserved mechanism. 

Given this, it would be interesting to see whether or not meiotic double strand 

breaks sense errors in stem cell mitoses in the germlines of other species, 

such as Drosophila and mouse. 

 Outside of the germline, however, the link between errors in mitosis and 

the acquisition of DNA damage is becoming more and more apparent (Ganem 

and Pellman, 2012). It has previously been shown, by multiple groups now, 

that cells delayed in mitosis for at least 6 hours or longer start to accumulate 

double-strand breaks as visualized by the DNA damage specific 

phosphorylation of histone variant H2AX (γ-H2AX, Rogakou et al., 1998) 

(Dalton et al., 2007; Uetake and Sluder, 2010; Orth et al., 2012; Hayashi et al., 

2012; Crasta et al., 2012). The appearance of γ-H2AX during a prolonged 

mitosis indicates that a cell delayed in mitosis has the ability to initiate the 

DNA damage response pathway since phosphorylation of H2AX requires the 
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kinase ATM, which is recruited by the DNA break sensing MRN complex to the 

site of DNA damage (Cicca and Elledge, 2010; Giunta and Jackson, 2011) 

Despite this initial activation, however, downstream components of the break 

repair pathway are not recruited to the site of DNA damage during mitosis and 

only appear after the cell has exited into interphase (Giunta et al., 2010). 

Although arising through a fundamentally different mechanism, these results 

taken together with the result of my thesis work indicates the use of double-

strand breaks as a general way to mark cells resulting from errors in mitosis. 

 

How errors in mitosis activate the cell death machinery 

 When an error in mitosis occurs, the cell defends against it by 

preventing the propagation of this potentially harmful damage, usually by 

activating the programmed cell death pathway. My thesis work has shown that 

in the C. elegans germline this cell death is initiated via the DNA damage 

response pathway. Work in tissue culture cells has also shown a link between 

errors in mitosis and the DNA damage response pathway in that tetraploid 

cells resulting from mitotic exit without chromosome segregation become 

arrested in G1 in a p53-dependent manner (Quigon et al., 2007; Uetake and 

Sluder, 2010; Thompson and Compton, 2010). Although only a fraction of 

these cells underwent subsequent apoptosis, indicating that activation of the 

DNA damage pathway may not always lead to cell death. 

  In addition to determining how cells resulting from mitotic errors are 

handled after they exit mitosis,  a substantial amount of research is being done 



	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  
	
   	
   	
  

   

120	
  
	
  

in order to determine the signaling mechanisms in place during a prolonged 

mitosis that can lead to cell death while still in mitosis. While it has been 

shown that downstream effectors of the cell death pathway, such as 

cytochrome c and caspases, become activated during a prolonged mitosis 

(Orth et al., 2012), the upstream players responsible for this activation remain 

unclear. Several studies have uncovered that anti-apoptotic Bcl-2 family 

member protein MCL-1 is gradually lost during a prolonged mitosis (Millman 

and Pagano, 2011), thus suggesting one possible mechanism for the 

activation of the cell death pathway.  

 

Are all mitotically arrested cells created equal? 

In order to better understand the link between a mitotic delay and 

activation of the cell death pathway, the types of cellular changes that occur 

over time during a prolonged duration in mitosis need to first be better 

understood. One key question is whether or not the means by which a cell 

becomes prolonged in mitosis has an effect on how the cell will respond to the 

delay. My thesis work in human tissue culture cells investigating the 

consequences of uncoupling chromosome alignment from exit from mitosis 

has helped, in part, to answer that question. My thesis work has shown that 

cells held in mitosis with perfect, or near perfect, chromosome alignment all 

respond the same way– by scattering their chromosomes. Although the 

duration between the last chromosome aligned to the onset of scattering 

showed a high degree of variability across the five different perturbations, 
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eventually every cell that entered mitosis scattered their chromosomes. This 

differs from how a cell responds to treatment with a drug that prevents proper 

chromosome alignment, such as taxol or nocodazole, as in those instances 

not every cell experiences the same outcome (Gascoigne and Taylor, 2008). 

However, since chromosome scattering in 100% of the population was only 

seen for the HeLa FRT cell line and not for the other cell line tested (in the 

hTERT-RPE1 cells only 35% of the cells displayed scattered chromosomes in 

response to a prolonged mitosis) this indicates that perhaps there is 

something intrinsic to that line that makes it more prone to scattering. 

Supporting this idea, when compared to both the hTERT-RPE1 cells that did 

scatter their chromosomes as well as other reported cases of chromosome 

scattering, or cohesion fatigue (Daum et al., 2011; Lara-Gonzalez and Taylor, 

2012), the average time the HeLa FRT cells spent in mitosis prior to 

chromosome scattering was markedly shorter. A more in depth 

characterization of the properties of this cell line and how it compares to other 

HeLa lines, as well as other cancer cell lines, may help to uncover the 

mechanisms that govern how a cell responds to a mitotic delay. 

 From my thesis work and the work of others (Chan et al., 2012), it is 

evident that both how the delay in mitosis occurs as well as the cell line used 

to analyze the phenotype can have profound effects on the ultimate cellular 

outcome. Although the driving force behind these differences still remains 

unclear, what is apparent is that no two cell lines are exactly alike, making it 

that much harder to determine what would make for effective drug targets. 
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Final Thoughts 

 Overall the work presented in this thesis has helped to gain a better 

understanding of the intricacies of mitosis and uncovered some of the 

mechanisms responsible for dealing with errors in this process. In the effort to 

design more effective drugs targets for cancer chemotherapy, it is imperative 

that we understand both how normal cells respond to errors in mitosis as well 

as how cancer cells have adapted to circumvent this response. Further 

exploration into the role of deliberate double-strand breaks as a means to 

mark cells resulting from errors in mitosis, as well as a more thorough 

dissection of what makes cells susceptible to the chromosome scattering 

phenotype will both prove to be very useful in the quest to develop new 

chemotherapies. 
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