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Uncovering the Role of Biophysical Cues in Decision Making in the Mammalian Spindle 

Megan Chong 

 

Abstract 

When a cell divides, it builds the mitotic spindle, a micron-scale bipolar structure made 

of dynamic microtubules that must attach to chromosomes and segregate them evenly 

into two daughter cells. Segregation relies on microtubule-generated force to capture 

and move chromosomes, yet how this force contributes to a cell’s decision-making 

during division has been challenging to discern. In my thesis work, I have addressed 

how biophysical cues at the kinetochore contribute to two key decisions during mitosis: 

first, whether to hold on to chromosome attachments or let go and second, when to stop 

building the spindle and divide. The kinetochore is the macromolecular interface that 

connects chromosomes to spindle microtubules. For accurate chromosome 

segregation, sister kinetochores need to become bioriented or attach to opposite 

spindle poles. Biorientation occurs by a constant feedback loop, destabilizing incorrect 

attachments while reinforcing correct ones. How the kinetochore distinguishes between 

correct and incorrect attachments is not clear. In this work, I address the long-standing 

hypothesis that tension at the kinetochore dictates which attachments to maintain. 

Using live imaging to monitor outcomes, I directly perturb force on kinetochores globally 

by chromokinesin overexpression and locally by individual chromosome arm ablation. 

Together with experiments enriching for attachment errors, this work demonstrates that 

elevated force at the kinetochore promotes attachment stabilization, and this effect is 

not chromosome-agnostic but leads to impaired error correction on long chromosomes. 



 ix 

In parallel with local error correction decisions, the cell must globally prevent anaphase 

until all chromosomes are attached correctly. The spindle assembly checkpoint (SAC) 

generates a diffusible signal at unattached kinetochores to prevent premature 

segregation. The precise cues that trigger SAC satisfaction at an individual kinetochore 

and how the cell measures and integrates these signals is not well understood. Here, I 

use laser ablation to generate unpaired, sisterless kinetochores and monitor anaphase 

entry timing. I find a progressive, titratable delay in mitosis with increasing number of 

unpaired kinetochores, suggesting that without a sister kinetochore or a discrete 

opposing force, attachments may not be sufficiently stable to satisfy the SAC with 

normal dynamics. Still, these unpaired kinetochores are insufficient to prevent anaphase 

entirely, suggesting either that the SAC does satisfy eventually or that the cell cannot 

detect this low level of SAC signal. Altogether, I find that altering the physical landscape 

of the kinetochore by perturbing opposing force on it, either by manipulating 

chromokinesins or removing its sister, alters two critical pathways: error correction and 

the SAC. I find that force directly impacts the fidelity of cell division by signaling the error 

correction machinery and may alter dynamics of SAC satisfaction either directly or 

indirectly.  
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Chapter 1: Introduction 
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Dynamic Assembly of the Mammalian Spindle  

In studying biological order, from sub-cellular molecular machines to organismal 

body plans, it is tempting to search for a blueprint that shapes biological structures. 

Instead, closer investigation of mechanisms has revealed a common biological theme: 

order emerging from chaos. At all scales, rather than employ error-free processes, 

biology has optimized to harness stochasticity. Many robust and elegant patterns arise 

simply by layering regulatory elements on top of random events, amplifying desired 

outcomes at the expense of errors. Indeed, processes as diverse as enzyme allostery, 

bacterial chemotaxis, and body axis formation in embryogenesis employ rules to select 

for order within randomness (Kirschner et al., 2000). In mitosis, accurate segregation of 

the genome relies on such a process (Lampson and Grishchuk, 2017).  

When a cell divides, it builds the mitotic spindle, a bipolar structure that must 

attach to all chromosome pairs and divide them evenly into two daughter cells. The 

fidelity of this process is critical to maintaining a healthy genome across the billions of 

cells that divide in human tissues every day and avoid disease (Santaguida and Amon, 

2015). Spindle assembly is a dynamic mechanical process that relies on rules and 

checkpoints to ensure accuracy. The kinetochore is the macromolecular interface that 

connects chromosomes to spindle microtubules. It comprises ~100 protein species 

balanced in precise ratios, which bind to bundles of 15-25 microtubules that make up 

the mammalian kinetochore-fiber (k-fiber) (Johnston et al., 2010; McEwen et al., 1997). 

It must transmit and respond to force to move chromosomes and sense attachment 

status in order to signal to the cell when to enter anaphase. These mechanical and 
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biochemical roles are both critical for faithful chromosome segregation, but how these 

roles may synergize or feedback on one another is not well understood. 

In this dissertation, I ask how and whether biophysical cues regulate decision 

making in mammalian cell division. First, in this introductory chapter, I review our 

current understanding of the kinetochore as a mechanical interface and decision-

making hub. Then, in Chapter 2, I investigate the role of chromosome size and 

kinetochore tension on a cell’s ability to correct errors that arise during mitosis to ensure 

accurate chromosome segregation. In Chapter 3, I probe the cellular conditions required 

for satisfaction of the spindle assembly checkpoint at individual kinetochores and 

globally across the cell. Finally, in chapter 4, I discuss open questions regarding how 

physical forces dictate key decisions cells make as they divide. 

 

Principles of Kinetochore Decision-Making  

The kinetochore is a highly multivalent protein interface with a precise 

stoichiometry. It is assembled hierarchically, with inner kinetochore proteins connected 

to centromeric histones and outer kinetochore proteins, which bind microtubules, built 

on top of this inner plate (Cheeseman and Desai, 2008). The composition of the 

kinetochore changes throughout the cell cycle. In early mitosis, before attaching to 

microtubules, the kinetochore assembles the fibrous corona (Jokelainen, 1967; Kops 

and Gassmann, 2020). This protein assembly at the outer edge of the kinetochore 

radiates outward, expanding the reach of the kinetochore’s microtubule binding 

capacity. As attachments form, the corona disassembles, restricting microtubule binding 

from new directions (Sacristan et al., 2018). Simultaneously, the kinetochore recruits 
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new microtubule binding proteins, like Ska (Cheerambathur et al., 2017; Hanisch et al., 

2006) and SKAP (Fang et al., 2009; Schmidt et al., 2010), to optimize kinetochore grip 

for smooth movement at late metaphase and anaphase. How this architecture gives rise 

to critical decision points during cell division is not well understood. In particular, we do 

not yet know how and whether physical cues, like tension at the kinetochore, can 

directly induce these changes in kinetochore composition that regulate error correction 

or anaphase entry. 

The features that promote robust kinetochore-microtubule attachment may also 

contribute to accurate kinetochore decision-making during mitotic progression. For 

example, the molecular redundancy and tunability of the kinetochore-microtubule 

interface support its mechanical robustness. These same features may enhance the 

accuracy of mitotic decisions, including error correction and the spindle assembly 

checkpoint (SAC) (Long et al., 2019). Multivalency—the ability to modify kinetochore 

grip at many points in space and time—increases the input information at a single 

kinetochore (Volkov et al., 2018). This may reduce sensitivity to noise and improve 

overall mitotic outcomes. In comparison to yeast mitosis, which has fewer redundant 

features and binds to just 1-3 microtubules at metaphase, mammalian mitosis requires 

more time to assemble a spindle and so may require a higher threshold for determining 

if an attachment is correct (Peterson and Ris, 1976). The tunability of kinetochore grip, 

facilitated by the dynamic Ndc80 phosphorylation-dephosphorylation cycle (DeLuca et 

al., 2006, 2011) and recruitment of kinetochore maturation markers like Ska 

(Cheerambathur et al., 2017; Hanisch et al., 2006) and SKAP (Fang et al., 2009; 

Schmidt et al., 2010), may impact k-fiber lifetime directly and alter the ease with which 
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detachment can occur in the event of an incorrect attachment. Thus, mechanical 

features of the attachment are well-positioned to alter the decision-making landscape 

for kinetochores performing error correction or signaling the spindle assembly 

checkpoint. 

 

Error correction 

Mitotic error correction ensures all chromosomes are correctly attached to the 

spindle to avoid missegregation. As the spindle assembles, sister kinetochores need to 

become bioriented, attaching to opposite spindle poles, but correct bioriented 

attachments form alongside incorrect and incomplete attachments. How the kinetochore 

distinguishes between these correct and incorrect attachments remains unclear. The 

current model for error correction holds that it stabilizes correct attachments and 

destabilizes incorrect ones in a continual feedback loop (Sarangapani and Asbury, 

2014). This stabilization occurs through dephosphorylation of Ndc80, the primary load-

bearing complex in the mammalian kinetochore (Powers et al., 2009), and subsequent 

maturation of the attachment, which involves recruitment of late metaphase kinetochore 

proteins and eventual SAC satisfaction. Destabilization is thought to be mediated 

primarily by Aurora B kinase-regulated phosphorylation of Ndc80 (DeLuca et al., 2006, 

2011), but the details of how this triggers detachment are still being elucidated. In early 

mitosis and in monopolar spindles, kinetochores with a high level of Ndc80 

phosphorylation and a low k-fiber lifetime attach to the spindle and travel without 

detaching (Cameron et al., 2006). Kinetochore-microtubule attachment redundancy 

mediates this robust attachment state even at high phosphorylation states. Ndc80, is 
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present in excess, with just a small fraction (~30%) engaged with microtubules at 

metaphase (Yoo et al., 2018). This allows multiple points of contact with microtubule 

bundles, reinforcing the attachment interface and protecting it from spontaneous 

detachment. This redundancy may also reduce the sensitivity of kinetochore checkpoint 

signaling to detachment of individual microtubules, preventing unnecessary mitotic 

delays. 

Full detachment from incorrect attachments, then, may require an additional cue. 

Recent work has shown high variability in inter-kinetochore tension may facilitate 

kinetochore detachments with increased frequency by providing the force to separate 

the kinetochore from the k-fiber (Parmar et al., 2023). Additionally, optogenetic 

activation of Aurora B kinase at kinetochores under high or low inter-kinetochore tension 

revealed phosphorylation triggered microtubule depolymerization under low force and 

detachment under high force (Ke et al., 2009). While detachment under force is an 

intuitive model, it is complicated by the long-standing tension hypothesis in error 

correction (Sarangapani and Asbury, 2014). Correct, bioriented attachments are under 

high tension from opposing force of the two halves of the spindle, while incorrect 

attachments are thought to experience lower force. Tension has long been thought to 

be the stabilizing cue signaling correct attachments through a catch-bond mechanism 

(Miller et al., 2019, 2016). However, direct perturbations of tension are difficult to 

perform in live cells, so we do not yet know the full effects of force at the kinetochore on 

overall attachment stability and error correction outcomes. Understanding how the 

physical features of this interface impact a kinetochore’s propensity to hold onto k-fibers 
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will provide insight into how cells maintain genome integrity in different cell and tissue 

contexts with varying physical characteristics. 

 

The spindle assembly checkpoint 

 The intact spindle assembly checkpoint (SAC) prevents anaphase until all 

chromosomes are properly bioriented, ensuring daughter cells receive exactly one copy 

of all chromosomes (Rieder et al., 1995). The SAC functions both locally and globally to 

prevent anaphase; it signals locally at unattached kinetochores, generating a diffusible 

WAIT anaphase signal, which propagates globally to inhibit the anaphase promoting 

complex (Musacchio, 2015). Similar to error correction, a long-held hypothesis posited 

that tension at the kinetochore served as a cue to distinguish unproductive attachments 

from bioriented ones and trigger SAC satisfaction. However, ample evidence now 

suggests that the SAC can, under certain circumstances, satisfy or stay silent in the 

absence of interkinetochore tension (Etemad et al., 2015; Long et al., 2019; O’Connell 

et al., 2008; Tauchman et al., 2015). Whether those circumstances arise in the course 

of normal spindle assembly is not known. Moreover, while tension may not be directly 

monitored or sensed by the SAC machinery at the kinetochore, what cues are 

monitored to trigger a SAC satisfaction decision and whether tension is required to 

generate those cues are not yet clear. Without directly monitoring kinetochore tension, 

discriminating between stable and premature kinetochore attachments may require 

monitoring either k-fiber lifetime or kinetochore maturation markers as a proxy for 

attachment stability or alternatively may rely on quick error correction outcomes. 
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 In addition to regulating SAC satisfaction events at kinetochores, the cell 

must integrate SAC signals across all ninety-two kinetochores in the human cytoplasm. 

Ultimately, the anaphase entry decision relies not only on the ability to adequately 

detect stable attachments at a kinetochore but also the ability to detect cytoplasmic 

signal emanating from SAC-positive kinetochores and determine if it is above an 

unacceptable threshold. While SAC silencing at the kinetochore has been demonstrated 

to occur in a switch-like, all-or-none manner in mammalian cells (Kuhn and Dumont, 

2017), the cytoplasmic SAC signal has been found to be graded based on the number 

of unattached kinetochores in the cell (Collin et al., 2013; Dick and Gerlich, 2013). 

Whether this graded response makes the cell permissive to anaphase entry with SAC-

positive kinetochores and how this threshold for anaphase prevention may vary based 

on cell type or chromosome complement will be important for understanding how 

aneuploidies develop.  

 

Objectives of the thesis 

While recent work has begun to identify the molecular determinants of 

kinetochore attachment mechanics, conceptual and technical gaps still remain, 

particularly in our understanding of how these mechanics impact overall mitotic 

progression and chromosome segregation accuracy. In this work, I use quantitative live 

imaging and direct physical perturbations to ask how the mechanical features of the 

kinetochore-microtubule interface feed into its decision-making capacity and affect 

segregation outcomes. 
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In chapter 2, I find that chromosome size directly impacts error correction 

efficiency and provide direct evidence for the long-standing tension hypothesis. Our 

model for how differential tension on long chromosomes stabilizes both correct and 

incorrect attachments provides a framework for understanding how the mechanical 

landscape of the kinetochore can have wide-reaching impacts on cell division accuracy. 

In chapter 3, I find evidence of a clear but incomplete SAC defect in cells with 1-3 

kinetochores that lack opposing force from sister k-fibers. This titratable delay in mitotic 

timing supports a model in which presence of a sister kinetochore supports SAC 

satisfaction with wildtype dynamics but is not required for anaphase entry. In Chapter 4, 

I discuss the intersection of these decision-making pathways in the literature and 

expand on possible future directions. 

Together, the findings herein demonstrate that the physical and signaling roles of 

the kinetochore-microtubule interface are not merely coincident but act in synchrony to 

regulate mammalian spindle assembly and control segregation outcomes. 

Understanding that physical features play such a critical role in healthy mitosis may 

provide new insight on a whole host of new questions. Given the role of tension at the 

kinetochore in these key mitotic decisions, future work may explore how kinetochore 

material properties, chromatin compliance, tissue mechanics, and other physical 

features alter mitotic fidelity and shape karyotype evolution across species. 
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Chapter 2: Chromosome size-dependent polar ejection force impairs mammalian 

mitotic error correction 
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Abstract 

Accurate chromosome segregation requires sister kinetochores to biorient, attaching to 

opposite spindle poles. To this end, the mammalian kinetochore destabilizes incorrect 

attachments and stabilizes correct ones, but how it discriminates between these is not 

yet clear. Here, we test the model that kinetochore tension is the stabilizing cue and ask 

how chromosome size impacts that model. We live image PtK2 cells, with just 14 

chromosomes, widely ranging in size, and find that long chromosomes align at the 

metaphase plate later than short chromosomes. Enriching for errors and imaging error 

correction live, we show that long chromosomes exhibit a specific delay in correcting 

attachments. Using chromokinesin overexpression and laser ablation to perturb polar 

ejection forces, we find that chromosome size and force on arms determine alignment 

order. Thus, we propose a model where increased force on long chromosomes can 

falsely stabilize incorrect attachments, delaying their biorientation. As such, long 

chromosomes may require compensatory mechanisms for correcting errors to avoid 

chromosomal instability. 
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Introduction  

The kinetochore is the multivalent interface that connects chromosomes to 

spindle microtubules at cell division. Accurate chromosome segregation requires 

biorientation, a state in which sister kinetochores attach to opposite spindle poles. To 

preserve genome integrity, each kinetochore must monitor chromosomes’ attachment 

status and signal to the cell whether or not it is ready to enter anaphase (Musacchio and 

Desai, 2017). Correct, bioriented attachments form alongside incorrect attachments, 

which must be detected and corrected through a process called error correction. Both 

physical and biochemical features differ between correct and incorrect attachments and 

understanding how these cues govern error correction and how their detection varies 

across chromosomes is central to understanding mitotic fidelity (Lampson and 

Grishchuk, 2017). 

Current models for error correction propose that incorrect kinetochore-

microtubule attachments are molecularly destabilized to promote detachment, while 

correct attachments are stabilized (Funabiki, 2019; Sarangapani and Asbury, 2014). A 

key regulator in this process is Aurora B kinase, which phosphorylates the kinetochore’s 

primary loadbearing complex Ndc80C (Powers et al., 2009) to reduce its affinity for 

microtubules (Biggins and Murray, 2001; Cheeseman et al., 2006; DeLuca et al., 2011; 

Zaytsev et al., 2015). This phosphorylation decreases with kinetochore tension and is 

required for error correction to occur (DeLuca et al., 2006; Lampson et al., 2004). 

Moreover, applying ectopic tension to incorrect attachments is sufficient to delay their 

correction indefinitely in grasshopper spermatocytes (Nicklas and Koch, 1969), 

indicating a causative role for tension in distinguishing between correct and incorrect 
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attachments in some cell types. However, how the mammalian error correction 

machinery responds to acute changes in tension and what cellular sources of said 

tension are relevant remain poorly understood. 

While tension at bioriented kinetochores is generated primarily by kinetochore-

bound microtubules (k-fibers) exerting opposing poleward pulling force on sisters, non-

kinetochore microtubules also exert force in the spindle that influences kinetochore 

behavior. Polar ejection force arises from non-kinetochore microtubules growing 

outward from spindle poles generating outward force on chromosome arms (Rieder et 

al., 1986). This polar ejection force, mediated both by microtubule polymerization and 

by two chromokinesins in mammalian cells (Kif22/Kid and Kif4a), contributes to 

chromosome congression and regulates the amplitude of kinetochore oscillations at 

metaphase (Barisic et al., 2014; Iemura and Tanaka, 2015; Ke et al., 2009; Levesque 

and Compton, 2001; Wandke et al., 2012). Overexpression of the Drosophila orthologue 

of Kif22/Kid induces attachment errors, which elude error correction (Cane et al., 

2013b), suggesting that polar ejection forces can contribute to attachment stabilization, 

possibly by increasing kinetochore tension. In mammalian cells, tension perturbations 

are needed to understand how the error correction machinery responds to tension 

changes and how the magnitude of polar ejection force—which in principle can vary 

throughout mitosis (Ke et al., 2009; Thompson et al., 2022) and across different 

chromosomes—impacts kinetochore tension and attachment stability. 

Segregation error rates vary not only across cell types but also across 

chromosomes within the same cell type. Indeed, long chromosomes have been shown 

to missegregate more frequently than short chromosomes in human cells (Klaasen et 
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al., 2022; Worrall et al., 2018). Many mechanisms could underlie this difference 

including differential nuclear positioning in interphase (Klaasen et al., 2022; Tovini and 

McClelland, 2019), distinct positions of long and short chromosomes along the 

metaphase plate (Rieder and Salmon, 1994; Wan et al., 2012), or variable biophysical 

features between long and short chromosomes. Indeed, given the biophysical nature of 

error detection models, error correction cues might be read differently based on the 

physical features of the chromosome or kinetochore in question, complicating our 

understanding of how tension impacts kinetochore-microtubule attachment stability. 

However, studying segregation outcomes is not sufficient to understand the dynamic 

formation of correct attachments. Instead, probing how efficiently chromosomes of 

different sizes become correctly bioriented sheds light not only on the cues driving error 

correction, but also on the mechanisms underlying chromosome-based differences in 

mitotic trajectories and segregation outcomes. 

Here, we provide direct evidence for the tension model for error correction in 

mammalian cells and show that differential tension at chromosomes of different sizes 

impacts both their biorientation and error correction efficiency. In mammalian rat 

kangaroo (PtK2) cells, we show that long chromosomes become bioriented later and 

experience higher pushing force than short chromosomes in the same cell. By enriching 

for errors and letting them correct in live imaging of drug washouts, we show that long 

chromosomes are less efficient at correcting errors therefore delaying their biorientation. 

Increasing size-based force via chromokinesin Kif22/Kid overexpression increases the 

probability of chromosomes of any size becoming persistently stuck at spindle poles. 

Finally, with laser ablation, we cut chromosome arms and find that chromosome size, 
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rather than simply identity, sets biorientation efficiency or success rate. Here, 

biorientation efficiency does not set a strict order of events in chromosome alignment, 

but rather refers to the probability of successfully becoming bioriented. We propose a 

model in which elevated force on long chromosomes increases kinetochore tension, 

stabilizing kinetochore-microtubule attachments, thus prolonging the lifetime of 

erroneous attachments at long chromosomes. These findings provide a framework for 

understanding not just mechanisms of error detection, which may vary in response to 

chromosome-specific differences, but also aneuploidy and karyotype evolution. 

 

Results and Discussion 

Long chromosomes align less efficiently than short chromosomes and experience 

higher spindle pushing force.  

To determine which physical features promote correct kinetochore-microtubule 

attachment in mitosis, and whether they vary across chromosomes, we assessed 

whether dividing rat kangaroo (PtK2) cells exhibit a bias in chromosome alignment 

efficiency. With just 14 chromosomes, widely ranging in size, PtK2 cells are particularly 

well suited to this question. We classified chromosomes by size into two, roughly even 

groups for easy identification: long chromosomes (≥7µm along the longest dimension by 

phase microscopy) and short ones (<7µm) (Fig. 2.1A & 2.1B). We imaged live spindle 

assembly in PtK2 cells expressing eYFP-Cdc20 to mark kinetochores and scored the 

frequency of early and late aligning chromosomes belonging to either the long or short 

chromosome group. Here, we define early aligning chromosomes as the first three 

chromosomes to begin oscillating at the metaphase plate, a marker of biorientation, and 
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late aligning chromosomes as the last three chromosomes to align (Fig. 2.1C). While 

long and short chromosomes were evenly represented in the early aligning group, long 

chromosomes were significantly overrepresented among late aligning chromosomes 

(Fig. 2.1D, 2.1E; Fisher’s exact test p=0.0041). Thus, on average, long chromosomes 

biorient and form correct attachments later in spindle assembly than short 

chromosomes in the same cell, suggesting less efficient or delayed attachment 

formation. Such a delay could be due to chromosome position differences in the 

spindle, intrinsic differences in chromosome or kinetochore identity, and/or differences 

in the formation or correction of incorrect attachments that must be resolved prior to 

alignment.  

A longstanding error correction model posits high tension across sister 

kinetochores as the primary cue that promotes formation of correct attachments while 

disfavoring incorrect ones (Funabiki, 2019; Sarangapani and Asbury, 2014). Thus, we 

sought to test whether different sized chromosomes are subject to differing forces. At 

correct attachments, tension is generated by the opposing force from k-fibers pulling 

sister kinetochores toward opposite spindle poles; in contrast, incorrect, syntelic 

attachments (with both sister kinetochores attached to the same spindle pole) may 

experience kinetochore tension when poleward pulling is counteracted by anti-poleward 

force along chromosome arms and this may, in turn, affect attachment stability (Fig. 

2.1F). To test how polar ejection forces affect long and short chromosomes, we 

generated monopolar spindles by treating cells with Eg5 inhibitor STLC and tracked 

kinetochore movements with respect to the pole. Assuming roughly equal poleward 

pulling force at all chromosomes due to standard k-fiber size (McEwen et al., 1998, 
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1997), the distance from poles will be proportional to the strength of the outward polar 

ejection force. In live monopolar spindles, the kinetochores on long chromosomes were 

significantly farther from poles on average than short chromosomes (Fig 2.1G, 2.1H; 

unpaired t-test p=0.0005). Thus, long chromosomes biorient less efficiently but also 

experience higher pushing force than their shorter counterparts. 

 

Long chromosomes correct errors less efficiently.  

We hypothesized that increased pushing force at long chromosomes may 

generate enough tension to stabilize incorrect attachments, prolonging their lifetime and 

delaying congression. To test this, we enriched for errors in attachment using the Eg5 

inhibitor STLC to generate monopolar spindles (Kapoor et al., 2000; Wu et al., 2018) 

and then washed out the drug, allowing spindle bipolarization and error correction to 

occur (Lampson et al., 2004). Following drug washout, as spindle poles separate, 

monotelic attachments (one attached sister kinetochore, one unattached), incorrect 

syntelic attachments (both sister kinetochores attached to the same spindle pole), and 

other complex attachment errors convert to bioriented attachments, which oscillate at 

the new metaphase plate (Fig. 2.2A). We measured the frequency of these attachment 

types after STLC washout by immunofluorescence and found that while ~80% of 

monopolar spindles exhibit 1-2 unambiguously monotelic kinetochores (Fig. 2.6), 

consistent with previous work (Kapoor et al., 2000), only ~20% of bipoles contain 

monotelic attachments (Fig. 2.6), suggesting most chromosome alignment events 

following drug washout represent error correction events, though we suspect these 

errors transit between attachment states from syntelic to monotelic and back. We 
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measured the time needed for chromosomes to start oscillating after drug washout and 

used it as a proxy for biorientation and error correction (Fig. 2.2B, 2.2C). Alignment 

times were normalized to measure rank order and account for high variance in time 

required to achieve bipolarity between different cells (Fig. 2.7). We find that long 

chromosomes become bioriented later than short chromosomes following drug washout 

(Fig. 2.2C & 2.2D; Mann-Whitney test p=0.0003). In principle, this could either reflect 

that long chromosomes have more trouble moving within the spindle than short ones or 

that long chromosomes correct errors less efficiently (i.e. have a lower success rate 

converting errors to bioriented attachments). To determine whether drag force limits 

chromosome movement within the spindle, we measured the velocity of kinetochore 

movement on long and short chromosomes in monopolar spindles (a prolonged 

prometaphase-like state) to avoid differences in kinetochore maturation that could affect 

kinetochore grip and speed of movement in bipoles. We did not see a significant 

difference in kinetochore speed between groups (Fig. 2.2E; p=0.318), consistent with 

previous findings in grasshopper cells (Nicklas, 1965). Thus, chromosome movement 

velocity does not impact biorientation. Instead, these data indicate that long 

chromosomes take longer to correct erroneous attachments. Indeed, we find clear 

instances of syntelic attachments in fixed, regularly cycling cells (Fig. 2.6), and together 

with our previous findings (Fig. 2.2D), this suggests that the observed alignment delay 

might be due to the higher forces long chromosomes experience.  

 

 



 19 

High polar ejection force increases persistence of polar chromosomes and reduces 

size-effect.  

To test if elevated force on long chromosomes is responsible for their delayed 

error correction, we globally increased polar ejection force and imaged spindle 

assembly. If elevated force on long chromosomes does not meaningfully contribute to 

kinetochore tension or attachment stability, increasing anti-poleward force should speed 

chromosome alignment and reduce dwell time of chromosomes near poles. Indeed, 

chromokinesins are known to promote chromosome alignment by pushing 

chromosomes towards the metaphase plate and their depletion slows the progression to 

metaphase in human cells (Wandke et al., 2012). Alternately, if polar ejection force on 

long chromosomes can stabilize incorrect attachments, increasing this force globally 

may result in more delayed chromosome alignment. To discriminate between these 

possibilities, we perturbed the force balance between poleward pulling at the 

kinetochore and anti-poleward pushing along chromosome arms by overexpressing the 

rat kangaroo chromokinesin Kif22/Kid tagged with a HaloTag (Fig. 2.3A). We confirmed 

chromokinesin overexpression (Kid OE) and proper localization by 

immunofluorescence, which showed significantly more total Kid on chromosomes in 

over expressing cells compared to control (Fig. 2.3B). Additionally, we measured the 

distance of kinetochores on long and short chromosomes from the spindle pole in 

monopoles and found short chromosomes are significantly further from the pole in Kid 

OE than in control (Fig. 2.8), indicating an increase in ejection force on these short 

chromosomes. 
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We imaged spindle assembly and quantified the number of polar chromosomes 

which persisted at poles for longer than 15 minutes (Fig. 2.3D). Here, we define polar 

chromosomes as those that did not move to the spindle center but rather oriented sister 

kinetochores toward the same spindle pole and took on a characteristic V shape of 

chromosomes under polar ejection force (Fig. 2.3D). Among control cells, only 53% of 

cells displayed persistently stuck polar chromosomes compared to 82% of Kid OE cells 

(Fig. 2.3E), and on average, Kid OE cells had significantly more chromosomes stuck at 

poles per cell (Fig. 2.3F; 0.9 ± 1.1 vs. 2.8 chromosomes ± 2.8, mean±SD; p=0.0202), 

consistent with observations in Drosophila S2 cells (Cane et al., 2013b). This effect was 

a specific result of increasing polar ejection force along chromosome arms as 

overexpressing KidDC, lacking 89 amino acids at the C terminus responsible for DNA 

binding, was indistinguishable from control cells (Fig. 2.3C, 2.3F, and Video 2.4). 

Moreover, when categorized by size, instance of short chromosomes stuck at poles 

increased significantly with Kid OE (Fig. 2.3F; 0.2 chromosomes vs. 1.2 chromosomes; 

p=0.0009), while long chromosomes in persistent polar attachments increased more 

modestly with no significant difference (0.7 chromosomes vs. 1.7 chromosomes; 

p=0.07). This distribution suggests a shift in the size-effect delaying chromosome 

alignment, where specifically increasing polar ejection force on short chromosomes 

(Fig. 2.8) pushes them over a tension threshold and leads to chromosomes of all sizes 

getting stuck in polar attachments. 

Additionally, consistent with impaired error correction of chromosomes under 

elevated force, we observed polar chromosome attachments that do not resolve in the 

duration of imaging (Fig. 2.3G) and cells entering anaphase with chromosomes stuck at 
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poles as well as lagging chromosomes (Fig. 2.3H). This indicates the force balance 

between poleward pulling at the kinetochore and anti-poleward pushing by 

chromokinesins impacts the ability of cells to detect attachment errors. Despite this, 

errors that are detected seem to reach alignment on similar timescales to controls (Fig. 

2.3G). Together, we find that globally increasing polar ejection force leads to an 

enrichment of chromosomes stuck near poles, consistent with a model in which polar 

ejection force contributes to kinetochore attachment stability even at polar, non-

bioriented attachments. 

 

Chromosome size determines chromosome biorientation efficiency.  

To directly test the role of chromosome size and size-based force in 

chromosome alignment efficiency, we sought to acutely change chromosome size. To 

do so, we used laser ablation to cut chromosome arms and measured alignment 

efficiency. If chromosome size, either directly or indirectly, leads to differential alignment 

efficiency, shortening chromosome arms should promote earlier chromosome alignment 

with respect to other long chromosomes in the same cell (model 1; Fig. 2.4A). If, 

instead, intrinsic chromosome-specific differences, like kinetochore composition or size 

(Drpic et al., 2018), dictate chromosome alignment order, ablating chromosome arms 

should not affect alignment efficiency (model 2; Fig. 2.4A). We ablated long 

chromosomes in early prometaphase in cells with many unaligned long chromosomes 

(Fig. 2.4B, 2.4C). Ablated chromosomes congressed to the metaphase plate before 

other long, unablated chromosomes in the same cell did (Fig. 2.4D; Mann-Whitney test 

p=0.002), indicating that chromosome size, not simply identity, sets alignment efficiency 
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(model 1). This effect was specific to chromosome arm shortening and not due to 

damaging the arms as control ablations, which nick chromosomes at their ends or along 

their arms without shortening them (Fig. 2.4E & 2.4F), did not change alignment order 

(Fig. 2.4G). Given the indistinguishable speeds of kinetochores on long and short 

chromosomes that exclude any drag effect (Fig. 2.2E), we conclude that the expedited 

alignment of ablated chromosomes is the result of reducing polar ejection forces. We 

propose a model wherein increased polar ejection force on long chromosomes 

prematurely stabilizes incorrect or incomplete attachments, causing a delay in 

congression and biorientation (Fig. 2.5).  

  

Elevated tension at long chromosomes stabilizes incorrect attachments and delays error 

correction. 

Accurate chromosome segregation requires cells to be able to distinguish 

between correct and incorrect attachments, global features of the spindle, despite 

having only local cues. Here, we ask how the ability both to form bioriented attachments 

and to detect incorrect attachments varies across chromosomes in the same cell. We 

demonstrate that in regularly cycling PtK2 cells, with just 14 chromosomes widely 

ranging in size, the formation of correct, bioriented attachments is biased by 

chromosome size such that long chromosomes tend to be the last to become correctly 

attached (Fig. 2.1). Error correction models have long posited that the kinetochore relies 

on physical differences—specifically variable tension on kinetochores leading to 

differential kinetochore phosphorylation—to determine which attachments to reinforce 

(bioriented) and which to destabilize (syntelic) (Funabiki, 2019; Sarangapani and 
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Asbury, 2014). By enriching for attachment errors, we find that mammalian error 

correction efficiency varies based on the physical features of the chromosome in 

question (Fig. 2.2), and specifically perturbing chromosome size-based force reveals 

that is the result of the kinetochore sensing and responding to differences in tension 

(Figs. 2.3 & 2.4). Together, these findings suggest that while all chromosomes are 

competent to form both correct and incorrect attachments, long chromosomes more 

readily stabilize incorrect attachments, delaying their alignment and biorientation (Fig. 

2.5). In addition to defining biophysical models for error correction, this work defines 

new questions about protective mechanisms for not just minimizing segregation error 

rates but also coordinating the threshold for error detection across different 

chromosomes in the cell.   

Overall, this work provides insight into the biophysical mechanism of error 

correction and reveals that the dynamics of chromosome biorientation are not 

chromosome-agnostic. Indeed, long chromosomes exhibit distinct behaviors in spindle 

assembly, more frequently getting stuck at poles (Fig. 2.3), congressing later in mitosis 

(Fig. 2.1), and oscillating with lower amplitude than their short counterparts (Ke et al., 

2009). Chromosome arm ablation speeds alignment (Fig. 2.4D) indicating these are 

effects of chromosome size and not simply identity. Still, long and short chromosomes 

move at similar speeds (Fig. 2.2E). While chromosome identity, kinetochore position, or 

early spindle position could affect the propensity to form errors and possibly contribute 

to the rate of their correction, our data show that the main factor regulating error 

correction efficiency or success rate is chromosome size. As such, we propose that 

differences in alignment order and tendency to dwell at spindle poles stem primarily 
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from chromosome size-based force specifically stabilizing attachments at long polar 

chromosomes rather than drag force or steric effects. Consistent with this, increasing 

polar ejection force increases the number of stuck polar chromosomes and reduces the 

effect of size on tendency to become persistently stuck at poles (Fig. 2.3E & 2.3F), 

indicating chromosome size and force influence the resolution of incorrect attachments 

but not necessarily the formation of correct ones. Regardless, stuck chromosomes that 

do align do so on a similar timescale to those in control cells (Fig. 2.3G), suggesting that 

beyond a certain tension threshold, additional tension will not slow alignment further but 

may impact the probability of error detection. This is consistent with work that shows 

that the tension state impacts kinetochore detachment probability (Chen et al., 2021; De 

Regt et al., 2022; Miller et al., 2019, 2016; Parmar et al., 2023; Sarangapani et al., 

2013) and intra-kinetochore stretch, in particular, is the relevant feature for attachment 

stability (Drpic et al., 2015; Etemad et al., 2015; O’Connell et al., 2008; Tauchman et al., 

2015). Additionally, attachment stability and error correction efficiency may also be 

linked to chromosome position in the spindle, leading to differential access to known 

regulators like Aurora A kinase (Eibes et al., 2023; Ye et al., 2015). Indeed, increasing 

dwell time of chromosomes near spindle poles may tip the balance to favor Aurora A-

mediated error correction such that proximity to poles not only stabilizes errors on long 

chromosomes temporarily, but also activates the pathway required for their correction 

after some delay. Together, these findings support a model in which high force near 

poles increases the propensity to stabilize polar chromosome attachments (Fig. 2.5). In 

healthy cells, elevated polar ejection force at long chromosomes might come from more 

numerous chromokinesins, non-kinetochore microtubules polymerizing against a larger 
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chromatin surface and generating force, or both (Schneider et al., 2022). Regardless, 

this size dependent mechanism for error detection is especially interesting considering 

recent work showing higher rates of missegregation of large chromosomes in human 

cells (Klaasen et al., 2022; Worrall et al., 2018) and formation of complex attachment 

errors in polar chromosomes (Tovini and McClelland, 2019; Vukušić and Tolić, 2022). 

Our model, that error correction dynamics depend on chromosome size and 

resultant kinetochore tension, may have wide ranging functional implications for 

segregation outcomes, and thus propensity toward aneuploidy. How this differential 

tension and attachment stability across chromosomes of different sizes alters molecular 

maturation of the kinetochore in Aurora B regulated processes such as Ndc80 

phosphorylation (Sarangapani et al., 2021), SKA (Cheerambathur et al., 2017; Hanisch 

et al., 2006) and SKAP (Fang et al., 2009; Schmidt et al., 2010) recruitment, and 

checkpoint satisfaction (Etemad et al., 2015; Tauchman et al., 2015) remains an 

exciting open question. Relatedly, while we propose elevated polar ejection force 

opposes error correction at long chromosomes, it is also clear that polar ejection force is 

required for chromosome alignment (Iemura and Tanaka, 2015; Wandke et al., 2012). 

We see these two opposing roles as part of an important balancing act that drives 

evolution of kinetochore tension sensitivity. It is worth noting that missegregation rates 

were found to be similar across all chromosomes in PtK1 cells by fixed cell imaging 

(Torosantucci et al., 2009), yet these results are not inconsistent with a size-based 

model for error correction efficiency. Chromosome segregation errors rely on failure of 

both the error correction machinery and the spindle assembly checkpoint (SAC), but 

how tightly these pathways are coupled may vary across systems. Indeed, observations 
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of SAC satisfaction dynamics have been variable. While Drosophila S2 cells show 

partial SAC satisfaction at persistently incorrect attachments (Cane et al., 2013a), live 

monitoring of the SAC in PtK2 cells revealed switch-like loss of Mad1 from the 

kinetochore (Kuhn and Dumont, 2017). Thus, how and whether persistently stuck polar 

chromosomes signal the checkpoint in mammalian cells remains unclear. Our work 

demonstrates that however many errors do or do not slip through at anaphase, the 

dynamics of error correction do, indeed, vary in PtK2 cells with chromosome size (Fig. 

2.2). Future work will be required to untangle the crosstalk between the SAC and error 

correction.  

Characterizing not just the propensity of individual chromosomes for 

missegregation but also the features that tune that propensity up or down will inform our 

understanding of different organisms’ or cell types’ oncogenic capacity and tendency 

toward aneuploidy. Interesting evolutionary questions arise from non-random 

missegregation rates. Is there evolutionary pressure to maintain oncogenes on short 

chromosomes, which may be less likely to missegregate? Or instead, in organisms with 

long chromosomes carrying oncogenes, is there selective pressure to either 

homogenize chromosome size over evolutionary time or develop compensatory 

molecular mechanisms that will equalize missegregation rates? The size-dependence 

revealed here is likely just one of many features that impact error correction efficiency. 

Indeed, in different species, chromosome size (Klaasen et al., 2022; Tovini and 

McClelland, 2019; Worrall et al., 2018), kinetochore position (metacentric, telocentric, or 

holocentric) (Dumont et al., 2020), material properties (Cojoc et al., 2016), and size 

(Drpic et al., 2018), as well as chromatin material properties (Schneider et al., 2022) all 
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have the potential to impact segregation outcomes. Future work on these topics will 

shed light on how organisms employ either a low threshold for sensing incorrectness, 

compensatory mechanisms that tune error detection or correction capacity on a per 

chromosome basis, or both to avoid catastrophic chromosomal instability. Ultimately, 

the findings herein provide insight into the biophysical mechanism of error detection at 

the kinetochore and provide a framework through which to think more broadly about 

how biophysical processes must shape molecular mechanisms across evolution. 
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Figures and Figure Legends 

 

Figure 2.1. Long chromosomes align less efficiently than short chromosomes and 
experience higher spindle pushing force. (A) Chromosome spread of PtK2 cell line 
expressing eYFP-Cdc20. Red arrowheads indicate chromosomes classified as “short”. 
(B) Long (blue, top) and short (pink, bottom) chromosomes in a live mitotic PtK2 cell. 
Chromosomes were classified by phase contrast microscopy with the help of temporal 
tracking information. (C) Spindle assembly schematic depicting aligned, or congressed, 
chromosomes oscillating within the central gray box of the metaphase plate and 
unaligned chromosomes, in various attachment states. Alignment for (D)&(E) is defined 
by K-K stretch and oscillatory movement within the spindle center as indicated here. (D) 
Representative time-lapse imaging of spindle assembly of cell shown in (B) showing 
that some chromosomes align soon (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) after onset of mitosis (pink box 
indicating oscillatory area of the metaphase plate) while others move to poles, leading 
to a delay in alignment. Two short chromosomes are highlighted in pink and three long 
chromosomes are highlighted in blue.  See also Video 1. (E) Percent of long and short 
chromosomes, which are early aligning (the first three to begin oscillating in a given 
spindle) or late aligning (the last three). n denotes number of chromosomes counted 
while N denotes number of cells (Fisher’s exact test). (F) For bioriented attachments, 
poleward pulling by sister k-fibers produces opposing force that generates kinetochore 
tension while for syntelic errors, poleward pulling is counteracted by polar ejection force 
along chromosome arms. To assess whether polar ejecton force scales with 
chromosome size, live imaging was performed on STLC-treated monopolar spindles in 
PtK2 cells expressing eYFP-Cdc20 and tubulin-mCherry (G) (see also Video 2) and the 
distance of kinetochores from the pole was used to evaluate the magnitude of pushing 
force (H) (Unpaired t test).  
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Figure 2.2. Long chromosomes correct errors less efficiently. (A) Real-time error 
correction scheme: STLC washout allows monopolar spindles, enriched in attachment 
errors, to recover bipolarity and perform error correction. (B) Representative time lapse 
of error correction assay in PtK2 cells expressing eYFP-Cdc20 and mCherry-a-tubulin. 
Arrowheads denote long chromosomes stuck in erroneous attachments. One short 
chromosome is highlighted in pink and three incorrectly attached long chromosomes are 
highlighted in blue. See also Video 3. (C) Raw alignment time of short chromosomes 
(<7µm) and long chromosomes (≥7µm) in cell shown in (B). (D) Normalized alignment 
time for population such that time t=0 is the (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) time of the first chromosome 
oscillating at the metaphase plate following drug washout and t=1 is the time the last 
chromosome begins oscillating prior to anaphase (Mann-Whitney test). (E) Mean 
kinetochore speed of long and short chromosomes with respect to the pole in 
monopolar spindles. (Unpaired t test) 
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Figure 2.3. High polar ejection force increases persistence of polar chromosomes 
and reduces size effect. (A) Polar ejection forces are strongest near poles. Kid 
overexpression will increase both chromosome centering force exerted by the spindle 
and, for syntelic kinetochores, kinetochore tension. Tension is set by the force balance 
between poleward pulling at kinetochores (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) and anti-poleward pushing along 
chromosome arms.  (B) Immunofluorescence of fixed PtK2 cells transiently infected with 
Kid OE construct (pLV Kid-HaloTag) or not infected and intensity measurements for 
chromosome-localized Kid normalized to Hoechst signal for one experiment. 
Experiment was performed in triplicate obtaining similar results each time. (C) 
Schematic of the rat kangaroo chromokinesin Kid highlighting key domains, in particular 
the C terminal hairpin-helix-hairpin (HhH) domain responsible for non-specific DNA 
binding, which has been deleted in the Kid DC construct. Representative time lapse of 
Kid DC OE PtK2 cells expressing eYFP-Cdc20. See also Video 4. (D) Representative 
time lapse of Kid OE PtK2 cells expressing eYFP-Cdc20. Polar chromosomes are 
pseudo-colored in magenta for first frame (00:00) and short polar chromosomes are 
marked with an asterisk. See also Video 5. (E) Percent of cells with chromosomes stuck 
in polar attachments. Chromosomes were considered stuck if they had not reached 
alignment within 15 minutes of approaching spindle poles. (F) Number of chromosomes 
stuck near poles in control and Kid OE spindle assembly (Mann-Whitney test). (G) Time 
of alignment following pole approach for stuck polar chromosomes in control and Kid 
OE spindles. (H) Missegregating chromosomes at anaphase in Kid OE spindle from (C). 
Poles are marked with asterisks and lagging chromosomes denoted by arrowheads.  
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Figure 2.4. Chromosome size determines chromosome biorientation efficiency. 
(A) Chromosome arm ablation assay: chromosome arms of a long chromosome were 
cut shortly after nuclear envelope breakdown and kinetochores were followed 
throughout spindle assembly to determine (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) the time of alignment with respect to 
other long, unaligned chromosomes in the same cell to test whether chromosome size 
(model 1; ablated chromosome aligns early) or chromosome identity (model 2; ablated 
chromosome still aligns late) determine alignment order. (B) Representative example of 
spindle assembly following chromosome arm ablation in PtK2 cells expressing eYFP-
Cdc20. White circle indicates kinetochore on ablated chromosome, arrowheads mark 
ablated arms, asterisks denote unablated, unaligned long chromosomes. See also 
Video 6. (C) Zoom in phase contrast images of successful chromosome arm ablation in 
(B) indicated by white box. Ablation was considered complete if a clear space was 
observed between the kinetochore-containing fragment and the unattached arms (arrow 
heads) and the chromosome fragments were mechanically uncoupled in subsequent 
frames. (D) Alignment time of ablated and unablated, long chromosomes in raw time 
and normalized such that t=0 is the first chromosome to align following ablation and t=1 
is the last chromosome to align prior to anaphase (Mann-Whitney test). (E) Control 
ablation scheme depicting how incomplete ablations were performed, either by chipping 
chromosome ends off or by nicking chromosome arms to damage DNA without 
changing chromosome size substantially. (F) Representative example of control 
ablation, chipping chromosome ends. White arrowhead marks chipped chromosome 
end. (G) Raw time to alignment for control ablations and other unablated long 
chromosomes in the same cell and normalized alignment time such that t=0 is the first 
chromosome to align following ablation and t=1 is the last chromosome to align prior to 
anaphase (Mann-Whitney test). 
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Figure 2.5. Model for differential tension and error correction efficiency at 
chromosomes of different sizes. Schematic of an assembling spindle depicting early 
alignment of short chromosomes and delayed congression of long chromosomes. 
Based on our findings, we propose that these delays are due to elevated polar ejection 
force and thus elevated kinetochore tension, which stabilizes both correct and incorrect 
attachments. Despite this stabilization, long polar chromosomes typically manage to 
biorient, suggesting an existing mechanism for detecting errors subject to modest 
kinetochore tension after some delay. Detection of these errors could occur via a 
graded tension threshold wherein low tension attachments are corrected immediately, 
moderate tension attachments after a delay, and high tension attachments after a 
longer delay. Alternatively, the error correction machinery could rely on a tension-
independent mechanism for error detection in these cases. 
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Supplemental Figures and Figure Legends

 

Figure 2.6. Chromosomes experiencing delayed biorientation may be delayed as 
a result of syntelic attachment in both STLC-washout and regularly cycling cells. 
(A) Immunofluorescence of a monopolar spindle in wildtype PtK2 cells depicting a clear 
syntelic attachment (i) and a clear monotelic attachment (ii) and (B) a bipolar spindle 
following STLC-washout again showing clear examples of syntelic (i) and monotelic (ii) 
attachments. (C) Proportion of cells displaying either clear monotelic attachments, in 
which 1-3 kinetochores were clearly unassociated with microtubules, or no monotelic 
attachments in which kinetochores were all associated with microtubules (in either end-
on or lateral configuration) in two independent experiments (left, right). In all cases of 
cells with monotelic attachment, cells displayed 1-3 unattached kinetochores, but never 
more. (D) Immunofluorescence of a wildtype, regularly cycling PtK2 cell highlighting a 
naturally occurring syntelic attachment. 
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Figure 2.7. Time to biorientation after STLC washout varies widely between cells. 
(A) Raw time of chromosome alignment following STLC washout experiments for short 
and long chromosomes where colors correspond to chromosomes coming from the 
same cell. (B) Raw time of chromosome alignment in two independent cells from (A) 
(ex. #1 black and ex. #2 gray; left) and a zoomed in plot for ex. #2 (right) demonstrating 
that after drug washout, cells took variable amounts of time to achieve chromosome 
alignment initially. (C) Time of first detectable oscillating chromosome following STLC 
washout and last to begin oscillating prior to anaphase within the same cell, showing 
that while there is variability in the duration of the error correction process (~15 minute 
spread the time between the first and last chromosome alignment), most variability 
arises in the time between drug washout and the time of first chromosome alignment 
(~30 minute spread). This variable time before beginning correction of attachment errors 
following STLC washout indicates a need for time normalization in order to compare 
correction efficiency across cells.  
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Figure 2.8. Chromokinesin overexpression increases polar ejection force 
experienced by short chromosomes. (A) eYFP-Cdc20 PtK2 cells overexpressing Kid 
(Kid OE) were treated with STLC and monopolar spindles were followed and analyzed. 
Kid-HaloTag was visualized using JF549 dye. See also Video S1. (B) The average 
distance of kinetochores from poles was used to assess the magnitude of pushing force 
on long and short chromosomes in Kid OE cells compared to control cells. (Unpaired t 
test). 
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Materials and Methods 

Cell culture 

PtK2 cells expressing human eYFP-Cdc20 (gift from Jagesh Shah, Harvard 

Medical School, Boston, MA) and wildtype PtK2 cells (ATCC) were cultured at 37˚ C 

and 5% CO2 in MEM (Invitrogen) supplemented with sodium pyruvate (Invitrogen), non-

essential amino acids (Invitrogen), penicillin/streptomycin, and 10% qualified and heat-

inactivated fetal bovine serum. Karyotyping and cytogenic analysis were performed on 

G-banded metaphase cells from the eYFP-Cdc20 PtK2 line by Cell Line Genetics. Cells 

were transfected using Viafect (Promega) and imaged 72 hours after transfection with 

mCherry-a-tubulin (gift from M. Davidson, Florida State University, Tallahassee, FL). 

Transfection reactions were prepared in a 100µl reactions using a 1:6 ratio of DNA to 

Viafect in OptiMEM media. Overexpression experiments were done with transient 

lentiviral infection. The coding sequence for the rat kangaroo chromokinesin Kif22/Kid 

was obtained from the PtK transcriptome (Udy et al., 2015) and cloned into a puromycin 

resistant lentiviral backbone. Rat kangaroo KidDC (89 amino acids deleted at the C 

terminus) was designed based on predicted secondary structure of Kid (Paysan-

Lafosse et al., 2023) and homology of rat kangaroo Kid to human Kid at a helix-hairpin-

helix (HhH) domain known to be involved in non-specific DNA binding (Tokai et al., 

1996). Lentivirus was generated in Hek293T cells, and PtK2 cells were infected 48-72 

hours prior to imaging spindle assembly.  
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Microscopy 

Live imaging was done using an inverted (Eclipse Ti-E; Nikon) spinning-disk 

confocal microscope (CSU-X1; Yokogawa Electric Corporation) with Di01-

T405/488/568/647 dichroic head (Semrock), 100x 1.45 Ph3 oil objective, 405 nm (100 

mW), 488 nm (120 mW), 561 nm (150 mW), 642 nm (100 mW) diode lasers, emission 

filters (ET455/50M, ET525/50M, ET630/75M, and ET690/50M; Chroma Technology 

Corp.), and either an iXon3 camera (Andor Technology) (Fig. 2.1G, 2.2B, 2.3B, 2.3C, 

2.3D, 2.3H, 2.4B, 2.4C, 2.4E, 2.6A, 2.6B, 2.6D, 2.8A) or a Zyla 4.2 sCMOS camera 

(Andor Technology) (Fig. 2.1B, 2.1D). Cells were plated for imaging on 35-mm dishes 

with #1.5 poly-D-lysine coated coverslips (MatTek Corporation). For all live experiments 

except drug washouts, images were collected at bin=1, while drug washout and 

monopole movies were collected at bin=2 on MetaMorph (7.8, MDS Analytical 

Technologies) or Micro-Manager (2.0.0). Cells were imaged in phase contrast and 

fluorescence in a single z-plane (Fig. 2.3, 2.8, 2.4), six z-planes spaced 0.35µm apart 

(Fig. 2.1G, 2.2), or three z-planes spaced 0.35µm apart (Fig. 2.1B, 2.1D). Cells were 

imaged in a humidified stage-top incubation chamber (Tokai Hit) at 37°C (or 30°C for 

monopole and STLC washout experiments (Fig. 2.1G and Fig. 2.2) with 5% CO2. Cells 

expressing HaloTag constructs were labelled with 200nM JF549 or JF646 (Promega) 

for 30 minutes prior to imaging. 

 

Immunofluorescence 

For all immunofluorescence experiments described below, cells were seeded on 

poly-L-lysine coated coverslips. For immunofluorescence to validate chromokinesin 
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overexpression, cells were transiently infected with lentivirus driving expression of PtK 

Kid-HaloTag for 48 hours. Cells were then labeled with HaloTag dye JF549 and fixed in 

99.8% methanol for 3 minutes at -20°C and permeabilized in TBS1x (Tris buffered 

saline) + 2% BSA + 0.1% Triton for 30 minutes (IF Buffer hereafter). For 

immunofluorescence after STLC-washout experiments, cells were treated with 7.5µM 

STLC for 1 hour, then washed out of solution (5x media exchanges) and incubated at 

37°C for 55 – 85 minutes prior to fixation in 99.8% methanol for 3 minutes at -20°C and 

permeabilization in IF Buffer. For immunofluorescence of regularly cycling cells, these 

were cold-treated by incubating in 4°C media for 5 minutes prior to the same fixation 

and permeabilization conditions. For all above experiments, primary antibodies were 

incubated overnight at 4°C (chromokinesin overexpression) or for one hour at room 

temperature (STLC-washout and regularly cycling cells) at the following concentrations 

in IF Buffer: mouse anti-a-tubulin (DM1a, 1:1000, Sigma T6199), rabbit anti-rat 

kangaroo-Kid (3µg/ml, Genscript), human anti-CREST (1:25, Antibodies Incorporated 

15-234-0001), rat anti-tubulin (1:2000, MCA77G, Bio-Rad; RRID: AB325003), rabbit 

anti-centrin2 (1:1000, Millipore, ABE480). The anti-rat kangaroo Kid antibody was raised 

in rabbits against the full Kid protein translated from the coding sequence obtained from 

the rat kangaroo transcriptome (Udy et al., 2015). Coverslips were washed three times 

in IF buffer (5 minutes each) before incubating with secondary antibodies (1:500 in IF 

buffer, 30 minutes at room temperature): goat anti-rabbit IgG Alexa Fluor 488 (A11008, 

Invitrogen) for Kid OE, and  goat anti-rabbit IgG Alexa Fluor 647 (A21245, Invitrogen), 

goat anti-human IgG Alexa Fluor 561 (A21090, Invitrogen), goat anti-mouse 488 

(A11001, Invitrogen), and goat anti-rat 488 (A11006, Invitrogen) for STLC-washout and 
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regularly cycling cells. Samples were washed three times in IF buffer, incubated with 

Hoechst 33342 (1µg/ml, H3570, Invitrogen) for one minute, and washed in IF buffer 

once more prior to mounting on slides with ProLong Gold Antifade Mountant (p36934, 

Thermo Fisher). 

 

Laser ablation 

Laser ablation experiments were done using 514 nm ns-pulsed laser light and a 

galvo-controlled MicroPoint Laser System (Andor, Oxford Instruments) operated 

through Micro-Manager. Spindle assembly was imaged with single z-planes in both 

phase contrast and 488 nm (to visualize kinetochores expressing eYFP-Cdc20) to 

identify unaligned long chromosomes (by phase contrast). Chromosomes were selected 

to ablate if they were relatively isolated (a stretch of chromosome not overlapping with 

others), not at the spindle center, and if most of the chromosome arms were in focus at 

a single z-plane (little to no tilt). Ablations were performed by firing the laser at 4-8 

discrete points across the width of chromosome arms (40-80 pulses of 3ns at 20 Hz) 

and successful chromosome arm ablations were verified by a visible continuous gap 

between chromosome segments and mechanical uncoupling of ablated arms and the 

kinetochore-containing fragment (i.e., moving in different directions). Similarly, control 

ablations were considered successful if a noticeable change could be seen at the site of 

laser targeting (a loss of roundness at chromosome ends or visible damage along 

chromosome arms). 
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Drug treatments and washouts 

To generate monopolar spindles, Eg5 motor activity was inhibited by addition of 

S-trityl-L-cysteine (STLC; 7.5µM). Monopoles were imaged and kinetochores tracked for 

no more than 45 minutes. Error correction was assessed by STLC washout, imaging 

every four minutes for the first 40-60 minutes until spindles appeared roughly bipolar but 

had not reached metaphase, then every 20 seconds thereafter. 

 

Image analysis 

Kinetochores were manually tracked using the MTrackJ plugin on FIJI 

(Schindelin et al., 2012) with a combination of eYFP-Cdc20 and phase contrast to follow 

individual kinetochores and measure the size of chromosomes. For kinetochores that 

left the imaging plane for a short period during a movie, rough position (polar or at the 

metaphase plate) was recorded using the phase contrast channel. Chromosome size 

was measured in 2-dimensions using the segmented line tool on FIJI on single z plane 

phase contrast images to measure the longest dimension of a chromosome. In a 

crowded spindle, kinetochore tracks were used to find the clearest frame for size 

measurement. Long chromosomes were considered those ≥7µm and short 

chromosomes were those <7µm in length. 

For alignment order (Fig. 2.1D) and alignment time (Fig. 2.2C, 2.3D, 2.3E, 2.4D), 

the metaphase plate was defined as the region between poles in which oscillating 

chromosomes resided. Oscillating chromosomes were defined as chromosomes with K-

K distance of ≥1.8µm moving periodically toward one spindle pole, then the other. 

Distance to pole (Fig. 2.1G) was calculated in monopolar spindles by finding the 
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shortest distance between kinetochore position and pole position (found by MTrackJ 

using mCherry-a-tubulin fluorescence) and speed of kinetochore movement (Fig. 2.4E) 

was determined by measuring the change in kinetochore-to-pole distance over the 

change in time. 

For immunofluorescence, brightness and contrast for each channel were scaled 

identically within each experiment. A threshold mask (Yen method) was applied using 

the Hoechst signal (for chromosome selection) to determine the area in which we would 

measure fluorescence intensity of our protein of interest. Fluorescence intensity was 

measured of both the chromokinesin Kid and the reference (Hoechst) and normalized 

by the intensity of the reference (Fig. 2.3B). Three independent experiments were 

performed and quantified separately, yielding comparable results. 

Statistical analyses were performed in Graphpad Prism 9. For parametric 

datasets (Fig. 2.1G), the student’s t test was used. For non-parametric datasets (Fig. 

2.2C, 2.3B, 2.3E, 2.3F, 2.4D), the Mann-Whitney was used. Fisher’s exact test was 

used in Fig. 2.1D. 
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Chapter 3: Defining the spindle assembly checkpoint’s input cues at individual 

kinetochores and how its output signals are integrated across many kinetochores 
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Abstract 

The spindle assembly checkpoint (SAC) ensures accurate chromosome segregation at 

cell division, generating a diffusible signal at unattached kinetochores to inhibit the 

anaphase promoting complex. Tension at kinetochores has been implicated not as a 

direct SAC input cue, but a requirement to stabilize kinetochore-microtubule 

attachments. The precise input cues the SAC monitors and how the cell integrates SAC 

output signals across its many kinetochores to regulate anaphase entry are not yet 

clear. Here, we address these questions by laser ablating kinetochores to generate 

unpaired sisters in human RPE1 cells and monitoring the cell’s ability to enter 

anaphase. In nocodazole-treated mitotic cells (without microtubules), we ablate 0, 1, or 

2 kinetochores, wash out nocodazole to allow spindle formation and measure progress 

to anaphase. We find that neither 1, 2, nor 3 sister-less kinetochores is sufficient to 

prevent anaphase. However, we see a progressive delay to anaphase entry with 

increasing number of unpaired kinetochores, suggesting that the strength of the SAC 

scales with the number of kinetochores lacking a sister. We are now asking to what 

extent and with what dynamics these unpaired kinetochores silence the SAC, which will 

shed light on the cellular sources of input SAC satisfaction cues. In parallel, we are 

assessing the tolerance of anaphase entry to individual signaling kinetochores and 

questioning how this tolerance scales with chromosome complement. This work may 

have important implications for understanding how specific aneuploidies form and 

propagate in disease.  
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Introduction 

When a cell divides, chromosomes must accurately attach to the spindle, sense 

their attachment status, and signal to the cell whether they are ready to enter anaphase 

(Musacchio and Desai, 2017). The kinetochore serves as both the mechanical interface 

mediating attachment and the signaling platform regulating anaphase entry. The spindle 

assembly checkpoint (SAC) prevents anaphase entry until all kinetochores are stably 

attached to the spindle in order to maintain genome integrity (Musacchio, 2015). Prior to 

microtubule attachment, kinetochores recruit Mad1 and Mad2, which assemble a 

signaling platform that generates a diffusible anaphase-prevention signal (Chen et al., 

1998; De Antoni et al., 2005; Maldonado and Kapoor, 2011). The formation of stable 

end-on microtubule attachments, but not lateral ones, induces SAC satisfaction or 

silencing through dynein-mediated SAC stripping (Howell et al., 2001; Kuhn and 

Dumont, 2017; Wojcik et al., 2001). Determining which cellular conditions are required 

to generate and detect stable attachments capable of satisfying the SAC will expand our 

understanding of how aneuploidy is avoided in different cell and tissue contexts. 

As kinetochore-microtubule attachments mature, the molecular composition of 

the kinetochore changes, lengthening k-fiber lifetime and stabilizing the attachment. 

Microtubule-binding proteins array in a sheet across the kinetochore and bind bundles 

of 15-25 microtubules that constitute a mammalian kinetochore-fiber (k-fiber) (McEwen 

et al., 1997; Zaytsev et al., 2015, 2014). Kinetochores binding microtubules at their plus-

ends trigger dynein stripping of Mad1/2 from kinetochores to the spindle poles. How 

these layered signaling platforms determine which microtubule attachments warrant 

dynein-mediated stripping and which do not has not been well characterized. While it is 
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an attractive model, inter-kinetochore tension is not thought to be required for SAC 

satisfaction in the case of hyper-stable kinetochore-microtubule attachments (Etemad et 

al., 2015; Kuhn and Dumont, 2019; Tauchman et al., 2015). However, low-tension 

attachments such as those formed in prometaphase and present in monopolar spindles 

do not reliably satisfy the SAC, so the questions of how tension impacts formation of 

stable attachments and what cellular conditions generate stable attachments remain 

open. It may be that kinetochore-microtubule attachment maturation triggers SAC 

satisfaction through recruitment of molecular cues or lengthening of microtubule 

association time. Further, the dynamics of SAC satisfaction have been shown to be 

switch-like rather than graded at individual kinetochores in mammalian rat kangaroo 

(PtK2) cells (Kuhn and Dumont, 2017), but how and whether these dynamics may vary 

across cell type and species is unclear.  

The SAC operates both locally at individual kinetochores and globally in the 

cytoplasm to trigger an anaphase entry decision. How permissive the cytoplasmic 

anaphase entry decision is may vary based on species, cell type, and chromosome 

complement (Collin et al., 2013; Dick and Gerlich, 2013; Rieder et al., 1995). 

Understanding how the cell integrates local SAC signals to generate a global anaphase 

entry decision will provide a framework for dissecting how individual chromosome and 

kinetochore features can impact overall mitotic accuracy and, ultimately, tissue health. 

This will provide a lens through which to understand evolutionary pressures shaping 

mitotic regulatory mechanisms and genome health.  

Here, I show that the spindle assembly checkpoint can detect defects in 

kinetochore attachments when kinetochores lack the opposing force from their sisters, 
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but these defects are sufficient only to stall anaphase, not to prevent it. Cells with 1 – 3 

sisterless kinetochores experience a titratable mitotic delay of 20 min maximum, 

negligible compared to mitotic delays observed in cells with active SAC signal at the 

kinetochore. Additionally, cells do not exhibit lagging chromosomes at anaphase, 

suggesting unpaired, sisterless kinetochores are unlikely to satisfy the SAC as a result 

of merotelic attachment formation. Instead, we propose a model wherein sisterless 

kinetochores form attachments with lower stability than control bioriented kinetochores, 

but which are sufficiently stable to satisfy the SAC with altered dynamics. These 

findings provide an important starting point for understanding what cues are required to 

generate stable attachments during spindle assembly and how those cues contribute to 

inducing a robust anaphase entry decision. 

 

Results 

Unpaired sisterless kinetochores induce a titratable metaphase delay but do not prevent 

anaphase.  

To determine what cues are required at the kinetochore to form stable 

attachments and enter anaphase, we assessed whether kinetochores were capable of 

adequately preventing anaphase in the absence of their sister. We generated mitotic 

cells without a spindle by treating RPE1 cells with nocodazole to depolymerize 

microtubules, ensuring all kinetochores had an active SAC signal, and used laser 

ablation to produce unpaired, sisterless kinetochores (Fig. 3.1A). Then, we performed 

drug washouts and live imaging and measured mitotic progression. To control for any 

effects of photodamage or incomplete nocodazole washout, all experiments were 
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performed in parallel with control ablations, which were subject to equivalent ablations 

in a region of the cytoplasm containing no kinetochores (Fig. 3.1B). We found that cells 

with 0-3 individual kinetochore ablations entered anaphase with increasing time spent in 

metaphase that scaled with the number of unpaired sisterless kinetochores. In controls 

(0 unpaired kinetochores), 61.7% of all cells had entered anaphase after 6 - 14 min. or 

less spent in metaphase, while at the same point, just 32.5% of single ablated cells (1 

unpaired kinetochore), 41.7% of double ablated cells (2 unpaired kinetochores), and 

33% for triple ablated cells (3 unpaired kinetochores).  

Eventual anaphase entry in cells with ablated kinetochores could reflect a defect 

in SAC signaling, either at the kinetochore or across the cell, or a defect in attachment 

of unpaired, sisterless kinetochores that triggered SAC satisfaction. To confirm 

unpaired, sisterless kinetochores were not forming merotelic attachments in the majority 

of cells, we assessed the instance of lagging chromosomes at anaphase following 

nocodazole washout. We saw 10% of cells with lagging chromosomes at anaphase in 

control cells compared to 12% in single ablated, 22% in double ablated and 0% in triple 

ablated cells (Fig. 3.1F). These populations are not statistically different (p=0.46), 

indicating that anaphase entry was unlikely to be the result of forming new merotelic 

attachments at sisterless kinetochores. Additionally, in ablated cells, the count of 

lagging kinetochores in some cases outnumbered that of sisterless kinetochores, 

suggesting these laggards may represent natural formation in merotelic attachments as 

a result of nocodazole washout. While extended metaphase duration in cells with 

kinetochore ablations suggests a SAC signaling defect, eventual anaphase entry 

suggests that defect is not complete. Thus, we conclude either cells can enter 
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anaphase with as many as three kinetochores actively signaling the SAC or that SAC 

satisfaction dynamics at these unpaired sisterless kinetochores is altered (Fig. 3.2). 

 

Discussion  

Faithful chromosome segregation requires tight regulation of anaphase entry 

timing, avoiding segregation until all chromosomes are properly bioriented. Here, we 

asked how this process is regulated at individual kinetochores and globally across the 

cell by eliminating opposing force from sister kinetochores. We found that cells with 

unpaired, sisterless kinetochores entered anaphase but experienced a progressive 

delay in the metaphase to anaphase transition that scaled with the number of unpaired 

kinetochores. This work suggests that opposing force from sister kinetochores 

contributes to the formation of stable attachments capable of silencing the SAC but are 

not required for eventual anaphase entry. Altogether, this leads to a model wherein 

unpaired kinetochores can form sufficiently stable attachments to satisfy the SAC, either 

locally at the kinetochore or globally across the cytoplasm, albeit with altered dynamics.  

Overall, this work provides insight into the physical conditions required to satisfy 

the SAC individually at kinetochores and across the cell in a global anaphase entry 

decision. While generating unpaired sisterless kinetochores delays anaphase and 

extends the duration of metaphase, it does not prevent segregation altogether (Fig. 

3.1C & 3.1D). In the absence of opposing force from a sister kinetochore, then, SAC 

signaling is defective. Unlike studies of mitosis in unreplicated genomes (O’Connell et 

al., 2008), we do not find that acutely generated unpaired, sisterless kinetochores form 

merotelic attachments often (Fig. 3.1F). While it is clear that ablation causes this 
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extension in metaphase duration, we have not yet identified the source of this delay. It 

may be that the global anaphase entry decision has a loose detection threshold such 

that a single kinetochore signaling the SAC can prevent anaphase for only a brief time 

and that buffer period extends with more signaling kinetochores. This is partially 

consistent with existing data that report SAC signal strength is graded across the cell 

(Collin et al., 2013; Dick and Gerlich, 2013). However, anaphase entry in the presence 

of even few SAC-positive kinetochores takes several hours in these instances while we 

see only minutes-long delays.  

Instead, we propose the SAC may be satisfied with altered dynamics at unpaired 

kinetochores. This altered satisfaction could involve partial satisfaction of unpaired 

kinetochores (Fig. 3.2), though the remaining signal at a kinetochore would need to be 

less than one third of a fully active kinetochore to account for anaphase in the triple 

ablation condition. While non-human mammalian cells silence the SAC in an all-or-none 

fashion (Kuhn and Dumont, 2017), there is precedent for partial SAC satisfaction in 

Drosophila (Cane et al., 2013a). Alternatively, SAC satisfaction could be transient, 

stochastically turning on and off at an individual kinetochore over time (Fig. 3.2). This 

transient satisfaction could create progressive delays with increasing numbers of 

sisterless kinetochores by preventing anaphase until transient satisfaction overlaps 

across all sisterless kinetochores. Finally, SAC satisfaction at these sisterless 

kinetochores may simply occur at a lower rate, such that these lower tension 

attachments lose SAC signal steadily over many minutes (Fig. 3.2), delaying anaphase 

onset until satisfaction is complete. 
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Future work should aim to understand how the SAC signals at individual 

sisterless kinetochores and establish integration mechanisms of kinetochore signals 

across the cell. Opposing force has been shown to promote kinetochore-microtubule 

attachment stability even in the absence of biorientation (Chong et al., 2024). Probing 

the role of polar ejection forces in stabilizing sisterless kinetochore attachments and 

facilitating metaphase delay will help elucidate the cues the mammalian SAC machinery 

monitors and whether dynamics or efficiency varies across different chromosomes 

based on size or kinetochore position. Additionally, how kinetochore maturation 

markers, especially Ska and SKAP, which are recruited to kinetochores at metaphase 

(Cheerambathur et al., 2017; Fang et al., 2009; Hanisch et al., 2006; Schmidt et al., 

2010), influence SAC satisfaction dynamics remains an exciting open question. These 

molecular indicators of mature, stable attachments may serve as cues to trigger SAC 

satisfaction in the absence of directly sensing tension. Alternately, the kinetochore may 

monitor k-fiber lifetime—or duration of association with Ndc80 and any given 

microtubule—to measure the stability of an attachment. Finally, it remains possible that 

SAC satisfaction occurs at most long-lived kinetochore-microtubule attachments and 

relies on error correction to facilitate detachment from unproductive kinetochores and 

trigger re-activation of the SAC. This model would represent a surprising paradigm shift 

in our understanding of the SAC, but careful characterization of SAC satisfaction 

dynamics has not been done in monopolar spindles to test it. 

Characterizing the role of biophysical cues in SAC satisfaction provides insight 

into the mechanisms safeguarding the genome from aneuploidy. This work reveals new 

design principles underlying the molecular regulation of SAC satisfaction at the 
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kinetochore and the evolutionary forces shaping chromosome segregation outcomes 

and aneuploidy. 
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Figures and Figure Legends 

 

 

Figure 3.1. Unpaired sisterless kinetochores induce a titratable metaphase delay 
but do not prevent anaphase. (A) Laser ablation and drug washout schematic: 
nocodazole treatment ensures the SAC is active at all kinetochores when ablations 
occur and drug washout allows spindle recovery following kinetochore ablation to 
measure mitotic progression. (B) Representative examples of control and double 
kinetochore ablations. Lightning bolts denote location of ablation target, white 
arrowheads denote ablated kinetochore. (C) Representative time-lapse of RPE1 cells 
with control and double kinetochore ablations imaged every 5 min after nocodazole 
washout. Metaphase duration window is calculated based on number of frames at 
metaphase prior to anaphase onset and denoted with magenta dotted lines. White 
arrowheads denote unpaired sisterless kinetochores. (D) Metaphase duration for cells 
shown in (C) for control, single, double, and triple ablations. Numbers in parentheses 
are denoted (n/N) where n=number of cells (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) and N=number of independent 
experiments. (E) Model for anaphase with unpaired, sisterless kinetochore in either 
monotelic (left) or merotelic (right) attachment depicting how merotely would induce 
lagging chromosomes at anaphase. (F) Percent of cells with lagging chromosomes 
following ablations. 
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Figure 3.2. Model for SAC satisfaction at unpaired sisterless kinetochores. 
Extended metaphase duration may reflect different defects of the spindle assembly 
checkpoint. First, permissive anaphase in which the global checkpoint cannot prevent 
anaphase in the presence of 0 – 3 kinetochores signaling the SAC. Second, transient 
satisfaction in which individual sisterless kinetochores satisfy and reactivate over time, 
delaying anaphase onset. This delay would increase with number of sisterless 
kinetochores as they asynchronously oscillate between active and satisfied. Third, it 
could reflect partial but incomplete removal of Mad1 and Mad2 at individual 
kinetochores. Or fourth, stripping of SAC components may occur at a slower rate than in 
unperturbed control cells. All of these defects could produce a similar titratable delay in 
anaphase onset with increasing number of unpaired kinetochores. 
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Materials and Methods 

Cell culture 

RPE1 cells expressing human CenpA-GFP and human Centrin-GFP (gift from 

Alexey Khodjakov, Wadsworth Center) were cultured at 37˚ C and 5% CO2 in 

DMEM/F12 (11320, Thermo Fisher) supplemented with penicillin/streptomycin, and 

10% qualified and heat-inactivated fetal bovine serum. 

 

Microscopy 

Live imaging was done using an inverted (Eclipse Ti-E; Nikon) spinning-disk 

confocal microscope (CSU-X1; Yokogawa Electric Corporation) with Di01-

T405/488/568/647 dichroic head (Semrock), 100x 1.45 Ph3 oil objective, 405 nm (100 

mW), 488 nm (120 mW), 561 nm (150 mW), 642 nm (100 mW) diode lasers, emission 

filters (ET455/50M, ET525/50M, ET630/75M, and ET690/50M; Chroma Technology 

Corp.), and an iXon3 camera (Andor Technology). Cells were plated for imaging on 35-

mm dishes with #1.5 poly-D-lysine coated coverslips (MatTek Corporation). Images 

were collected every 10 s during ablations and every 5 min after drug washout at bin=1. 

 

Laser ablations and drug washouts 

To synchronize cells and ensure the SAC was active at all kinetochores, 

microtubule polymerization was inhibited by addition of nocodazole (2µM) and cells 

were labeled with SiR-Tubulin (Cytoskeleton Inc., 1:10,000) and were incubated for no 

more than 60 minutes prior to imaging. Laser ablation experiments were done using 514 

nm ns-pulsed laser light and a galvo-controlled MicroPoint Laser System (Andor, Oxford 
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Instruments) operated through Micro-Manager. Control and kinetochore ablations were 

performed in parallel while cells were in nocodazole by targeting the laser to fire 20-40 

pulses of 3ns at 20 Hz per kinetochore. Control ablations targeted an area of the 

cytoplasm near chromosomes without destroying any kinetochores. Nocodazole was 

washed out of the imaging plate using 10x2mL media exchanges, and cells were 

imaged every five minutes until anaphase. 

 

Image analysis 

Mitotic duration was determined by identifying metaphase spindles manually, 

where metaphase was defined as a state in which all chromosomes were attached to 

the spindle and aligned tightly at the midpoint between two spindle poles. Anaphase 

was identified by sister kinetochore separation. Metaphase duration was calculated 

based on a 5 min imaging interval such that cells found to be at metaphase for 0 frames 

prior to anaphase were determined to have a metaphase duration of 0-4 min, 1 frame at 

metaphase prior to anaphase had a metaphase duration of 1-9 min, and so on. Lagging 

chromosomes were assessed in cells with a clear view of anaphase and kinetochores 

were considered lagging if they were noticeably set away from the main chromosome 

mass in the direction of the spindle midzone.  
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Chapter 4: Conclusions and Future Directions 
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Physical Features Affecting Kinetochore Decision-Making 

In this dissertation, I have asked how biophysical cues contribute to key 

decisions cells make during division: whether to hold on (error correction) and when to 

divide (the spindle assembly checkpoint). Because it is so hard to separate force at the 

kinetochore from microtubule binding, this has been historically challenging to address 

but understanding the role of physical cues in regulating mitosis provides a frame of 

reference for understanding cell division in context. Indeed, cell division is a distinctly 

mechanical process so the physical landscape in which it occurs may be critical for 

understanding what maintains chromosome segregation fidelity.  

In Chapter 2, I asked how the capacity to form correct attachments and resolve 

incorrect ones varied across chromosomes of different sizes and what role tension 

played in promoting correct biorientation. I investigated this question in mammalian rat 

kangaroo (PtK2) cells and used laser ablation and chromokinesin overexpression to 

perturb tension at kinetochores. I found that long chromosomes experience higher polar 

ejection force than short ones, which promotes attachment stabilization and delays error 

correction when incorrect attachments do form. This provided direct evidence that force 

at the kinetochore leads to attachment stabilization and improves accuracy of 

chromosome segregation. Thus, the kinetochore-microtubule interface relies on its 

mechanics to perform its regulatory function.  

Many open questions remain about the physical features affecting error 

correction outcomes in mammalian mitosis. How chromatin compliance (Schneider et 

al., 2022), kinetochore material properties (Cojoc et al., 2016), and kinetochore position 

(Dumont et al., 2020) affect error correction efficiency will be important for 
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contextualizing the evolution of karyotypes across species. Additionally, the role of 

tissue and extracellular matrix in providing a strong foundation for the spindle to transmit 

force most effectively is only just beginning to be understood (Knouse et al., 2018). 

Understanding these extracellular effects may reveal cell type and tissue-specific 

differences in aneuploidy propensity. In addition to the physical signals regulating error 

correction, how error correction impacts other processes, including kinetochore 

maturation and spindle assembly checkpoint satisfaction remain open questions. 

In Chapter 3, I addressed the roles of signal detection and signal integration in 

the anaphase entry decision. I used human RPE1 cells to ask whether kinetochores 

required opposing force from a sister kinetochore in order to satisfy the spindle 

assembly checkpoint (SAC) and enter anaphase. I found that 1 – 3 unpaired, sisterless 

kinetochores delayed anaphase onset in a graded manner but did not prevent it, 

reflective of a SAC defect at the kinetochore in the absence of a sister. This defect likely 

stemmed from altered satisfaction dynamics, either at the kinetochore or across the 

cytoplasm. Immediate future directions will focus on measuring SAC satisfaction at high 

time resolution in these unpaired, sisterless kinetochores and assessing integration 

mechanisms for incorporating signals from multiple kinetochores across the cell. 

This work has also opened the door for questions of how SAC satisfaction 

dynamics vary across different chromosomes. By pairing kinetochore ablations with 

chromosome arm ablations and chromokinesin overexpression (Chong et al., 2024), 

future experiments could identify direct effects of force on detection of stable 

attachments. Additionally, while SAC satisfaction has been demonstrated to occur in a 

stepwise manner in mammalian PtK2 cells (Kuhn and Dumont, 2017), how this may 
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differ across systems is unknown (Cane et al., 2013a). Careful characterization of SAC 

satisfaction dynamics in human cells in both bipolar and monopolar spindles will provide 

insight into two questions: first, whether partial removal of Mad 1 and Mad2 is 

biologically relevant in human cells and second, whether SAC satisfaction always 

occurs stably or can transiently oscillate between active and silent. Such transient 

oscillation may be contingent on the specific mechanism of SAC satisfaction, which can 

occur in both dynein-dependent and -independent ways. This work may also provide 

insight into how long-lived k-fibers must be in order to induce stable SAC satisfaction by 

measuring k-fiber lifetime in monopoles and bipoles. These details of SAC satisfaction 

mechanism determine the susceptibility of the system to noise. Additionally, this thesis 

sets the groundwork for characterizing the cytoplasmic detection threshold for the SAC 

(i.e. the number of SAC-signaling kinetochores required to prevent anaphase onset 

altogether), which may vary across species and with chromosome complement.  

 

Crosstalk in kinetochore signaling pathways safeguards the genome 

 How these two critical signaling roles at the kinetochore, error correction 

and the spindle assembly checkpoint, interface with one another remains a pressing 

open question. While both are required to maintain accuracy of chromosome 

segregation, whether their precision and efficiency align under all circumstances is not 

clear. Because SAC satisfaction occurs independently in sister kinetochores (Kuhn and 

Dumont, 2017) but biorientation, the desired outcome of error correction, reflects the 

attachment status of both sisters simultaneously, it stands to reason that the SAC may 

occasionally satisfy at incorrect attachments only to reactivate following error correction-
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induced detachment. By characterizing the specific cues each pathway senses, we will 

better be able to predict when these two pathways may diverge, leading to 

missegregation. Ultimately, quantitative analysis paired with creative mechanical 

perturbations will be critical for this, allowing a clearer picture of the design principles 

that dictate cellular decision-making in the context of mitosis and across cell biology.   
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