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Abstract 

Robertsonian chromosomes are the most common constitutional translocation in humans, 

occurring in 1 in 800 of the general population. In 2014 it was discovered that carriers of the 

rare Robertsonian chromosome, rob(15;21)c, were strongly predisposed to developing a 

subtype of leukaemia, iAMP21-ALL (with ~2700-fold increased risk). In such cases, 

rob(15;21)c is dramatically rearranged to form a derivative chromosome that drives leukaemia. 

In silico modelling suggested that this derivative chromosome is produced by a catastrophic 

DNA damage event, chromothripsis, involving two copies of the rob(15;21)c chromosome. The 

reason for such a massive predisposition is not currently well understood. Here, I use cell 

biological techniques to explore the characteristics of the rob(15;21)c chromosome to better 

understand the mechanism causing iAMP21-ALL development. I show that rob(15;21)c is 

often actively dicentric, with the ability to assemble two kinetochores per sister chromatid. 

Despite the fact that rob(15;21)c is stably maintained in the cells of human carriers, I find that 

rob(15;21)c frequently mis-segregates during mitosis, at a much higher rate than chromosomes 

15 and 21. I propose a mechanism in which the dicentricity of rob(15;21)c leads to an increased 

number of erroneous microtubule-kinetochore attachments which, if not resolved, often cause 

both rob(15;21)c chromatids to lag during anaphase. If this mis-segregation persists into 

telophase, then rob(15;21)c chromatids may enter a micronucleus, an environment previously 

shown to be a facilitator of chromothripsis. In summary, this work suggests that, due to the 

aberrant segregation tendencies of rob(15;21)c, carriers are predisposed to chromothripsis of 

rob(15;21)c and, in turn, the development of iAMP21-ALL. 
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Chapter 1: Introduction 

1.1 Overview 

A seminal study in 2014 highlighted the hugely increased risk that carriers of the dicentric 

Robertsonian chromosome rob(15;21)c have for developing a subtype of leukaemia, iAMP21-

ALL. Although many studies have examined the clinical implications of Robertsonian 

chromosomes, few have looked at the cell biology that causes them to behave differently from 

normal chromosomes. Furthermore, rob(15;21)c is rarer than some other Robertsonian 

translocations and has therefore been less well studied.  

The focus of this thesis is to characterise rob(15;21)c, its segregation properties in mitosis, and 

to better understand why carriers are predisposed to iAMP21-ALL development. 

In this introduction, I will outline the mammalian cell cycle, and summarise current knowledge 

of chromosome segregation and mis-segregation. I will then introduce dicentric chromosomes, 

with a particular focus on Robertsonian chromosomes and the causes and consequences of 

dicentric chromosome mis-segregation. As the rob(15;21)c chromosome appears to undergo 

extensive reorganisation to produce a derivative chromosome that drives leukaemia, I introduce 

the topic of chromosome rearrangements such as chromothripsis, and the models of how they 

may occur. Finally, I end the Introduction with information on iAMP21-ALL and its subtypes. 

1.2 Cell cycle 

1.2.1 Introduction to the cell cycle 

The eukaryotic cell cycle enables the growth and division of a cell to create two identical 

daughter cells. This process consists of interphase (approximately 23 hours of the ~24 hour cell 

cycle) and mitosis (approximately 1 hour of the ~24 hour cell cycle); depicted in Figure 1.1. 

Interphase is split into a first growth/gap phase (G1), a DNA replication phase (S) and a second 

growth/gap phase (G2), though cells can also exit the cell cycle to become quiescent in G0. 

Although mitosis is a relatively short process in the cell cycle, it is complex and consists of 

multiple, highly regulated stages; prophase, prometaphase, metaphase, anaphase and telophase 

(described in 1.2.2). 

The cell cycle is a tightly controlled process, orchestrated largely by complexes consisting of a 

cyclin and a Cyclin-Dependent Kinase (CDK). As the cell cycle progresses, cyclin levels rise 
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and fall; when bound to their CDK partner they drive progression through the cell cycle via 

their kinase activity. CDK4/6 are partnered with D-types cyclins to regulate G1 phase. CDK2 

is partnered with cyclin E to regulate the G1-S phase transition, CDK2 with cyclin A to regulate 

S phase, CDK1 with cyclin A to regulate the G2-M phase transition and CDK1 with cyclin B 

for mitosis1,2. While CDK-cyclin complexes drive a cell through the cell cycle, checkpoints 

have the ability to halt this progression. Cell cycle checkpoints act to ensure that each phase of 

the cell cycle is accurately completed before the next begins. Checkpoints are activated by 

various signals (e.g. the mitotic/spindle assembly checkpoint is triggered by unattached 

kinetochores, halting cell progression until all kinetochores are bound to microtubules, at which 

point anaphase can commence). 
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Figure 1.1. The eukaryotic cell cycle. Diagram of the eukaryotic cell cycle all stages of interphase and 

mitosis. Mitosis stages are represented graphically with microtubules labelled in green, DNA in blue, centromeres 

in magenta, nuclear envelope in grey. Adapted from a PhD Thesis from Beccy Harris3. 

1.2.2 Stages of mitosis 

Mitosis, albeit short, is a difficult and high-stakes stage of the cell cycle. Splitting genetic 

material (previously replicated in S phase) perfectly from one cell into two requires a high 
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degree of accuracy. Failure of proper chromosome disjunction has the ability to cause 

aneuploidy and cancer4–8. Although mitosis has been well studied, many of its complexities 

have yet to be fully understood. 

Mitosis consists of multiple stages (pictured in Figure 1.1). Firstly, prophase involves the 

initiation of chromosome condensation. This is coupled with the breakdown of the nuclear 

envelope and loss of the nucleolus. In prophase, the centrosomes begin travelling toward the 

cell poles. The cohesin that has been holding sister chromatids together since S phase is now 

removed from chromosome arms in a cleavage-independent manner (prophase pathway)9. 

However, centromeric and pericentromeric cohesin is retained due to the protection by 

Shugoshin (and possibly haspin), and sister chromatids are still held together at their 

centromeres10,11. 

In prometaphase, chromosomes become fully condensed, and the breakdown of the nuclear 

envelope is completed. Spindle microtubules continue to grow from the centrosomes as they 

start to form connections with some kinetochores. Many of these connections may be short 

lived, though some will persist. As these connections are being formed, some chromosomes 

will become bioriented, with each kinetochore binding microtubules from opposite poles. This 

will begin the process of chromosomes lining up on the cell equator.  

When all chromosomes are bioriented and lined up on the cell equator (metaphase plate) a cell 

is described as being in metaphase.  

If the Spindle Assembly Checkpoint (SAC) is satisfied (all kinetochores are microtubule-

bound), then metaphase is short lived. The now active Anaphase Promoting Complex (APC/C) 

targets cyclin B1 for destruction, rendering CDK1 inactive12. This initiates the onset of 

anaphase. The APC/C also targets Securin for destruction, which releases (and therefore 

activates) Separase. Separase acts to cleave the remaining centromeric Cohesin, therefore 

liberating sister chromatids from each other13,14. There is now no inter-centromeric tension and 

microtubule pulling forces facilitate the movement of single sister chromatids to opposite 

poles15,16. As microtubules shorten, the cell also elongates to aid sister chromatid separation17,18. 

During telophase, chromosomes reach the poles and begin to decondense. Simultaneously, the 

nuclear envelope starts to reform, with two distinct nuclear envelopes, one around each set of 

daughter chromosomes. Nucleoli also reform and spindle microtubules are disassembled. 
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Cytokinesis then completes the exit of mitosis by cleavage furrow formation, causing the 

division of cytoplasm into two independent cells through the contraction of an actin and myosin 

ring at the cell equator19. Now there are two identical daughter cells primed for entry into the 

next interphase; prepared to repeat the whole process again. 

1.2.3 Chromosome segregation 

Given that roughly 300 billion cell divisions take place in a human body every day20, and the 

possibility for a mistake in division to cause drastic effects (e.g. cancer21), the segregation of 

chromosomes must be tightly regulated to ensure high fidelity. 

For functional chromosome segregation, there must be a link between the centromeric DNA 

and the microtubules that will ultimately separate sister chromatids. This job relies on the 

kinetochore. The kinetochore is a multi-subunit complex made up of over 110 different 

components22,23. A simple schematic of the centromere and kinetochore is shown for reference 

in Figure 1.2. The inner most part of the kinetochore, the Constitutive Centromere Associated 

Network (CCAN), binds directly to the histone H3 variant CENP-A and is present throughout 

the cell cycle24. This complex is made up of 16 centromere proteins: CENP-C, -H, -I, -K, -L, -

M, -N, -O, -P, -Q, -R, -S, -T, -U, -W and -X that are separated into functional groups with 

varying roles25. One vital role of the CCAN is to provide a structural base for recruitment and 

assembly of outer kinetochore proteins. Whilst the CCAN is present throughout the cell cycle, 

most kinetochore proteins are only associated with the centromere during mitosis. Via two 

distinct mechanisms, CCAN proteins CENP-C and CENP-T recruit the outer kinetochore, with 

either mechanism being sufficient to build a kinetochore that can allow chromosome 

segregation26,27. The outer kinetochore is made up of the Knl1, Mis12 and Ndc80 complexes; 

collectively these make up the KMN network28. Both the Mis12c and Knl1c start to accumulate 

at the centromere from S phase onward, with highest levels being reached at metaphase22. The 

recruitment of the Mis12c and Knl1c is facilitated by interactions between CENP-C and the 

now phosphorylated (and therefore active) Mis1229. Upon entry into mitosis (breakdown of the 

nuclear envelope), Ndc80 is recruited; firstly by the interaction with CENP-C and Mis1230 and 

then through interactions with CENP-T (after phosphorylation by CDK1)31,32. Although the 

KMN network is the essential part of the outer kinetochore and directly involved in binding 

microtubules, other protein complexes are known to be recruited throughout mitosis to mediate 

microtubule-kinetochore attachments, including the Ska1 complex33 and formation of the 

fibrous corona34,35. 
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Figure 1.2. Schematic of the centromere and kinetochore. An elementary overview of the components 

that make up the centromere and kinetochore. 

The primary role of the kinetochore is to capture microtubules, linking the chromosomes with 

the spindle poles. For these attachments to cause accurate chromosome segregation, the 

attachments must be end-on, with the microtubule plus-ends embedded in the kinetochore. 

Three types of microtubule occur in mitosis: kinetochore microtubules that bind chromosomes, 

interpolar microtubules that cross over in the centre of the cell and astral microtubules that grow 

toward the cell cortex36.  

Microtubule-kinetochore attachments allow for chromosome congression as prometaphase 

cells transition toward metaphase. Broadly, two types of congression exist. Firstly, peripheral 

congression occurs when laterally attached chromosomes (where kinetochores interact with the 

walls of spindle microtubules) are moved toward the pole and then to the equator in a dynein- 

and CENP-E-dependent manner (described further below). The alternative form of congression 

is direct congression; this mechanism occurs preferentially when chromosomes are located 
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between the poles after nuclear envelope breakdown37. Direct congression occurs when a 

chromosome directly forms end-on attachments at the kinetochores without first making lateral 

attachments.  

In order for chromosomes to make initial lateral attachments, crescent-shaped fibrous coronas 

form as crowns on top of the kinetochores. These structures make the kinetochore larger and 

more likely to interact with a kinetochore microtubule38. Laterally attached chromosomes are 

firstly moved toward the spindle poles via the minus-end-directed motor protein dynein and 

then toward the equator via chromokinesins and CENP-E39–41. It is here, at the equator, where 

lateral attachments are converted into end-on attachments. Lateral attachment to end-on 

attachment conversion is regulated in a spatially dependent manner by Aurora B, BubR1-

associated PP2A, and in the late stages of conversion, the Astrin-SKAP complex42.   

Upon establishment of end-on attachments, depolymerisation of microtubule plus-ends causes 

a pulling force that is strong enough to move chromosomes43,44. However, this microtubule 

depolymerisation is not the only mechanism by which chromosomes are actively being moved. 

Pushing forces known as polar ejection forces are exerted by astral microtubules along 

chromosome arms45,46. The balance of the pushing from polar ejection forces and pulling from 

depolymerisation of kinetochore microtubules causes oscillation in chromosome position. 

Ultimately, chromosomes are aligned on the equator, forming the metaphase plate37. 

Chromosome congression is proposed to promote mitotic fidelity by causing all chromosomes 

to start anaphase from the same starting point47. 

Anaphase then involves the separation of sister chromatids to opposing poles. However, 

microtubule forces could not accurately separate sister chromatids if they are still bound by 

centromeric Cohesin. During the metaphase-to-anaphase transition and following the activation 

of the APC/C, Securin is destroyed, releasing its binding partner Separase. Separase can now 

cleave centromeric Cohesin, relieving sister chromatids from each other13,14. Although polar 

ejection forces can provide some contribution, it is microtubule depolymerisation pulling forces 

that are the main factor causing poleward movement of chromosomes in anaphase48,49. The 

pulling of chromosomes to poles is not the only mechanism occurring in anaphase. In fact, the 

elongation of interpolar microtubules (termed anaphase B) similarly contributes to chromosome 

movement18,50,51. This mechanism elongates the cell and aids the separation of sister 

chromatids. As anaphase completes and sister chromatids reach their respective spindle poles, 

the most error-prone stage of mitosis is complete. Cells must now reform their nuclear 
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envelopes and decondense chromosomes. The cytoplasm is divided into two and finally one 

mother cell has now become two identical daughter cells, with equal copies of each 

chromosome. 

1.2.4 The mitotic checkpoint and error correction 

As the process of chromosome segregation is crucial to produce healthy daughter cells, multiple 

mechanisms are in place to reduce the chance of errors occurring. Cell cycle checkpoints act as 

a control mechanism to halt progression through the cell cycle if necessary. The G1/S, intra-S 

and G2/M checkpoints are those active during interphase to assess cell size (G1/S, G2/M), DNA 

damage (G1/S, Intra-S, G2/M) and DNA replication (Intra-S, G2/M)52–54. The mitotic cell cycle 

checkpoint is known as the Spindle Assembly Checkpoint (SAC). The role of the SAC is to 

ensure proper chromosome segregation occurs. The SAC acts at kinetochores to determine if 

microtubules are attached. By sensing the absence of attachments, the SAC is able to halt 

mitotic progression, giving the cell time to form correct attachments at all kinetochores, 

therefore promoting accurate segregation. The KMN network has been reported as the scaffold 

for SAC signalling55. As this super-complex of proteins is the functional site for microtubule 

binding, this places it nicely to assess microtubule-kinetochore attachment state.  

Though multiple proteins play a role in the SAC, the major effector kinase is MPS1. MPS1 acts 

to phosphorylate multiple sites in the KMN network, recruiting checkpoint proteins to initiate 

and maintain an active checkpoint56–59. Cooperatively, proteins involved in the SAC act to 

monitor the attachment status of kinetochores. An unattached kinetochore will cause 

inactivation and destruction of the APC/C activator, CDC2060. The SAC allows formation of a 

CDC20 inhibitory complex known as the Mitotic Checkpoint Complex (MCC); consisting of 

BUB3, BUBR1, CDC20, and MAD261,62. By inhibiting CDC20 (BUBR1 binding blocks 

destruction-box recognition sites) and promoting its destruction (CDC20 incorporation into the 

MCC causes ubiquitylation by the APC/C) the activity of the APC/C is inhibited63,64. An 

inactive APC/C will therefore be unable to destroy Cyclin B to promote anaphase initiation or 

destroy Securin to promote Cohesin cleavage and sister chromatid separation. This inactivation 

will therefore cause a halt in mitosis; until the SAC is fully satisfied the cell will not proceed 

passed metaphase.  

Some evidence suggests that, once a kinetochore has formed stable end-on attachments, the 

initiating kinase MPS1 is outcompeted for overlapping binding sites with the microtubules65,66. 

Specifically end-on and not lateral attachments satisfy the SAC67,68. A reduction in MPS1 at a 
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given kinetochore causes reduced phosphorylation of its targets, hence reducing SAC protein 

recruitment and, in turn, reducing MCC formation and liberating CDC20 to activate the APC/C. 

Upon microtubule-kinetochore attachment dependent SAC silencing at all kinetochores, the 

SAC is satisfied. Now the APC/C will facilitate anaphase progression through its roles in Cyclin 

B destruction and Securin destruction. 

Along with the SAC, anaphase error correction mechanisms act to promote faithful 

chromosome segregation and prevent erroneous microtubule-kinetochore attachments. Mis-

attachments of microtubules are common in prometaphase and early metaphase but are often 

resolved in order to prevent lagging chromosomes in anaphase69,70. Figure 1.3 shows the 

possible microtubule-kinetochore attachment types on a monocentric chromosome. The 

amphitelic attachment is the most optimal state for accurate chromosome segregation. While a 

monotelic attachment would be recognised by the SAC (due to presence of an unattached 

kinetochore), all other mis-attachments involve end-on microtubule-kinetochore attachments at 

both kinetochores and thus would satisfy the SAC, allowing anaphase progression. However, 

merotelic attachments (here split into subtypes: balanced-merotelic, mero-amphitelic and mero-

syntelic) would cause a lagging chromosome between spindle poles in anaphase if left to persist. 

Error correction mechanisms exist to resolve these mis-attachments in two ways. Firstly, by 

detaching incorrect microtubule-kinetochore attachments it allows another attempt at forming 

correct attachments. Secondly, during the process of microtubule detachment, a kinetochore 

becomes unattached, triggering the SAC. This error correction mechanism allows cycles of trial 

and error until accurate microtubule-kinetochore attachments are formed.  
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Figure 1.3. Kinetochore-Microtubule attachment types. Types of kinetochore-microtubule attachments 

on a monocentric chromosome. Correctly bi-oriented (Amphitelic), erroneously mono-oriented (Monotelic and 

Syntelic) and erroneously bi-oriented (Balanced-merotelic, Mero-amphitelic and Mero-syntelic) attachments are 

represented. Chromosomes in blue and microtubules in green. Adapted from Gregan et al.71. 

The Chromosomal Passenger Complex (CPC) is a set of four proteins that act together at 

various locations and times in mitosis; INCENP, Survivin, Borealin and the enzymatic subunit 

Aurora B make up the CPC. While the proteins Survivin, Borealin and INCENP play more 

structural roles in the CPC, it is the kinase function of Aurora B which drives the mitotic 

regulatory function of the CPC. By phosphorylating target proteins, Aurora B contributes 

toward many different mitotic functions. During early mitosis, Aurora B (acting as part of the 

CPC) is required for the removal and repair of erroneous microtubule-kinetochore 

attachments72,73. Depletion of Aurora B (or Borealin) causes an increased number of syntelic 

and merotelic microtubule-kinetochore attachments74–76. Aurora B acts by phosphorylating  

Ndc80 on multiple sites, weakening its affinity for microtubule binding and promoting 

destabilisation of incorrect attachments77–79. By this mechanism, Aurora B creates unattached 

kinetochores, in turn activating the SAC80. While throughout these described process in early 

mitosis the CPC has been localised on the inner centromere, during the metaphase to anaphase 

transition, the CPC is moved to the spindle midzone and then also to the parts of the cortex at 
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the cell equator81–83. It is at these locations that Aurora B has functions in regulating contractile 

ring function and abscission84. 

Few to no new microtubule-kinetochore attachments form during anaphase and so newly 

formed erroneous attachments are unlikely85,86, though persisting mis-attachments must be 

resolved in a timely manner. Although Aurora B plays an important role in error correction 

during early mitosis through its centromeric location, at anaphase Aurora B is at the midzone. 

Through experiments that acutely inhibit Aurora B function at anaphase or prevent midzone 

relocation, newer models suggest that the phosphorylation gradient that is set up by midzone 

Aurora B acts to influence microtubule-kinetochore interactions in anaphase87–90. These studies 

have shown that, despite leaving kinetochores during the metaphase to anaphase transition, the 

Aurora B midzone gradient can still act on kinetochore substrates in anaphase (to either play a 

role in error correction or to promote the stabilisation of microtubule attachments)89,90. 

Evidently both the SAC and the error correction pathways are vital for accurate chromosome 

segregation. However, they are not fully independent; many proteins involved in these 

pathways are shared (e.g. Aurora B and MPS1). The SAC and error correction are intertwined, 

working together to facilitate accurate microtubule-kinetochore attachments and therefore 

faithful chromosome segregation. While these processes are well regulated and the vast 

majority of mitosis end correctly with two complete and identical daughter cells, this is not 

always the case. 

1.2.5 Chromosome mis-segregation 

Data from primary cells, organoids and non-transformed cells predict that a mis-segregation 

event occurs in every 100-1,000 mitotic divisions in healthy tissue, with the rate in cancer cells 

sometimes being significantly higher91–95. Although these numbers may be elevated due to 

artifacts induced by cell culture, it is still evident that the risk of aneuploidy for human cells is 

significant, and the consequences can be drastic (cancer development). 

Mis-segregation rates are not equal for all chromosomes. Multiple intrinsic chromosome 

attributes can affect their mis-segregation rate, causing non-random mis-segregation. It has 

been reported that larger chromosomes, particularly chromosomes 1 and 2 are more likely to 

mis-segregate than their smaller counterparts due to an increased susceptibility to cohesion 

fatigue95. In 2002 it was shown that there is a bias in chromosome segregation in female mouse 

meiosis that correlates with centromere size96.  However, a more recent study has highlighted 
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how the non-random mis-segregation of chromosomes is dependent on both the size of the 

chromosome, the size of the centromere and the relationship between them; a small 

chromosome with a big centromere is least likely to mis-segregate and a big chromosome with 

a small centromere is most likely to mis-segregate97. A further property that may influence a 

chromosome’s mis-segregation rate is its nuclear location during interphase and as the nuclear 

envelope breaks down. Chromosomes which are close to the cell periphery and behind the 

spindle poles (i.e. between the spindle pole and cell cortex) are more likely to mis-segregate 

than midzone chromosomes98. This undesirable location may lead to more frequent erroneous 

microtubule-kinetochore attachments99. As large chromosomes are often located near the cortex 

in interphase, this may be one reason adding to the effect of more frequent mis-segregation of 

these chromosomes100–102. 

Recent live-imaging studies have shown that more chromosomes lag/mis-segregate during 

anaphase than previously expected87,88. However, most of these laggers are transient and are 

resolved before aneuploidy occurs. As described in section 1.2.4 most erroneous attachments 

are resolved by the SAC halting mitosis until end-on attachments are formed and by the error 

correction machinery resolving incorrect attachments. Work in mouse oocytes has shown that 

not all merotelic attachments necessarily lead to mis-segregation. More than 20% of 

microtubule-kinetochore attachments in metaphase II are merotelic, however <1% of 

chromosomes at anaphase II lag and <10% of laggers become aneuploid103. It is clear now that 

mis-attachments, and mis-segregations, are somewhat common, however cells can robustly 

resolve erroneous attachments and allow faithful segregation in the majority of cases. 

If mis-segregating/lagging chromosomes are not resolved by error correction machinery and 

are not detected by the SAC, then it is likely that the mis-segregating chromosome will enter a 

chromosome bridge or a micronucleus. Chromosome bridges occur when a chromosome is 

stuck between spindle poles during anaphase and the microtubules forces cause stretching of 

the centromeric and inter-centromeric DNA. Micronuclei are also a common outcome for a 

mis-segregating chromosome. A micronucleus is a nucleus-like structure that occurs when a 

nuclear envelope forms around DNA (often a lagging or fragmented chromosome) that is not 

part of the primary nucleus. There are at least four possible outcomes for chromosome-

containing micronuclei: persistence as stable independent structures, reintegration into the 

primary nucleus, micronucleus degradation and micronucleus extrusion104. The most common 

of these phenotypes is for a micronucleus to remain as its own independent structure, at least 



13 

 

until the next mitosis. Those that do persist are frequently subject to rupture and DNA 

damage105. This process is discussed in further detail in section 1.4.2. 

Although mis-segregations are commonly resolved, if one persists such that daughter cells are 

subject to whole chromosome loss or gain, then these are cells are termed aneuploid. 

Aneuploidy is heavily associated with cancer; however, these events are not always a direct 

promoter of tumourigenesis. Due to the difficulty to untangle the processes of Chromosomal 

Instability (CIN) from the state of aneuploidy, these processes have been difficult to study 

independently. Recent findings have shown that aneuploidy can both promote or suppress 

tumour formation depending on the context106. Generally, whole chromosome gain or loss is 

detrimental to cell survival. However, in some circumstances aneuploidy can give survival 

advantages. In cancer, whether aneuploidy is detrimental or advantageous is dependent on 

multiple factors including tumour stage, cell type, tumour microenvironment and immune 

system interactions106. 

Mis-segregation is a frequent process that is most often resolved. Even with the appropriate 

chromosome structure and centromeric proteins, errors can occur. So far, I have only discussed 

the segregation of ‘normal’ monocentric chromosomes. Aberrations in chromosome structure 

can further elevate the risk of mis-segregation. In particular, some chromosomes are dicentric 

in nature, creating further problems when it comes to accurate chromosome segregation. 

1.3 Dicentric chromosomes 

Centromeres play two important roles in mitosis. Firstly, they are necessary to hold sister 

chromatids together. While arm Cohesin is removed early in mitosis, during prophase, Cohesin 

at the centromere is protected by Shugoshin and therefore sister chromatids remain together 

until cleavage of Cohesin in a Separase-dependent manner at the metaphase to anaphase 

transition. Secondly, centromeres provide the site for kinetochore assembly. Centromeres, 

through interactions with the histone variant CENP-A and DNA binding protein CENP-B, 

facilitate the assembly of the kinetochore. Proper microtubule-kinetochore attachments then 

ensure faithful chromosome segregation. 

Although most chromosomes are monocentric, with one centromere per sister chromatid, 

various forms of dicentric chromosomes exist in nature (two centromeres per sister chromatid). 

Dicentric chromosomes can be formed through various mechanisms. DNA breakage followed 

by chromosome fusion, telomere loss followed by fusion, and neocentromere formation have 
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all shown to be ways that these abnormal chromosomes occur107. While some dicentric 

chromosomes cause genomic instability, others persist and are stably inherited and passed on 

through multiple generations of offspring. 

Throughout this thesis the term “dicentric” is used to describe a chromosome that has two 

separate regions of centromeric DNA. An “active” dicentric chromosome is used to describe 

one in which both centromeres have assembled proteins associated with the kinetochore (e.g. 

CCAN or KMN components). A “functional” dicentric chromosome is defined as one in which 

both centromeres have the ability to bind microtubules (via their kinetochores). 

1.3.1 Robertsonian chromosomes  

Robertsonian translocations involve the fusion of two acrocentric chromosomes (chromosomes 

13, 14, 15, 21 and 22). This fusion involves loss of p-arm DNA and often the creation of a 

dicentric chromosome (example shown in Figure 1.4 by fusion of chromosome 15 and 

chromosome 21 to produce rob(15;21)c). Robertsonian chromosomes are the most common 

translocation in humans with around 1 in 800 people carrying one of these chromosomes108–110. 

As acrocentric p-arms are not very gene rich (mostly containing ribosomal rDNA), most 

Robertsonian translocations are well tolerated. 
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Figure 1.4. Formation of rob(15;21)c from the acrocentric chromosomes 15 and 21. Chromosome 

15 is represented in green and chromosome 21 in magenta. The rob(15;21)c chromosome is indicated by the joining 

of the p-arms to create a dicentric chromosome with loss of p-arm fragments.  

Robertsonian chromosomes can be classified into one of two groups. Class I Robertsonians 

(rob(13;14)c and rob(14;21)c) are both commonly occurring and have similar breakpoints, 

whereas class II Robertsonians (all other possible acrocentric formations) are rare and have 

more random breakpoints111. It is thought that these classes form through different mechanisms. 

While both classes are thought to form during oogenesis, Class I Robertsonians likely form 

through nonallelic homologous recombination on repetitive p-arm sequences, whereas Class II 

Robertsonians likely involve some form of telomere crisis that creates a different breakpoint in 

each case111–114. Rob(13;14)c accounts for 59-69% of all Robertsonian translocations, 

rob(14;21)c for 15-20% and all other Robertsonian translocations 0-5% each. These numbers 

differ depending on the study, though it is difficult to get an accurate number for Class II 

Robertsonians as they are much rarer115.  
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1.3.2 Causes and consequences of dicentric chromosome mis-segregation 

Dicentric chromosomes pose a threat to mitotic fidelity. The presence of an extra centromere 

on each sister chromatid potentially allows the assembly of another kinetochore and thus 

another site for microtubule interactions or increased cohesion. Dicentric chromosomes may 

promote chromosome mis-segregation by multiple mechanisms. Figure 1.5 highlights two 

means by which this could occur. If both centromeres of a dicentric chromosome are active, 

forming two kinetochores, then the two centromeres of one sister are able to bind microtubules 

emanating from opposite spindle poles (shown in Figure 1.5A). These aberrant attachments are 

similar to merotelic attachments on a monocentric chromosome. They may cause chromosome 

lagging during anaphase when other chromosomes are being pulled to spindle poles. Figure 

1.5B then gives an example of a further mechanism by which dicentric chromosomes may cause 

chromosome mis-segregation. The second centromere may be a source of extra centromeric 

Cohesin that a monocentric chromosome would not have. If this additional Cohesin cannot be 

cleaved before the onset of anaphase, then it is again possible that this dicentric chromosome 

may become a lagger. 
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Figure 1.5. Causes of dicentric chromosome mis-segregation. (A) Aberrant microtubule attachments on 

a dicentric chromosome may cause chromosome lagging. (B) The increased amount of Cohesin at dicentric 

centromeres may, if not cleaved in time, physically hold sister chromatids together and cause chromosome lagging. 

Chromosome in blue. Microtubules in green. Cohesin rings in red. 

If chromosome mis-segregations persist then the consequences can be severe (discussed in 

terms of monocentric chromosome mis-segregation in section 1.2.5). Like lagging monocentric 

chromosomes, if dicentric laggers are not resolved before the reformation of the nuclear 

envelope, then it is likely that this chromosome will enter a micronucleus (shown in Figure 

1.6A). Micronuclei are known to be sites that are susceptible to extensive DNA damage 

(discussed further in section 1.4.2). As a dicentric chromosome may have increased 

susceptibility to erroneous microtubule attachments, it is plausible that when lagging, these 

chromosomes are less likely to be resolved in time and may appear more frequently in 
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micronuclei. An alternative consequence of dicentric chromosome mis-segregation is a 

chromosome bridge. The aberrant microtubule attachments frequently formed on actively 

dicentric chromosomes allow for the formation of chromosome bridges. These bridges involve 

the two centromeres of a single sister chromatid being pulled to opposite spindle poles, 

stretching out centromeric and inter-centromeric DNA (shown in Figure 1.6B). It has been well 

documented that these bridges are susceptible to breakage and further rounds of aberrant 

attachment and DNA damage (discussed further in section 1.4.3)114,116–118. 
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Figure 1.6. Consequences of dicentric chromosome mis-segregation. (A) Lagging dicentric 

chromosomes, if not resolved, can enter micronuclei. (B) Dicentric chromosomes can form chromosome bridges 

that are susceptible breakage and further round of DNA damage. Chromosomes in blue. Centromeres in magenta. 

Microtubules in green.  
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The potential consequences shown in Figure 1.6 are possible for all forms of dicentric 

chromosome. However, Robertsonian chromosomes also have the potential to cause various 

downstream phenotypic effects. Robertsonian translocation carriers have frequent fertility 

problems; an increased risk of miscarriage, still birth, and offspring with an increased risk of 

congenital malformations and chromosomal aberrations119–121. This increased rate of fertility 

challenges likely occur due to the production of unbalanced gametes122. 

Dicentric chromosomes broadly are found to be a driver of genomic instability, particularly in 

cancer123,124. 

1.3.3 Promoting dicentric chromosome stability 

Dicentric chromosomes become more stable and have a reduced chance of undergoing the 

errors described in section 1.3.2 when they inactivate one of their centromeres; becoming 

pseudodicentric (or actively monocentric). Early studies discovered how dicentric 

chromosomes can act as actively monocentric or dicentric. Initial experiments showed that 

dicentric chromosomes that have two primary centromeric constrictions sometimes only have 

one active centromere, as revealed by C- and Cd- banding125. This was also backed up by 

staining of centromere proteins that showed CENP-B was present at both centromeres of a 

dicentric but when the chromosome was acting actively monocentric, CENP-C was only present 

at the active centromere and not the inactive126. 

Interestingly, the distance between centromeres on a single dicentric sister chromatid appears 

to influence the centromeric state of these dicentrics. A study of dicentric X chromosomes 

highlighted how these chromosomes can sometimes have two active kinetochores but 

sometimes have only one; and this correlated with their inter-centromeric distance127. As the 

inter-centromeric distance increased, it became more likely that these chromosomes were 

actively monocentric. It has been proposed that dicentric chromosomes with short inter-

centromeric distances can have cooperative centromeres. These short inter-centromeric 

distances may prevent chromosome twisting and therefore make it more likely that the two 

kinetochores of one sister bind microtubules from the same pole. This would therefore create a 

more stable chromosome when compared with a dicentric with a large inter-centromeric 

distance that was free to twist and allow sister centromeres to bind microtubules from opposite 

poles. 
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The mechanisms for centromere inactivation are not well understood. However, various 

mechanisms have been proposed that could influence centromere activity. The two primary 

hypotheses are that centromere inactivation occurs through DNA loss128, or via an epigenetic 

mechanism that causes loss of centromeric proteins126. Higgins et al. showed that although 

centromeric state is usually clonal, in some cell lines this state can change (switching from 

actively dicentric to actively monocentric)129. In this study they observed no change to DNA at 

the inactivated centromeres and therefore proposed that these switches must be epigenetic 

(though it is unlikely that small changes in repetitive centromeric DNA could accurately be 

observed in 2005). At that time, it was proposed that one possible epigenetic mechanism that 

could influence centromeric activity is the acetylation status of the centromeric histones. It had 

previously been demonstrated that centromeric heterochromatin is hypoacetylated130,131. 

Although the hyperacetylation of inactive centromeres has not yet been reported, it remains a 

plausible mechanism. Another epigenetic mechanism for centromere inactivation has been 

observed in plants. Koo et al. studied the B chromosome in maize and observed that a normal 

B centromere is hypomethylated but inactive centromeres exhibit hypermethylation132. DNA 

methylation therefore could be impacting the transition from an active to inactive centromere133. 

This idea is supported by the recent findings on the telomere-to-telomere human genome 

assembly that suggests CENP-A binding regions of the centromeric DNA of active centromeres 

are hypomethylated134. 

While most often centromere inactivation in constitutional dicentric chromosomes is likely 

epigenetic, this may differ from dicentric chromosomes formed in cancer. Dicentric 

chromosomes often cause genomic instability, therefore it is no surprise that they are associated 

with cancer progression. These dicentrics are often stabilised by centromere inactivation, 

inversion (therefore reducing centromere distance), inter-centromeric deletion (also reducing 

inter-centromeric distance) or centromere excision into a ring chromosome135. 

It is evident from the work discussed above that dicentric chromosomes with large inter-

centromeric distances are problematic in mitosis. One example where this is evident in nature 

is with Robertsonian translocations. Similar to other types of dicentric chromosome, 

Robertsonians often undergo centromere inactivation, promoting stability136. The cases in 

which Robertsonian chromosomes are actively dicentric also involve a short inter-centromeric 

distance137. This supports the hypothesis that two centromeres with a short distance can act 

cooperatively as if monocentric. An interesting phenomenon that appears to occur in 

Robertsonian chromosomes that become functionally monocentric is preferential centromere 
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dominance. In 1994 Sullivan et al. studied patient derived Robertsonian chromosomes and 

proposed a hierarchy of acrocentric centromere dominance. The rate of this dominance varies 

between individuals and between cells (e.g. while most rob(13;14)c chromosomes have an 

active chromosome 14 centromere and an inactive 13 centromere in most cells (~75%), in ~25% 

of their cells the chromosome 13 centromere is active and 14 inactive). Whilst n numbers were 

low for the class II Robertsonian chromosomes, the principal conclusion was that the 

chromosome 14 centromere is most often active, and the chromosome 15 centromere is least 

often active.  

Although there has been some evidence for the epigenetic inactivation of dicentric 

centromeres126,129, 50% of de novo experimentally-induced Robertsonian chromosomes remain 

functionally dicentric and the other half appear to be frequently inactivated by loss of 

centromeric DNA. Centromere inactivation was frequently seen in conjunction with the 

temporary appearance of small chromosome fragments that contained centromeric proteins and 

alpha-satellite DNA of the inactive centromere138. The DNA of the inactivated centromere in 

the dicentric chromosome was also shown to be reduced in size. Therefore, whilst centromere 

inactivation occurs mostly epigenetically in non-Robertsonian dicentrics, in Robertsonian 

chromosomes (at least in de novo induced Robertsonians) inactivation occurs primarily through 

DNA loss. 

1.4 Chromothripsis 

1.4.1 Complex chromosomal rearrangements 

There is plentiful evidence of sequential genetic changes which transform a cell to 

malignancy139. Acquired somatic mutations over time produce subpopulations with increasing 

proliferative potential. The selection of these subpopulations is then guided by Darwinian 

evolution. 

Somatic mutations include substitutions, deletions, copy number changes (amplification or 

reduction) and chromosomal rearrangement. These mutations can be separated into those which 

are drivers and those which are passengers. Driver mutations give a selective advantage to the 

cell; e.g. amplification of an oncogene or deletion of a tumour suppressor, whilst passenger 

mutations describe all other somatic mutations. These passenger mutations do not confer a 

growth advantage and are likely to have been acquired in a previous subpopulation along with 

a driver139. 
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Whilst the cumulative acquisition of driver mutations provides the dogma for canonical cancer 

development, other mechanisms can also produce a malignant phenotype. Chromoanagenesis 

is a term first used by Holland and Cleveland in 2012 to describe a complex set of genomic 

rearrangements that occur at one or few chromosomes due to a single catastrophic event140. 

More recently this has been discussed further by Pellestor and Gatinois; the term 

chromoanagenesis now encompasses three unique mechanisms of chromosomal 

rearrangement141–143. 

The first (and most relevant to this thesis), described by Stephens et al. in 2011, is 

chromothripsis; an event in which there is a large number of double stranded DNA breaks on a 

limited number of chromosomal segments. This is followed by reassembly of DNA fragments 

in a random order; thus producing an aberrant derivative chromosome with complex genetic 

rearrangements142,144. These events characteristically have oscillating copy numbers between 

two (or sometimes three) copy number states on the affected chromosome due to gains and or 

losses of multiple regions144–146. Chromothripsis is represented in Figure 1.7 in which a single 

chromosome undergoes many dsDNA breaks, followed by random fragment reassembly to 

produce a derivative chromosome with some fragments lost to the cell. 
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Figure 1.7. Schematic of chromothripsis. Chromosome fragments represented as coloured blocks become 

shattered during a catastrophic breakage event and then randomly reassembled to produce a derivative 

chromosome with some fragments being lost to the cell. 

The second class of complex chromosomal rearrangements is chromoanasynthesis, as described 

by Liu et al. later in 2011147. Chromoanasynthesis, driven by defects in DNA replication, 

produces highly rearranged chromosomes; as in chromothripsis. Copy number changes, 

particularly duplications, triplications and deletions are seen in chromosomes that have 

undergone a chromoanasynthesis event. These are caused by replication fork stalling and 

template switching (FoSTeS) or by microhomology-mediated break-induced replication 

(MMBIR). The copy number changes observed in chromoanasynthesis cannot be explained by 

chromosome shattering, as seen in chromothripsis141. Replication stress due to endogenous or 

exogenous factors can lead to fork stalling followed by aberrant replication and repair due to 

these error prone pathways (FoSTeS and MMBIR)141–143. This is likely an event that occurs 

‘all-at-once’ due to the rearrangements most often being at a distinct region of a single 

chromosome homologue and due to the clustering of breakpoints. Further, no mosaicism of 

chromosome rearrangement patterns is seen as cells proliferate, rather just lineages where the 

chromoanasynthesis event has and has not occurred147. 
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The third class of complex chromosome rearrangement to be associated with chromoanagenesis 

is that of chromoplexy. Berger et al. discussed this type of catastrophic chromosomal 

rearrangement seen in prostate cancer in 2011148. But it was not until the group used further 

computational modelling in 2013 that it would be deemed as an all-at-once event149. It was then 

that the term chromoplexy was coined and that it started to be considered as a chromothripsis-

like event. Chromoplexy is characterised by chains of inter- and intra-chromosomal 

translocations and deletions. Double stranded breaks have been observed in up to 8 

chromosomes at a time, these are then re-assembled through non-homologous end joining 

(NHEJ); often with deletions seen at breakpoint junctions141–143,150.  

These all-at-once events termed chromoanagenesis are most likely to have a negative effect on 

cell survival. However, some rearrangements will produce cell lineages that can not only 

survive, but that have a selective advantage, and in turn may cause a malignant phenotype. As 

opposed to the prolonged sequential mutations normally seen in cancer, chromoanagenesis can 

produce cells with the appropriate properties for cancer growth in a single event143,151. 

Whilst all three mechanisms of chromoanagenesis produce complex chromosomal 

rearrangements and in turn complex phenotypes, chromothripsis is by far the most studied and 

clinically relevant, particularly in cancer152,153. Though chromothripsis has been seen in many 

different subtypes of cancer at varying rates, the mechanism of initiation and the events which 

lead to the reassembled chromosome are not entirely understood. Multiple models for 

chromothripsis initiation have been discussed, each with in vitro evidence to support 

them114,150,154,155. Originally there were two distinct proposed mechanisms (the micronucleus 

model and BFB model) but, more recently, it has been proposed that chromothriptic events 

involve components of both these models. In addition, chromothripsis may not truly occur all-

at-once, but rather a few catastrophic processes are required in a short period of time156. 

1.4.2 Micronucleus model 

Micronuclei are small DNA containing structures that are separate from the primary nucleus. 

These are between 1/40th and 1/3rd the size of the primary nucleus157. Micronuclei have been 

found in disease (e.g. cancers and autoimmune diseases), with their presence being a marker 

for genomic instability158,159. 

Micronucleus formation can be caused by many endogenous and exogenous factors. Double 

stranded DNA breaks cause fragmented DNA which can be moved to the membrane of the 
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primary nucleus; membrane blebbing will then produce micronuclei containing the 

chromosome fragments. This process can be induced by exogenous clastogens (e.g. 

anthracyclines) that promote DNA damage and disruption of DNA break repair160. However, 

more frequently, micronuclei are formed due to errors in mitosis, particularly in chromosome 

segregation. As discussed in 1.2.5, mis-segregation events can cause micronucleus formation 

from mis-segregating chromosomes if they remain separate from the main nucleus. 

It has been shown that DNA replication, transcription and DNA break repair can occur in some, 

but not all micronuclei160–162. Replication of DNA in micronuclei is controversial, with some 

studies showing micronuclei with replicative ability, some showing micronuclei without and 

some with erroneous replication that is delayed from that in the primary nucleus94,163. In 2010, 

Terradas et al. showed that a single cell can have one micronuclei that is replicating DNA and 

one that is not, during the same S phase163. This highlights the heterogenous activity of DNA 

replication in micronuclei. These replication defects in micronuclei can in turn lead to 

chromoanasynthesis147. 

The occurrence of DNA damage in micronuclei is undoubtable, with the presence of γH2AX 

(a phosphorylation event on histone H2AX that is used as a marker for double stranded DNA 

breaks) in micronuclei being reported in many studies94,164. However, the localisation to 

micronuclei of proteins associated with the DNA damage response is not as clear. Medvedeva 

et al. showed that proteins associated with early stages of double stranded break detection, ATM 

and MDC1 colocalise with γH2AX in micronuclei164. Both ATM and MDC1 can be recruited 

to mitotic chromosomes for roles in the DNA damage response (DDR) and SAC regulation165. 

Therefore, it is possible that these proteins were already on DNA before they entered 

micronuclei. However, this study also found that MRE11 and Rad, members of the MRN 

complex colocalise with γH2AX in the primary nucleus but not in micronuclei. The same could 

be found for TP53 binding protein 53BP1163,164. The lack of localisation of MRE11, Rad50 and 

53BP1 to micronuclei, led Medvedeva et al. to propose that downstream double stranded break 

repair in micronuclei is likely defective. X-ray irradiation was used in a study by Yoshikawa et 

al. to induce micronuclei162. They found that 53BP1 did not colocalise with γH2AX in these 

micronuclei. However, contrary to work from Medvedeva et al., Yoshikawa et al. found that 

phosphorylated ATM also did not colocalise with micronuclear γH2AX foci. Nevertheless, 

although mechanisms have not been thoroughly elucidated, it is clear that micronuclei have 

some defects in DNA damage repair and recruitment of associated proteins. 
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An explanation for the aberrant transcription, replication and repair sometimes seen in 

micronuclei is through defects in nuclear envelope organisation. It appears that functional 

micronuclei which can transcribe, replicate and repair DNA have an intact nuclear envelope, 

whereas those without these capabilities have defects in the micronuclei envelope166–168. It was 

first argued in 1987 by Labidi et al. that some micronuclei have incomplete envelopes that may 

contain gaps and have heterogeneity in their nuclear pore proteins167. Géraud et al. built on this 

in 1989 by identifying regions in micronuclei without nuclear lamina and by showing that it 

was only smaller micronuclei that were likely to have incomplete nuclear envelopes161. 

However, it was not until more recently that the understanding of the micronuclear envelope 

has been further developed. During chromosome decondensation in telophase the nuclear 

envelope forms two pools of proteins around chromosomes. The core proteins which bind at 

central regions, close to the mitotic spindle (e.g. membrane protein – Emerin) and non-core 

proteins which assemble on the chromosome periphery (including nuclear pore complexes and 

lamin B receptor)169,170. These non-core proteins are temporarily excluded from the core 

regions. Liu et al. have demonstrated how only the core proteins are able to efficiently assemble 

to lagging chromosomes that form micronuclei171. Further work has shown that once a nuclear 

envelope has formed lacking nuclear pore complexes (NPC) they will not be assembled and 

incorporated into the nuclear envelope as long as it is intact172. Therefore, micronuclei which 

have envelopes lacking NPCs will likely have defective translocation of proteins required for 

transcription, replication, and DNA break repair. 

Mis-segregating chromosomes that sit between daughter nuclei often have micronuclear 

envelopes that lack non-core proteins. These midzone micronuclei are densely surrounded by 

microtubules and this may be the reason preventing assembly of non-core nuclear envelope 

proteins171,173,174. Evidence for this model comes from the work of Liu et al., who observed that 

micronuclei forming away from the midzone are able to assemble both core and non-core 

nuclear envelope proteins171. An alternative model for failure to incorporate non-core proteins 

into midzone micronuclear membranes involves Aurora B. Afonso et al. discovered that 

experimental inactivation of Aurora B at anaphase onset allows nuclear pore complex formation 

on lagging chromosomes175,176. It was hypothesised that the presence of Aurora B at the 

midzone normally facilitates the condensation of lagging chromosomes and inhibits the 

formation of nuclear pore complexes88,177,178. However, it has also been suggested that Aurora 

B may be acting indirectly, through its mitotic spindle regulatory role171,179,180. This model 

combining both Aurora B regulation and microtubule obstruction may explain the lack of non-
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core nuclear envelope protein recruitment to the membranes of micronuclei formed around 

midzone lagging chromosomes. 

That chromothripsis occurs in micronuclei was first hypothesised by David Pellman’s group 

(Dana-Farber Cancer Institute) in 2012. Crasta et al. found that micronuclei can persist through 

several cell cycles and the DNA replication that occurs in micronuclei is often defective and 

asynchronous94. As cells enter mitosis, DNA in micronuclei can fragment as it may still be 

replicating when chromosome condensation commences. A lagging chromosome that is 

isolated in a micronucleus provides an explanation for how only one chromosome can undergo 

severe chromosomal damage and rearrangement (chromothripsis). A further mechanism by 

which micronuclei could promote chromothripsis is through collapse of the nuclear envelope; 

seen in over 60% of micronuclei as shown by Hatch et al105. Work from the Pellman laboratory 

aimed to demonstrate directly how a chromothriptic event could occur to a single mis-

segregated chromatid154. A method which combines live-cell imaging and single-cell 

sequencing was developed. This novel technique, named Look-Seq was used to identify and 

sequence the DNA of daughter cells without micronuclei that were derived from cells which 

had micronuclei. These cells were presumed to have re-incorporated micronuclear DNA into 

the main nucleus following mitosis. This study showed that the chromosome that mis-

segregated into a micronucleus had extensive localised chromosome rearrangements, 

characteristic of the oscillating copy number changes seen in chromothripsis. Ly et al. have 

recently built on this idea by using a centromere-specific inactivation technique, termed CEN-

SELECT to produce mis-segregating chromosomes181. Using this, they show how 

chromosomes that mis-segregated into micronuclei have a largely increased vulnerability to an 

array of genomic rearrangements, including chromothripsis. Therefore, whilst being a marker 

for chromosomal instability (CIN), micronuclei can also facilitate further rearrangements. 

The work described above provides strong evidence for a chromothripsis model involving 

extensive DNA damage and rearrangement occurring to a single chromosome or chromatid in 

a micronucleus. However, this does not have to be the only model; it is likely that more than 

one mechanism can cause chromothripsis in vivo.  

1.4.3 Breakage-fusion-bridge model 

The phenomenon of breakage-fusion-bridge (BFB) cycles was first described by Barbara 

McClintock in 1941116. Excessive telomere shortening would usually cause senescence through 

DNA damage signalling pathways. However, upon loss of tumour suppressor proteins p53 and 
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retinoblastoma protein (Rb), senescence is bypassed114. Continuous telomere attrition may 

cause a crisis, during which ends of sister chromatids fuse together by non-homologous end 

joining (NHEJ), creating a dicentric chromosome. These dicentric chromosomes have been 

shown to drive genomic instability in multiple cancers123,124,145. Dicentric chromosomes will 

likely form microtubule attachments at both centromeres, producing an anaphase bridge. 

Mechanisms including nuclease activity on bridge DNA can cause breakage at any part of the 

DNA between the centromeres114,116. Daughter nuclei will therefore contain a chromosome with 

one centromere but with a broken end, lacking a telomere. After S phase DNA replication, a 

sister chromatid is synthesised that will likely fuse by fold-back inversion, again creating a 

dicentric chromosome likely to form an anaphase bridge. Continuous cycles of this breakage-

fusion-bridge mechanism can promote chromosomal instability and localised amplification 

often seen in the karyotypes of malignant tumours. 

Upon characterising chromothripsis, Stephens et al. stated that it is possible that these BFB 

cycles could induce the DNA damage seen in chromothripsis144. However, it was an influential 

paper from Maciejowski et al. in 2015 that provided clear evidence for this114. This study used 

in vitro models with Rb and p53 pathways knocked down, combined with expression of TRF2-

DN, a dox-inducible dominant negative allele of TRF2 (telomeric repeat binding factor 2) to 

induce BFB cycles. Chromatin bridges had weak staining for histones, suggesting nucleosome 

loss due to stretching. Bridges remained intact for 3-20 hours before being resolved through 

exonuclease activity114. The major cytoplasmic 3’ exonuclease TREX1 was present at 

chromatin bridges formed due to telomere dysfunction and at those formed due to lagging 

chromosomes. Cells containing chromatin bridges underwent transient nuclear envelope 

rupture during interphase (NERDI), allowing the dissociation of RPA from primary nuclei to 

the cytoplasm, where they bound single stranded DNA (ssDNA). It has been suggested that 

bridge resolution occurs when two TREX1 exonucleases meet each other114. The timely rupture 

of chromatin bridges following TREX1 appearance and RPA accumulation suggests it is this 

exonuclease activity which causes bridge resolution. 

Karyotyping and sequencing of subclones that have undergone telomere crisis show that many 

of these have experienced rearrangement events that exhibit the characteristics of 

chromothripsis. Half of the sub clones analysed by Maciejowski et al. showed rearrangements 

that exhibited an oscillation in copy number states, random orientation of fragments and spatial 

clustering114. These examples showed patterns implying that two copies of the affected regions 

were involved, suggesting a fold-back inversion of sister chromatids, as seen in BFB cycles. 



30 

 

Kataegis was also seen near regions associated with chromothripsis. The presence of kataegis 

in cancer is well documented182,183, as is the high frequency of BFB cycles in cancers with 

unspecific chromosome aberrations184. However, this work by Maciejowski et al. demonstrated 

the association between these clustered mutations (kataegis) and chromothripsis114. Thus, both 

chromothripsis and kataegis can be consequences of telomere crisis through the formation of 

chromatin bridges and potentially numerous BFB cycles. 

Whilst Maciejowski et al. show kataegis occurring in an vitro model system, Cortés-Ciriano et 

al. sequenced 2,658 tumours from 38 types of cancer and found the co-occurrence of 

chromothripsis and kataegis to be relatively low114,153. Although chromothripsis and kataegis 

can co-occur, only 9.3% of tumours with chromothripsis (n=734) have greater than 20 clustered 

APOBEC-induced mutations, suggesting that the co-occurrence of chromothripsis may not 

actually be very common153. 

1.4.4 Intertwined micronucleus and chromosome bridge model 

It is not necessary that the breakage-fusion-bridge model is independent from the micronuclei 

model. Indeed, although none of the chromatin bridges gave rise to micronuclei in the 

Maciejowski BFB study, Hoffelder et al. found that, of the chromatin bridges which are 

ruptured during mitosis in oral squamous cell carcinoma lines, 70% give rise to a 

micronucleus166. This illustrated that the micronuclei and BFB models may not in all 

circumstances be independent of one another. Recent work from the Pellman lab gives an 

explanation for how BFB cycles and micronuclei may be interwoven with chromothriptic 

events and in turn can cause complex genome evolution156. Their novel model suggests that 

defective replication at chromosome bridges produce stalled replication forks. These bridges 

are broken through mechanical force caused by the actin cytoskeleton (not dependent on 

TREX1 as suggested by Maciejowski et al)114. Bridge breakage can cause simple fragmentation, 

which is resolved by end joining or erroneous replicative repair (e.g. MMBIR). These events 

cause early, low frequency chromothripsis. DNA damage then further occurs at the mitosis 

following bridge breakage; the ends of broken bridge chromosomes undergo a burst of aberrant 

DNA replication – similar to that seen for chromosomes in micronuclei94. Finally, these 

damaged chromosomes have a high propensity to mis-segregate into micronuclei due to their 

compromised centromere function. As previously described these micronuclei may provide an 

environment for further chromothripsis to occur. This model not only suggests how both BFB 

cycles and micronuclei are important for chromothripsis, but also how a single chromosome 

bridge breakage event can lead to complex cancer genomes. 
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Regardless of the mechanism of chromothripsis initiation, the extensive DNA damage caused 

by this event must be repaired and DNA must be reintegrated into the primary nucleus for 

propagation into daughter cells. 

1.4.5 DNA damage, re-integration and repair 

Mass DNA damage must occur in a catastrophic event during chromothripsis. The mechanism 

of DNA damage may be dictated by the chromosomal environment caused by an initiating 

event. As previously discussed, chromosomes which have entered a micronucleus are subject 

to events unique to a micronuclear environment. Particularly, delayed DNA replication can 

cause replicative stress. Premature chromosome condensation before replication is complete 

can in turn promote dsDNA breaks150,185. These are likely to occur most abundantly at fragile 

sites186. However it is probable, given the many underlying defects in micronuclei, that more 

than one source of DNA damage exists. Similarly, DNA damage promoting chromothripsis 

may arise at chromatin bridges via multiple mechanisms. These are not well understood, 

however Stephens et al. theorise that stretching of the chromatin bridge and the pinching of the 

cleavage furrow during cytokinesis may cause catastrophic DNA damage144. Additionally, 

chromosome bridges are known to be attacked by exonucleases, causing DNA damage and 

creating ssDNA which is more vulnerable to become double stranded breaks through further 

damage114. Other sources of chromothripsis driving mutagenesis have also been discussed. 

Stephens et al. make another prediction; ionising radiation (IR) would be able to penetrate a 

cell during mitosis and inflict dsDNA breaks on a region of or a whole chromosome. However, 

few natural sources of IR can provide strong enough energy to cause a substantial amount of 

dsDNA breaks187. Tubio and Estivill further propose that programmed cell death may be halted 

in a small number of cells188. By aborting apoptosis these cells could have the extensive DNA 

damage seen in chromothripsis. 

Interestingly, two recent studies from Lin et al. and Trivedi et al. discovered that shattered 

chromosome fragments from chromothripsis are tethered together and inherited by one 

daughter cell189,190. In parallel, these groups uncovered that a complex containing CIP2A and 

TOPBP1 proteins hold together chromosome fragments to facilitate the inheritance to one 

daughter nucleus. Instead of being randomly segregated into the two daughter nuclei (as would 

be expected for acentric fragments), collective inheritance allows for fragment re-assembly into 

a chromosome without the complex copy number oscillations classically seen in 

chromothripsis. It has been proposed that the prevalence of canonical chromothripsis copy 

number patterns is due to strong selection pressure from tumour suppressor loss and that 
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chromosomes that have undergone chromothripsis often are reassembled without catastrophic 

rearrangements189. 

Double stranded DNA damage can be repaired via two main mechanisms: non-homologous end 

joining (NHEJ) and homologous recombination (HR). The former is an error prone repair 

mechanism that ligates double stranded breaks with little or no homology. The latter is only 

available during late S and G2 phase as it requires a sister chromatid to use as a template for 

repair187,191. Sequencing done by Stephens et al. predicts erroneous repair to have occurred 

either side of breakpoint junctions. A lack of overlap between breakpoint sequences suggests 

that either NHEJ (classical-NHEJ) or microhomology mediated end joining (MMEJ or alt-

NHEJ) is the major repair mechanism associated with chromothripsis144. 

Ly et al. model chromosome mis-segregation by selectively inactivating the centromere of one 

chromosome181. Through this method they produce micronuclei enriched with the chromosome 

containing the inactivated centromere (chromosome Y). By inducing premature condensation 

(with the addition of calyculin A), the micronucleated chromosome could be fragmented. 

However, micronuclei of cells in G1 did not fragment (whilst those in G2 did) when induced, 

highlighting the requirement for an S phase replication defect as a priming event for mitotic 

fragmentation. Sequencing of purified micronuclei fractions show that ligation of chromosome 

fragments mostly occurs in the primary nucleus following fragment re-incorporation; as 

previously proposed by Zhang et al.150,181. Then after characterising the consequences of 

knocking down components of DNA damage repair pathways, Ly et al. proposed that classical-

NHEJ is the predominant method for repair following micronuclear shattering and fragment re-

incorporation181. This DNA ligase IV (LIG4) dependent classical-NHEJ caused structural 

rearrangements to the chromosome that was mis-segregated two cell cycles earlier. 

Additionally, the pan-cancer sequencing analysis by Cortés-Ciriano et al. identifies classical-

NHEJ as the principal repair mechanism in chromothriptic events, with some stretches of 

breakpoint microhomology that predict contribution from microhomology-mediated break-

induced replication (MMBIR) or alt-NHEJ153. This data was further supported by a recent 

preprint that showed inactivating various NHEJ components led to reduced complex 

rearrangements following the fragmentation of micronuclear chromosomes192. 

1.4.6 Chromothripsis in disease 

The increase in capability of high throughput sequencing technologies has allowed for the 

detection of chromothriptic events in many diseases. Whilst the most obvious environment for 
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a chromothriptic event to occur is in cancer, these complex structural rearrangements are by no 

means limited to malignant cells. Chromothripsis can occur in germlines and during early 

embryonic development as shown by Chiang et al. and discussed further by Pellestor et 

al.193,194. However, chromothripsis seen in congenital disorders is less catastrophic than that 

seen in cancer. Congenital chromothripsis often has fewer breakpoints and either has only 

deletions or is copy neutral; therefore there is no obvious amplification in these cases193,195,196. 

Additionally, chromothripsis can be identified in healthy individuals, often passed down from 

their mother. A study from de Pagter et al. shows a complex rearrangement event in several 

mothers, creating a stable derivative chromosome which is inherited by offspring197. 

Chromothripsis has been strongly linked with mutation of the TP53 gene and thus dysfunction 

of the tumour suppressor protein p53. It is likely that chromothripsis can be tolerated better in 

cells with an inactive or poor p53 checkpoint. TP53 mutants have been linked with 

chromothripsis in multiple paediatric tumours198,199, with a striking study from Rausch et al. 

highlighting that 100% of Sonic-Hedgehog medulloblastoma cases with a TP53 mutation 

underwent chromothripsis200. However, though TP53 mutation is associated with 

chromothripsis, a recent pan-cancer analysis showed that 60% of cases with chromothripsis 

show no mutation in either TP53 or MDM2 (regulator of TP53), indicating that this catastrophic 

DNA damage event can still occur with an intact p53 response201. 

The prevalence of chromothripsis in cancer varies greatly between cancer types; ranging from 

100% in liposarcoma and 77% in osteosarcoma to 1.2% in chronic lymphocytic leukaemia and 

0% in pilocytic astrocytomas153. Our increasing ability to detect chromothriptic events by high 

throughput sequencing methods means that the prevalence of chromothripsis in cancer is now 

known to be higher than originally thought202,203. When Cortés-Ciriano et al. analysed 2,658 

human cancers, they reported that 29% of them had undergone a chromothriptic event with high 

confidence153. When low confidence events were included, the prevalence increases to 40%. It 

is not obvious which of these were initiating events that caused transformation, and which are 

a consequence of the genomic instability in a pre-existing cancer. Nevertheless, chromothripsis 

is clearly more abundant in cancer than was once thought and it is therefore vital to understand 

how it arises and its consequences.  

One subtype of cancer, iAMP21-ALL, with particular relevance to this thesis, has been strongly 

associated with chromothripsis145. 
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1.5 iAMP21-ALL 

Acute lymphoblastic leukaemia (ALL) is a form of blood cancer that originates in the lymphoid 

development pathway. While ALL occurs in adults, it is much more common in children. ALL 

is the most frequent form of childhood cancer, with an annual incidence of 35/million for 0-14 

years of age and particularly high at 63/million for 1-4 years of age204. Many genetic subtypes 

of ALL exist with differing prognoses although, in general, childhood ALL has a good outcome. 

Childhood ALL has a remission rate of ~98% after treatment and >90% of patients are alive at 

5 years205–207. 

One particular ALL subtype of interest is iAMP21-ALL. This cancer was discovered in 2003 

and involves a unique chromosomal abnormality that causes a distinct subtype of B-cell 

precursor ALL (BCP-ALL)208,209. Common characteristics in patients with iAMP21-ALL were 

originally described by Rand et al., including a common region of amplification spanning 5.1 

Mb of chromosome 21, from 32.8 to 37.9 Mb210. This region includes the RUNX1 gene, one of 

the most commonly mutated and mis-regulated genes in cancer; particularly in haematological 

malignancies211,212. However, more recently, Hormann et al. further narrowed this common 

region of amplification to 1.57 Mb between 36.07 and 37.64 Mb213. Interestingly, this narrowed 

common amplification region does not contain the RUNX1 gene. Therefore, although RUNX1 

amplification is present in most iAMP21-ALL cases, it appears not to be the target gene driving 

this subtype of cancer. iAMP21-ALL is typically characterised by the presence of five or more 

total copies of the RUNX1 gene on a single chromosome and is most often identified by 

Fluorescence In-Situ Hybridisation (FISH). However, recent studies have suggested that FISH 

is insufficient at identifying all iAMP21-ALL cases, particularly those where RUNX1 is not 

contained in the most amplified region214,215. It has been suggested that FISH should be backed 

up with copy number profiling by SNP array or whole genome sequencing for iAMP21-ALL 

identification214. 

iAMP21-ALL accounts for 2% of childhood BCP-ALL cases and has prognostic relevance216. 

Patients with iAMP21-ALL are often older, have a low white blood cell count and have low 5-

year event-free survival compared to other BCP-ALL cases, when treated on standard 

therapy217,218. Studies in the UK and US respectively from Moorman et al. and Heerema et al. 

demonstrated that intensive treatment of these patients greatly improved their 5-year event-free 

and overall survival. Now, iAMP21-ALL patients are treated on intensive treatment arms in 

most protocols worldwide219,220.  
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The seminal work in 2014 from Li et al. described two subtypes of iAMP21-ALL and how they 

are both associated with chromothripsis145. The first subtype is sporadic in nature, likely 

initiated by BFB cycles and later influenced by chromothripsis. The second subtype (that is 

most relevant to this study) occurs in individuals with constitutional rob(15;21)c translocations 

which undergo a chromothriptic event in order to initiate amplification. In both cases the 

derivative chromosome is rearranged in a manner optimal for leukaemic growth. It is likely that 

the presence of a dicentric chromosome (either constitutionally for rob(15;21)c or generated 

somatically by BFB cycles) is necessary for a downstream chromothriptic event. The inherent 

increased rate of microtubule mis-attachments on dicentric chromosomes may allow 

chromosome mis-segregation, placing the chromosome in an environment susceptible to 

chromothripsis (a micronucleus). The research from Li et al. was done on patient samples; 

however, sequencing analysis and model prediction was done in silico. Although this work 

makes predictions on the mechanism of iAMP21-ALL formation, little has been done to 

understand the basic cell biology driving these cancers, with multiple questions still left 

unanswered (e.g. how two copies of rob(15;21)c are present in the chromothriptic event). 

1.5.1 sporadic iAMP21-ALL 

All non-rob(15;21)c dependent iAMP21-ALL cases examined have been sporadic cases whose 

chromothriptic events are predicted to be preceded by BFB cycles221. As described in 1.4.3, 

BFB cycles are induced by an initiating event causing a dsDNA break (e.g. telomere loss)222,223. 

After the following S phase, when the broken chromosome has been replicated, two sister 

chromatids will have a dsDNA break, promoting their fusion in G2. During anaphase, a bridge 

will form as the dicentric chromosome is pulled by microtubules from both poles. The bridge 

is then broken, leaving two more broken chromosomes with dsDNA breaks, thus allowing a 

further BFB cycle to occur114. These BFB cycles can produce fold-back inversions and altered 

copy numbers. All of the sporadic iAMP21 cases sequenced by Li et al. showed at least one 

fold-back inversion on the derivative chromosome 21, thus predicting a minimum of one round 

of BFB in each case145. In the majority of sporadic iAMP21 cases the derivative chromosome 

possessed clusters of back-and-forth rearrangements that are characteristic of chromothripsis. 

Copy number patterns suggest that the chromothriptic event has happened after BFB cycles. 

The BFB cycles will produce a dicentric chromosome that is likely to play a vital role in the 

initiation of chromothripsis. The derivative 21 chromosome then often undergoes large scale 

duplication after rearrangement145,216. These complex rearranged chromosomes may then 

possess the ability to drive tumourigenesis. 
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1.5.2 rob(15;21)c dependent iAMP21-ALL 

Li et al. discovered the massive yet specific predisposition of constitutional rob(15;21)c carriers 

for developing iAMP21-ALL. The rob(15;21)c translocation accounts for only 0.5-1.0% of all 

Robertsonian translocations108,224. However, carriers are predisposed to ~2700x risk of 

developing iAMP21-ALL. The rob(15;21)c chromosome has been proposed to encourage 

iAMP21-ALL development due to a propensity to undergo chromothripsis. In silico work has 

suggested that two copies of rob(15;21)c are present in a chromothriptic event, producing one 

derivative chromosome, der(15;21), but the molecular mechanisms underlying this feature are 

unknown. This process causes copy number gain and copy number loss of some regions on the 

derivative chromosome. As discussed in 1.4.1, these copy number oscillations are characteristic 

of chromothripsis. In rob(15;21)c dependent iAMP21-ALL the chromothriptic event is often 

followed by further rearrangements, including whole chromosome duplication. Interestingly, 

both FISH and sequencing data have shown that der(15;21) consistently loses the centromere 

of chromosome 15, presumably providing stability for mitosis145. Both sporadic and 

rob(15;21)c dependent iAMP21-ALL are evidently influenced by chromothripsis; the 

association is undoubtable but the mechanism causing susceptibility of these chromosomes is 

not well understood.  

1.6 Aims of this project 

This project aims to understand the rob(15;21)c chromosome and why carriers are predisposed 

to chromothripsis and leukaemia. This study makes use of a unique set of resources: EBV-

transformed lymphoblastoid cell lines derived from monozygotic twin carriers of rob(15;21)c; 

one of whom developed iAMP21-ALL whilst the other did not. These cell lines were used to 

study the structure and segregation of the rob(15;21)c chromosome, and to observe any possible 

differences between a carrier that developed cancer and a genetically identical one that did not.  

The dicentric nature of the Robertsonian chromosome rob(15;21)c is thought to be the 

explanation for the predisposition of carriers to iAMP21-ALL. However, little is known about 

the centromeres of this chromosome and why they may be the cause of such catastrophic 

downstream effects. By studying the activity of the dicentric centromeres we will gain insight 

into potential mis-segregation mechanisms which drive a chromothriptic event. 
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Specific aims include: 

1) Establish lymphoblastoid cell lines as a model to study rob(15;21)c. 

2) Characterise the rob(15;21)c chromosome; particularly the activity of the dicentric 

centromeres. 

3) Characterise how rob(15;21)c behaves through mitosis and how the abnormal 

centromeres influence chromosome segregation. 

Ultimately, this project aims to understand why carriers of the rob(15;21)c chromosome are 

predisposed to chromothripsis and the development of iAMP21-ALL. In doing so, further 

insights will also be gained on Robertsonian chromosomes, chromosome mis-segregation and 

how a dicentric chromosome can play a role in cancer development.  
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Chapter 2: Methods 

2.1 Genetic testing 

SNP arrays were performed on DNA extracted from bone marrow aspirates taken at diagnosis 

and blood samples taken at remission, and the lymphoblastoid cell lines, L995 and L996, using 

the SNP 6.0 Affymetrix array or the Illumina Infinium CytoSNP-850k beadchip array. The SNP 

6.0 Affymetrix array was performed by AROS Applied Biotechnology (Denmark) as 

previously described225, and the Illumina Infinium CytoSNP-850k beacdchip array was carried 

out by the Northern Genetics Service, Newcastle-upon-Tyne Hospitals NHS Foundation Trust. 

Processing of Illumina SNP array data was done in GenomeStudio 2.0. Both Illumina and SNP 

6.0 data was then analysed using Nexus Copy Number 10 as described in Creasey et al226.  

2.2 Cell culture 

Suspension L995 and L996 lymphoblastoid cell lines were grown in Roswell Park Memorial 

Institute (RPMI) 1640 media with L-glutamine. Medium was supplemented with 20% foetal 

bovine serum (FBS), 100 U/ml penicillin, 100 µg/ml streptomycin and 2 mM L-glutamine. 

Lentivirally transduced cell lines were grown in selection media containing 5-10 µg/ml 

Blasticidin. HEK293FT cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) – 

high glucose (Sigma-Aldrich). DMEM was supplemented with 10% FBS, 100 U/ml penicillin, 

100µg/ml streptomycin and 2mM L-glutamine. Cells were grown with 5% CO2 at 37°C in a 

humidified incubator. 

2.3 Cloning 

The U6 promoter, CCDB gene and 2xBoxB region were cut out of pLH-sgRNA1-2XboxB 

(Addgene #75391), the U6 promoter, CCDB gene and 2xPP7 region were cut out of pLH-

sgRNA1-2XPP7 (Addgene #75390) and the Blasticidin resistance gene was cut from pLenti6-

CENP-A-mCherry (Addgene #89767); cutting and amplification were done using a KOD hot 

start PCR kit (Merck). Target plasmids pHAGE-EFS-N22p-3XRFPnls (Addgene #75387), 

pHAGE-EFS-PCP-3XGFPnls (Addgene #75385) and pHAGE-TO-dCas9 (Addgene #75381) 

were all linearised also using KOD hot start PCR. Part of the PCR products were run on an 

agarose gel to determine if their size was correct. The remaining PCR product was then purified 

using a Thermo Fisher Scientific GeneJET PCR purification kit. Concentrations of the purified 

PCR products were determined by Nanodrop. 
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The NEBuilder HiFi DNA assembly cloning kit was used to clone the inserts from #75391, 

#75390 and #89767 respectively into the linearised backbones from #75387, #75385 and 

#75381. Recombinant plasmids without the CCDB gene were transformed into NEB 5-alpha 

competent cells and those with the CCDB gene were transformed into One Shot™ ccdB 

Survival™ 2 T1R Competent Cells. Transformed bacteria were grown on LB (Luria Broth) 

agar plates with ampicillin resistance, colonies picked and grown up in liquid LB media. 

Plasmid DNA was isolated from liquid cultures using either a QIAGEN QIAprep Spin Miniprep 

Kit or a QIAGEN EndoFree Plasmid Maxi Kit. Isolated DNA was sent to Plasmidsaurus for 

whole-plasmid long-read sequencing. These recombinant plasmids are the lentiviral transfer 

plasmids used for lentiviral transformation in section 2.9. 

2.4 Flow cytometry 

L995 and L996 cell suspensions were pelleted at 300g for 5 minutes. The supernatant was 

removed, leaving 500 μl. The pellet was re-suspended and 4.5 ml ice cold 70% ethanol was 

added dropwise whilst vortexing. Cells were fixed in ethanol and stored overnight at 4°C. The 

following day, cells were spun down and washed in PBS. Cells were then pelleted, supernatant 

removed and re-suspended in 50 μl RNAse at 100 μg/ml. Propidium Iodide (PI) solution 

containing 0.1% Triton X-100 and 300 μl of 50 μg/ml PI was added to cell suspension before 

it was transferred to FACS tubes and stored in the dark for 30-60 minutes. Flow cytometry was 

performed on BD Fortessa X20 or BD Symphony A5 using DIVAv8 and data was analysed 

using FCS Express 7. 

2.5 Metaphase and Anaphase enrichment 

Cells were incubated in 1 μM nocodazole in the well of a 6 well plate for 4 hours at 37°C. These 

blocked cells were then spun down and washed three times with pre-warmed RPMI media 

followed by being spun down at 300 g x 5 minutes. Pelleted cells were re-suspended in 1 ml of 

fresh media and seeded onto a poly-L-lysine coated coverslip (Corning™ 354085) in a 12-well 

plate. Whilst adhering to the coverslips, cells were allowed to progress through mitosis and 

enriched in metaphase by fixing 30 minutes post-washout with Carnoy’s fixative (if doing 

FISH) or 4% PFA (if doing immunostaining) and enriched in ana/telophase by fixing 45-60 

minutes post-washout. 
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2.6 Immunostaining 

Following PFA fixation, coverslips were washed in PBS, permeabilised for 5 minutes in 0.15% 

Triton X-100 and washed again in PBS. Coverslips were then blocked in 1% BSA (bovine 

serum albumin) in PBS for 45 minutes at room temperature, then incubated in a humid chamber 

at 37°C for 1 hour with primary antibodies diluted in 1% BSA/PBS. Coverslips were washed 

for 5 minutes, three times with PBS and then incubated in a humid chamber at 37°C for 45 

minutes with secondary antibodies diluted in 1% BSA/PBS. Finally, coverslips were washed a 

further three times with PBS, air-dried and mounted with ProLong Glass Antifade Mountant 

with NucBlue. 

2.7 Fluorescence In-Situ Hybridisation  

Coverslips or slides with attached cells or chromosome spreads were fixed for 10 minutes in 

Carnoy’s fixative and allowed to air dry. Cytocell α-satellite enumeration probes were prepared 

with hybridisation buffer and added to slides according to the data sheet (3-4 μl total volume). 

For chromosome painting, 1.5 μl each of Metasystems XCP 15 and XCP 21 probes were added 

to slides (3 μl total volume). Coverslips were sealed on to slides using rubber cement. DNA 

was denatured at 75°C for 5 minutes and hybridised at 37°C overnight. The following day, 

slides were washed in 2X SSC and coverslips removed, then a 2 minute wash at 72°C in wash 

solution 1 (2% 20X SSC, 0.3% NP40, DI water) and a 2 minute wash at room temperature in 

wash solution 2 (10% 20X SSC, 0.1% IGEPAL-CA-630, DI water). Slides were dried and 

mounted with ProLong™ Glass Antifade Mountant with NucBlue™. 

2.8 Chromosome spreads  

L995 and L996 cell suspensions were incubated with 0.1 μg/ml KaryoMAX™ Colcemid™ 

(Gibco) for 3 hours. Cells were washed in PBS then re-suspended in the appropriate volume of 

0.075 M KCl + 0.1% Tween-20 to make up 75-150,000 cells/ml. This hypotonic solution was 

incubated at room temperature for 15 minutes and 250 μl was loaded to each cytofunnel in a 

Cytospin 3 (Shandon). The Cytospin was run at 1500 rpm for 5 minutes; attaching cells to glass 

slides.  

Depending on the antibodies used and whether FISH was also to be performed, one of the 

following methods was used to stain chromosome spreads: 
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A) Slides were fixed in 4% PFA for 10 minutes at room temperature, washed three times 

in PBS, blocked for 45 minutes in 1% BSA, stained with primary antibodies (diluted 

in 1% BSA) for 1h at 37°C, washed three times in PBS, stained with secondary 

antibodies (diluted in 1% BSA), washed a further three times in PBS and mounted 

with ProLong™ Glass Antifade Mountant with NucBlue™.  

 

B) Slides were incubated for 10 minutes at room temperature with KCM buffer (10 mM 

Tris pH8.0, 120 mM KCl, 20 mM NaCl, 0.5 mM EDTA, 0.1% Triton X-100). Primary 

antibody incubation was then done in a humid chamber at 4°C for 1 hour, followed 

by two 5 minute washes with KCM. Secondary antibody incubation was then done in 

a humid chamber at 4 °C for 1 hour, followed by another two 5 minute KCM washes. 

Slides were fixed with 4% PFA/KCM for 10 minutes at room temperature and if doing 

only IF then slides were mounted to coverslips using ProLong™ Glass Antifade 

Mountant with NucBlue™. If slides were to be stained for FISH after IF then they 

were incubated with Carnoy’s fixative for 10 minutes at room temperature and 

labelled using the FISH protocol above.  

2.9 Lentiviral transformation 

Lentivirus was produced by transfecting HEK293FT cells with 11 μg of pMD2.G VSV-G 

envelope plasmid, 12 μg pCMV-dR8.91 packaging plasmid and 14 μg of lentiviral transfer 

plasmid containing gene of interest. The transfer, envelope and packaging plasmids were added 

to a microcentrifuge tube with 360 μl of pre-warmed Opti-MEM reduced serum media (Gibco) 

and vortexed on low speed. A solution containing 360 μl of pre-warmed Opti-MEM and 27 μl 

of EndoFectin Max transfection reagent (GeneCopoeia) were added dropwise to the vortexing 

plasmid solution. The solution was incubated at room temperaturefor 15 minutes before being 

added dropwise to a 10 cm dish containing HEK293FT cells. 10 μl of 25 mM Chloroquine was 

added to the 10 cm dish before incubating at room temperature for 15 minutes and then placing 

in a 37°C, 5% CO2 incubator. After 7h of incubation, cells were washed and re-suspended in 

fresh RPMI 1640 media. 72h after the initial transfection virus containing supernatant was 

filtered through a 0.45 μm filter and aliquoted into 1ml microcentrifuge tubes, then frozen down 

at -80°C. 

L995 and L996 cells were transduced by spinfection with lentivirus produced using the transfer 

plasmids pLenti6-CENP-A-mCherry (Addgene #89767) or pHAGE-TO-dCas9 (Addgene 
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#75381). Cells were seeded into wells of a 6-well plate at 500,000 cells/ml in virus supernatant. 

Protamine sulphate was added at a final concentration of 50 μg/ml and plates spun at 1000g for 

90 minutes at 37°C. Plates were then incubated for 24h in a 37°C, 5% CO2 incubator then cells 

washed with PBS and re-suspended in fresh RPMI 1640 media. Cells were allowed to grow up 

and then put into selection media containing Blasticidin (10 μg/ml). 

2.10 Western blotting 

Cells were counted using a haemocytometer and 2x106 cells were pelleted by centrifugation 

and resuspended in 250 μl lysis buffer (140 μl RIPA buffer – 150 mM NaCl, 50 mM Tris pH 

7.5, 0.1% SDS, 1% Triton X-100, 0.5% sodium deoxycholate, phosphatase inhibitors 10 μl/ml. 

10 μl protease inhibitors.  100 μl SDS loading dye - 50 mM Tris-Cl pH 6.8, 100 mM 

dithiothreitol, 10% SDS, 0.1% bromophenol blue, 50% glycerol). Cell lysates were frozen 

down at -20°C overnight. The next day samples were boiled at 95°C for 10 minutes, loaded into 

precast BIO-RAD mini-PROTEAN TGX 4-15% gels and separated at 180V for 45-60 minutes 

using BIO-RAD tank with BIO-RAD Tris/Glycine/SDS buffer. Thermo Fisher Scientific 

Spectra multicolour broad range protein ladder was also loaded as a size marker. 

Following SDS-PAGE, a BIO-RAD tank with BIO-RAD Tris/Glycine buffer and 20% 

methanol was run at 100V for 1 hour to transfer proteins onto Amersham Protran Premium 

0.2 μm nitrocellulose blotting membrane. 

Using the ladder as a marker, the nitrocellulose membrane was cut at an appropriate level so 

that proteins of different sizes could be stained separately. Membranes were blocked in 5% milk 

in TBST (Tris-buffered saline with 0.1% Tween 20) for 1 hour at room temperature. Following 

blocking, membranes were incubated with primary antibodies diluted in blocking buffer in a 50 

ml falcon tube on a roller at 4°C overnight. The next day, membranes were washed three times 

in TBST and incubated in secondary antibodies diluted in blocking buffer for 1 hour at room 

temperature. Finally, membranes were washed twice in TBST and once in TBS before being 

incubated in ECL (Pierce) for 5 minutes, then imaged on an Invitrogen iBright™ FL1500 

Imaging System.  

2.11 Expansion microscopy 

The protocol used for expansion microscopy was altered from the Ultrastructure-Expansion 

Microscopy (U-ExM) protocol for Plasmodium falciparum in Liffner et al.227. This involved 
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enriching cells in anaphase as in section 2.5, fixing in PFA, protein crosslinking prevention in 

formaldehyde and acrylamide, and gelation in a solution containing TEMED and APS. The gel 

was then denatured at 95°C, expanded in water, stained with antibodies, DNA dyes and NHS-

esters, expanded again and prepared for imaging in a glass bottomed 35mm dish (Ibidi).  

2.12 Correlative Light and Electron Microscopy (CLEM) 

L995 and L996 cells were enriched in anaphase as in section 2.5. Cells were allowed to progress 

into anaphase and stick down onto Mattek 35 mm dishes with gridded coverslips that had been 

coated in poly-L-lysine. Medium was removed and cells fixed with 4% glutaraldehyde in PBS 

containing 1 µg/ml DAPI for 45 minutes at room temperature. Dishes were washed for 5 

minutes, three times in PBS then stored at 4°C in PBS until light microscopy was done. A Zeiss 

LSM800 Airyscan microscope was used to acquire high resolution images of DAPI and a low 

magnification tiled brightfield image of cells of interest such that the grid on the coverslip could 

be seen. 

Following light microscopy, dishes were prepared for electron microscopy with heavy metal 

staining and resin embedding. PBS was removed from dishes and replaced with reduced 

osmium stain (2% osmium, 1.5% potassium ferrocyanide, 0.1 M sodium cacodylate in 

deionised water) and incubated for 1 h at room temperature. Osmium stain was removed, and 

dishes was washed for five minutes, three times in deionised (DI) water. Tannic acid was used 

as a mordant and was added at 1% in DI water for 20 minutes at room temperature. Three DI 

water washes were done as above followed by a second osmium staining (2% osmium in DI 

water for 40 minutes at room temperature). Three more DI water washes were done and then 

dishes were stained with 1% uranyl acetate in DI water overnight at 4°C. The following day, 

uranyl acetate was washed out of the dish with three more DI water washes and then dishes 

were stained with filtered Walton’s lead aspartate (0.00399g/ml L-aspartic acid, 0.00066g/ml 

lead nitrate at pH 3.8 in DI water) at 60°C for 30 minutes. Walton’s lead aspartate was removed 

and cells were dehydrated with a graded ethanol series (5 minutes 30% ethanol, 5 minutes 50% 

ethanol, 5 minutes 70% ethanol, 5 minutes 90% ethanol, 2 x 5 minutes 100% ethanol). The final 

ethanol solution was removed and the dish was infiltrated with resin with the use of a graded 

hard resin series (30 minutes 1:2 resin:ethanol, 30 minutes 1:1 resin:ethanol, 30 minutes 2:1 

resin:ethanol, 2 x 30 minutes pure resin). Resin embedding was done by filling the dish 1/3 full 

with fresh 100% hard-setting resin and allowed to cure at 60°C for 24-48 h. 
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Cells were now embedded in resin but surrounded by the plastic of the dish and glass coverslip. 

Stubs required for EM were now prepared by cutting away all plastic and glass with the use of 

cable cutters and a razor blade. A stereoscope was used to find the negative impression in the 

resin of grid coordinates of interest, these were marked and cut down using a junior hacksaw. 

These stubs were trimmed further and gold coated by Newcastle University’s electron 

microscopy research facility. Imaging was done on either a Zeiss Sigma scanning electron 

microscope with Gatan 3view system (serial block face-scanning electron microscope), or 

Hitachi H T7800 120 kV TEM (transmission electron microscope) at Newcastle University’s 

electron microscopy research services facility. 

2.13 Correlative immunofluorescence and Fluorescence IN-Situ Hybridisation  

As the fixative required for FISH has a negative effect on immunostaining of some proteins, it 

was not possible to do both IF and FISH at the same time. A protocol was developed to correlate 

IF and FISH on the same cell. Firstly, cells were prepared on coverslips and stained as in 2.6. 

Then coverslips were mounted using Invitrogen™ SlowFade™ glass soft-set antifade 

mountant, with DAPI and sealed using nail polish. When imaging a cell of interest, wider 

snapshots of the cells location were taken and the glass marked with a diamond scribing pen. 

After imaging, coverslips were removed by cutting the nail polish and incubating the slide in a 

Coplin jar with PBS at 4°C overnight. Coverslips were washed a further two times in PBS 

before fixing in Carnoy’s fixative and undergoing FISH as in section 2.6. After FISH, coverslips 

were re-mounted onto slides using ProLong™ Glass Antifade Mountant with NucBlue™. The 

marks on the glass and the wide snapshot images were used to re-locate cells of interest for 

imaging of the FISH staining. Original images of the IF and the images of FISH staining could 

be correlated to determine which chromosome was Chr15, Chr21 and rob(15;21)c. 

2.14 Fluorescence microscopy 

2.14.1 Confocal microscopy 

Images were acquired on a Leica SP8 point scanning confocal microscope with a Leica HC PL 

APO CS2 63x 1.4 NA oil objective. Fluorophores were excited with a Leica white light laser. 

Images were captured with optimal Nyquist sampling, ensuring optical sections every 0.13μm 

and zoom set so that each pixel covers an area equal to or less than 43 x 43 nm. 1024 x 1024 

pixels (or larger in order to satisfy Nyquist sampling) images were captured using Leica HyD 

hybrid detectors. Acquisition parameters for each fluorophore were changed from experiment 

to experiment depending on fluorophores used (narrowing detection gates when multiple 
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fluorophores were used to limit bleedthrough) and brightness of each fluorophore (to prevent 

saturation). However, parameters were kept the same within each experiment (and repeats of 

each experiment). 

Confocal microscopy for correlative light and electron microscopy (CLEM) was done on a 

Zeiss LSM800 AiryScan microscope using Plan-Apochromat 63x 1.4 NA oil DIC M27 

objective lens. Confocal microscopy for expansion microscopy gels was done on a Zeiss 

LSM880 microscope using AiryScan fast and a Plan-Apochromat 63x 1.4 NA oil DIC M27 

objective lens. 

2.14.2 Stimulated emission depletion microscopy 

Stimulated emission depletion (STED) images were acquired on a Leica SP8 point scanning 

confocal microscope as above. However, a Leica HC PL APO 100x 1.4 NA oil objective was 

used to capture all STED images. A 775 nm STED laser was used at 100% laser power and 

with 20% 3D STED (to improve Z resolution) to deplete Alexa Fluor 594, Abberior STAR 

635P and Abberior STAR 460L. Optimal Nyquist sampling was done to maximise information 

captured. 

2.14.3 High throughput microscopy 

Large images were made up of hundreds of tiled images stitched together for visualisation of 

all cells on an entire coverslip. These images were acquired on a Zeiss CD7 microscope using 

a 20x/0.7 NA Plan-Apochromat air lens. Dapi, FITC and TRITC were excited respectively by 

the 365 nm, 470 nm and 567 nm LED-modules from the Zeiss Colibri 7 light source and 

detected by a Monochrome sCMOS Hamamatsu Fusion camera. 

Some high throughput images were instead taken on a Zeiss Axioscan 7 microscope with a 

40x/0.95 NA lens. Dapi, FITC and TRITC were excited respectively by the 385 nm, 475 nm 

and 567 nm LED-modules from the X-cite Xylis LED illumination system and detected by a 

Zeiss Axiocam 712 Mono camera. 

2.14.4 Live cell imaging 

L995 and L996 cells were seeded on a poly-L-lysine coated 35mm glass bottomed dish (Ibidi) 

or 10-well glass bottom cell view slides (Greiner). One hour before the start of live imaging, 

cells were incubated with 250 nM Sir-Hoechst (Spirochrome). Imaging was done on a VisiTech 
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iSIM array scanning confocal microscope using a Nikon TiE body and a plan apo VC 

60x/1.4NA oil DIC N2 objective lens. Images were taken every 5 minutes for 18 hours. 

2.15 Image analysis 

2.15.1 Image deconvolution 

All STED images were deconvolved to further resolve closely located signals. Huygens 

Essential software was used with either a classic MLE or Good’s MLE algorithm depending on 

what the software recommended as the best algorithm for each experiment. When deconvolved 

images were to be later quantified (e.g. CENP-C staining of chromosome spreads for 

centromere dominance studies), initial tests were done to determine the optimal algorithm, 

absolute background number and number of iterations required to best deconvolve the image 

without artificially creating structures from over-deconvolution. Once optimal settings were 

determined then a deconvolution template was created, and this was used on all images within 

an experiment. 

2.15.2 Analysis of centromeric foci 

Foci of CENP-C from deconvolved STED images of chromosome spreads + IF + FISH 

experiments were analysed using Fiji (ImageJ)228. A self-made ImageJ macro was run to create 

a sum slices Z project and threshold each image (thresholding adjusted manually for each cell) 

to best identify all centromeres and create regions of interest from them. The macro then ran 

the ‘analyse particles’ function. The output of this macro was a table of measurements with 

information on area and integrated density of each CENP-C focus. These data were compared 

with the original image which contained FISH probes labelling Chr15 and Chr21 and therefore 

each CENP-C focus could be assigned to either Chr15, Chr21, rob15 or rob21 (if they belonged 

to the Chr15 arm or the Chr21 arm of rob(15;21)c), or other (if not labelled by any FISH probe).  

2.15.3 Mis-segregation analysis 

Large, tiled images obtained as in section 2.14.3 were analysed using Qupath229. The automatic 

cell detection feature was used for total cell counts. Parameters used for this were as follows: 

Requested pixel size – 1 µm, Background radius – 15 µm, median filter radius – 0 µm, Sigma 

– 2.5 µm, Minimum area – 35 µm2, Maximum area – 500 µm, Threshold – 2000, Cell expansion 

– 5 µm.  
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Each image was manually analysed to count cells in anaphase/telophase and then those with 

actively mis-segregating chromosomes. Analysis of cell stage and whether there were mis-

segregating chromosomes was done without Chr15 and Chr21 FISH channels. Once a mis-

segregate was determined, the FISH channels were turned on and the mis-segregating 

chromosome then labelled as Chr15, Chr21, rob(15;21)c or other (if the mis-segregate had no 

FISH probes co-localising with it). The number of each FISH probe in the mis-segregate and 

in the daughter primary nuclei were used to determine if one or both sister chromatids were 

present in the mis-segregation.  

2.15.4 Metaphase analysis 

Large, tiled images obtained as in section 2.14.3 were analysed using the 

‘20240126_Nuclear_Segmentation’ macro in FIJI. This macro split the large, tiled images into 

smaller, more manageable images and nuclear ROIs identified by the plugin StarDist230. The 

morphology of the nucleus was analysed and only images of those cells with a metaphase-like 

shape were kept (cells deleted if median < 4000, major < 12, minor > 10, Aspect ratio > 3, 

roundness > 0.7 or circularity > 0.9. The remaining metaphase-like images were manually 

analysed to remove incorrectly identified metaphases (e.g. cellular debris of a similar shape to 

a metaphase cell). Remaining real metaphases were now manually analysed to count 

chromosomes that were late-aligning/off the plate. FISH channels were then switched on to see 

if the late-aligning chromosome was Chr15, Chr21, rob(15;21)c or another chromosome.  

2.15.5 Chromosome nuclear location analysis 

Large, tiled images obtained as in section 2.14.3 were analysed using the 

‘Identify_Nuclei_Spots_And_NND’ macro in FIJI. The distance of each FISH focus from the 

centre of each interphase nucleus was determined. Nearest neighbour distance was used to 

determine which of the Chr15 and Chr21 FISH focus belonged to rob(15;21)c (The Chr15 focus 

with the closest distance to a Chr21 focus, and vice-versa, was labelled rob(15;21)c and the 

middle of these two foci was labelled the centre of the rob(15;21)c chromatin. The distance of 

this centre from the nucleus centre was then measured). These distances were plotted in RStudio 

using visualisation package ggplot2 to compare the distance of Chr15 chromatin, Chr21 

chromatin and rob(15;21)c chromatin from the centre of the nucleus231.  
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2.15.6 Macros used for image analysis 

The FIJI macros used for image analysis can be found on GitHub (https://github.com/NCL-

ImageAnalysis/Nuclear_Segmentation_and_Cell_Cycle_Investigation). These macros were 

written by George Merces from the Newcastle University Image analysis Unit and BioImaging 

Unit. 

2.16 Data visualisation 

The analysis and quantification done in section 2.15 were plotted in RStudio using visualisation 

package ggplot2 or in Graphpad Prism v9.5.0 and then figures were assembled in Inkscape231. 

2.17 Antibodies 

Table 2.1. List of primary antibodies 

Target Species Source Dilution 

CENP-A Mouse Invitrogen 

(MA1-20832) 

1/100 

CENP-B Rabbit Abcam 

(ab25734) 

1/500 

CENP-C Guinea pig MBL 

(PD030) 

1/500 - 1/1000 

NUF2 Rabbit Abcam 

(ab122962) 

1/500 

Hec1 Mouse Gift from Jennifer 

DeLuca 

1/500 

Hec1S44ph Rabbit Gift from Jennifer 

DeLuca 

1/500 

Aurora B Mouse BD Biosciences 

(611083) 

1/500 

Survivin Rabbit Novus 

(NB500-201) 

1/500 

INCENP Rabbit Sigma 

(I5283) 

1/500 

https://github.com/NCL-ImageAnalysis/Nuclear_Segmentation_and_Cell_Cycle_Investigation
https://github.com/NCL-ImageAnalysis/Nuclear_Segmentation_and_Cell_Cycle_Investigation
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Cas9 Mouse Cambridge 

Bioscience 

(CAS9-AB-2) 

1/500 

Cohesin (SA2) Rabbit Bethyl 

(A300-158A) 

1/100 – 1/500 

PICH (ERCC6L) Mouse Abnova 

(H00054821-B01P) 

1/500 

Emerin Mouse Abcam 

(ab204987) 

1/100 

Nup358 Rabbit Atlas Antibodies 

(HPA018437) 

1/100 

Nup107 Mouse Invitrogen 

(MA1-10031) 

1/100 

Lap2α Rabbit Abcam 

(ab5162) 

1/100 

UNC84B Rabbit Invitrogen 

(PA5-51539) 

1/100 

α -tubulin Rat Abcam 

(ab6160) 

1/500 – 1/1000 
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Table 2.2. List of secondary antibodies 

Target Source Dilution 

Mouse (Alexa Fluor 488) Invitrogen 

(A32766) 

1/500 – 1/1000 

Mouse (Alexa Fluor 594) Invitrogen 

(A32744) 

1/500 – 1/1000 

Mouse (Alexa Fluor 647) Invitrogen 

(A-21235) 

1/500 – 1/1000 

Rabbit (Alexa Fluor 488) Invitrogen 

(A32790) 

1/500 – 1/1000 

Rabbit (Alexa Fluor 594) Invitrogen 

(A32754) 

1/500 – 1/1000 

Rabbit (Alexa Fluor 647) Invitrogen 

(A-21245) 

1/500 – 1/1000 

Rabbit (Atto 647N) Active Motif 

(15048) 

1/500 – 1/1000 

Rat (Alexa Fluor 488) Invitrogen 

(A-11006) 

1/500 – 1/1000 

Rat (Alexa Fluor 594) Invitrogen 

(A-21209) 

1/500 – 1/1000 

Rat (Alexa Fluor 647) Invitrogen 

(A-21247) 

1/500 – 1/1000 

Rat (Abberior STAR 635P) Abberior 

(ST635P-1007) 

1/500 – 1/1000 

Guinea pig (Alexa Fluor 

594) 

Invitrogen 

(A-11076) 

1/500 – 1/1000 

Guinea pig (Alexa Fluor 

647) 

Invitrogen 

(A-21450) 

1/500 – 1/1000 

Guinea pig (Abberior STAR 

460L) 

Abberior 

(ST460L-1006) 

1/500 – 1/1000 
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2.18 Primers 

Table 2.3. List of primers 

Name Sequence Use 

dCas9 linearisation fwd GGACTAGCGATGCTAGCTGATGCGG Linearising Addgene 

plasmid #75381 to insert 

the BlastR gene 

dCas9 linearisation rev AAACTGGATCTCTGCTGTCCCT Linearising Addgene 

plasmid #75381 to insert 

the BlastR gene 

GFP linearisation fwd ACTAGCGATGCTAGCTGATGCGGG Linearising Addgene 

plasmid #75385 to insert 

the U6 promoter, CCDB 

gene and 2x PP7 

sequences 

GFP linearisation rev CCAAACTGGATCTCTGCTGTCCC Linearising Addgene 

plasmid #75385 to insert 

the U6 promoter, CCDB 

gene and 2x PP7 

sequences 

mCherry linearisation fwd ACTAGCGATGCTAGCTGATGCGG Linearising Addgene 

plasmid #75387 to insert 

the U6 promoter, CCDB 

gene and 2x BoxB 

sequences 

mCherry linearisation rev CCAAACTGGATCTCTGCTGTCCCTGT Linearising Addgene 

plasmid #75387 to insert 

the U6 promoter, CCDB 

gene and 2x BoxB 

sequences 
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mCherry-3 linearisation 1 GTTTCGTCCTTTCCACAAG Paired with mCherry-3 

primer 2 for linearisation 

of mCherry-3 to remove 

CCDB gene and insert 

target sequence  

mCherry-3 linearisation 2 GAGAGCTAGGGCCCTGAAG Paired with mCherry-3 

primer 1 for linearisation 

of mCherry-3 to remove 

CCDB gene and insert 

target sequence  

mCherry-3 linearisation 3 CGGTGTTTCGTCCTTTCC Paired with mCherry-3 

primer 4 for linearisation 

of mCherry-3 to remove 

CCDB gene and insert 

target sequence 

mCherry-3 linearisation 4 GTTTGAGAGCTAGGGCCCTG Paired with mCherry-3 

primer 3 for linearisation 

of mCherry-3 to remove 

CCDB gene and insert 

target sequence 

GFP-1 linearisation 3 CGGTGTTTCGTCCTTTCC Paired with GFP-1 

primer 4 for linearisation 

of GFP-1 to remove 

CCDB gene and insert 

target sequence 

GFP-1 linearisation 4 GTTTGAGAGCTACCGGAGC Paired with GFP-1 

primer 3 for linearisation 

of GFP-1 to remove 

CCDB gene and insert 

target sequence 
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mCherry-3/GFP-1 

linearisation 5 

CCGGTGTTTCGTCCTTTCCAC Paired with mCherry-3 

primer 4 or GFP-1 

primer 4 for linearisation 

of mCherry-3 or GFP-1 

to remove CCDB gene 

and insert target 

sequence 
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Chapter 3: Characterising rob(15;21)c 

3.1 Introduction 

Robertsonian chromosomes involve the fusion of the short arms of two acrocentric 

chromosomes to create a translocated chromosome that often contains one centromere from 

each of the original chromosomes. Robertsonian chromosomes are the most common form of 

chromosomal rearrangement. Approximately 1 in 800  newborns have a Robertsonian 

translocation, with most of them being regarded as phenotypically neutral115,232,233. However, 

Li et al. in 2014 reported that carriers of the Robertsonian chromosome rob(15;21)c had a 

massive 2700x increased risk of developing iAMP21-ALL145. This rare subtype of acute 

lymphoblastic leukaemia involves the rearrangement of a dicentric chromosome. The two 

subtypes of iAMP21-ALL are sporadic iAMP21-ALL, in which a dicentric chromosome is 

formed by breakage-fusion-bridge cycles, or rob(15;21)c dependent iAMP21-ALL in which the 

dicentric chromosome is constitutional. Both subtypes involve an event in which a dicentric 

chromosome undergoes chromothripsis, producing a derivative chromosome that drives cancer 

progression. 

The presence of the chromosome rob(15;21)c is linked with a drastic increased risk of 

developing iAMP21-ALL. Only two other known cases exist that involve iAMP21-ALL 

development in a patient with a Robertsonian chromosome that is not rob(15;21)c. Gao et al. 

reported one case from a rob(21:22) carrier and unpublished work from a co-supervisors lab 

has observed one case with rob(14;21)234. A model was proposed in section 1.5  that suggested 

rob(15;21)c is prone to chromothripsis due to its dicentricity promoting mis-segregation and in 

turn placing rob(15;21)c in an environment susceptible to chromothripsis. However, this model 

is based on sequencing analysis and needs to be confirmed experimentally with cell biological 

evidence. Therefore, we reasoned that studying rob(15;21)c and its dynamics through cell 

division would provide insight into multiple topics of interest, including dicentric 

chromosomes, the mechanisms leading to chromothripsis, and ultimately possible targetable 

axes for cancer treatment. 

As dicentric chromosomes are discussed frequently in this work, it is of importance to define 

words of interest relating to centromeres. In this thesis, “dicentric” is used to define a 

chromosome which has two separate regions of centromeric DNA, often shown in this chapter 
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by α-satellite FISH staining. “Active” is used in reference to a centromere that has staining for 

proteins that have been shown to be a marker of a centromere which can assemble a kinetochore, 

in this chapter particularly CENP-C. “functional” refers to the ability of a kinetochore to bind 

microtubules; a centromere can also be labelled functional if its kinetochore is functional.  

In order to study this Robertsonian chromosome, EBV transformed lymphoblastoid cell lines 

were produced (L995 and L996) from blood samples taken from an identical twin pair that 

carried rob(15;21)c and of which one twin developed iAMP21-ALL and the other did not. The 

iAMP21-ALL affected patient was 11 years old at diagnosis. Blood samples for EBV 

transformation were taken from both twins 6 years and 1 month after diagnosis of the affected 

twin. When these samples were taken, the patient who had iAMP21-ALL was in remission and 

thus these were non-cancerous cells that were EBV transformed. Blood samples were 

lymphoprepped and sent to Public Health England (PHE) at Porton Down for EBV 

transformation. In both samples, transformation was successful and the two stable 

lymphoblastoid cell lines were produced; named L995 (from the iAMP21-ALL patient, reg ID 

23299) and L996 (from the identical twin who did not develop cancer, reg ID 27405). These 

provided us with a highly useful tool to not only study the rob(15;21)c chromosome but also to 

provide initial insight into possible differences between carriers who develop leukaemia and 

those who do not. In all experiments in this thesis the researcher was blind to the identity of 

each cell line, not knowing which had come from the patient that developed iAMP21-ALL and 

which was the control, therefore minimising bias. The researcher was unblinded at the end of 

this study so to appropriately interpret the data and discuss results in this thesis.  

In this chapter, I first set out to show that the cell lines L995 and L996 are good models to study 

the chromosome rob(15;21)c. I illustrate that these lines are genetically and karyotypically 

similar to the patients from which they were derived and that they are tractable for experiments 

(as shown by the stability of their ploidy across passages). The remainder of this chapter then 

focuses on better understanding the centromere of rob(15;21)c as we hypothesised that the 

dicentric nature of this chromosome may be causing aberrant microtubule attachment events 

that in turn could be initiating chromothripsis. I study inner and outer kinetochore proteins, how 

the centromeres of rob(15;21)c change over cell passages, relative centromeric strength within 

the dicentric and the propensity for these kinetochores to bind microtubules. 
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3.2 Results 

3.2.1 SNP arrays show the differences between diagnostic and remission samples 

of the iAMP21-ALL patient. 

Cancer genomes are often complex; containing a spectrum of events, from gross chromosomal 

changes such as aneuploidy and whole genome duplication, to single nucleotide mutations235. 

More recently, with advancements in sequencing technologies, complex mutational events have 

become better understood. Stephens et al. described chromothripsis, a catastrophic 

phenomenon that involves many rearrangements acquired in a single event144.  

To characterise the structure of chromosomes in the twin patient who developed iAMP21-ALL 

(23299), single nucleotide polymorphism (SNP) analysis was carried out. A bone marrow 

aspirate was taken at diagnosis and a blood sample was taken when the patient was in remission. 

SNP array data were collected at both time points and a remission sample was used to develop 

the L995 cell line. Figure 3.1 assesses copy number variants (CNVs) in the above samples when 

compared to the reference genome GRCh37. Figure 3.1A shows the diagnostic and remission 

samples separately, indicating the vast differences between them. In the diagnostic sample the 

complexity of the genome is evident; the oscillating copy number on chromosome 15 and 

chromosome 21 is consistent with chromothripsis on rob(15;21)c and further dramatic events 

have occurred, including loss of the majority of chromosome 9p, loss of a large amount of 

chromosome 11q, gain of chromosome 20p and loss of chromosome 20q. The SNP array data 

from the patient when in remission is much quieter, there are few large or small CNVs, many 

of which will be germline variation with no pathogenicity236. Figure 3.1B is an aggregate plot 

for the two samples, though as the remission sample is quiet, this visual representation is largely 

showing the diagnostic sample copy number changes. 

As with all copy number analysis plots shown in this thesis, there appears to be complete loss 

of one copy of the X chromosome. However, this is simply due to the samples being from male 

patients. The Nexus software used to analyse these data is not gender specific and therefore 

visualises samples with only one copy of chromosome X as having copy number loss. 
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Figure 3.1. The diagnostic sample of patient 23299 shows a chromothriptic der(15;21). Copy number variation analysis comparing SNP array data for patient 

23299 diagnostic bone marrow aspirate and remission blood sample to the GRCh37 reference genome. This copy number analysis is shown in a whole genome view (A) and in 

a chromosome summary view (B). Blue represents copy number gain. Red represents copy number loss. Purple shows allelic imbalance. Yellow shows Loss Of Heterozygosity 

(LOH). DNA from both the diagnostic and remission blood samples were run on an Affymetrix SNP 6.0 array.



59 

 

3.2.2 L995 and L996 cell lines have no obvious genetic differences from the blood 

samples from which they were derived. 

As the lymphoblastoid cell lines were to be used to study the Robertsonian chromosome 

rob(15;21)c, it was important to show that they were representative of the cells from which they 

were derived. The method used to transform B lymphocytes into lymphoblastoid cells (Epstein-

Barr virus transformation) has the possibility to cause genomic instability237–239. In order to 

confirm that no gross chromosomal changes had occurred in the process of EBV transformation, 

SNP arrays were done on DNA from the L995 and L996 cell lines, and from the blood samples 

of the twins. Figure 3.2 shows a summary of these SNP array data to highlight that there are no 

evident large differences between the L995 cell line (iAMP21-ALL patient) and the remission 

blood sample of the same twin (23299). Figure 3.2A shows the CNV data from these two 

samples separated, and Figure 3.2B shows an aggregated plot of the CNV data along with their 

locations on each chromosome. There appears to be no substantial gains or losses in copy 

number seen in the L995 cell line when compared with the 23299 blood sample. Figure 3.3 

shows the same when comparing the L996 cell line (unaffected twin) to the blood sample from 

which it was derived (27405). Again, there are no obvious gross differences in copy number 

between L996 and this patient’s blood sample. 

The data in Figure 3.2  and Figure 3.3 show that there are no gross karyotypic changes between 

the L995 and L996 cell lines and the blood samples from which they were derived. Later, in 

Figure 3.8 and Figure 3.9, I show that L995 and L996 cells have a stable ploidy across passages 

and therefore this cell line appears tractable and a useful model to study the rob(15;21)c 

chromosome. 
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Figure 3.2. L995 cell line is representative of the blood sample from which it was derived. Copy number variation analysis comparing SNP array data for patient 

23299 remission blood sample and the L995 cell line that it was EBV transformed into, compared to the GRCh37 reference genome. This copy number analysis is visualised in 

a whole genome view (A) and in a chromosome summary view (B), showing an aggregated plot of the gains and losses from both the blood sample and the L995 cell line when 

compared with GRCh37. Blue represents copy number gain. Red represents copy number loss. Purple shows allelic imbalance. Yellow shows Loss Of Heterozygosity (LOH). 

DNA from the 23299 remission blood sample was run on an Affymetrix SNP 6.0 array but due to the discontinuation of SNP 6.0 the L995 cell line DNA was run on an Illumina 

850k array.
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Figure 3.3. L996 cell line is representative of the blood sample from which it was derived. Copy number variation analysis comparing SNP array data for patient 

23299 remission blood sample and the L995 cell line that it was EBV transformed into, compared to the GRCh37 reference genome. This copy number analysis is shown in a 

whole genome view (A) and in a chromosome summary view (B) showing an aggregated plot of the gains and losses from both the blood sample and the L996 cell line when 

compared with GRCh37. Blue represents copy number gain. Red represents copy number loss. Purple shows allelic imbalance. Yellow shows Loss Of Heterozygosity (LOH). 

DNA from the 27405 blood sample was run on an Affymetrix SNP 6.0 array but due to the discontinuation of SNP 6.0 the L996 cell line DNA was run on an Illumina 850k 

array.
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3.2.3 iAMP21-ALL patient derived cell line has no obvious genetic differences to 

the unaffected twin derived cell line 

In this thesis, the cell lines L995 (derived from cells from the iAMP21-ALL patient) and L996 

(derived from cells from the unaffected, identical twin of this iAMP21-ALL patient) are used 

to study the chromosome rob(15;21)c. We know from Li et al. that carriers of this chromosome 

have a ~2700x increased risk of developing iAMP21-ALL145. The aim of using cell lines 

derived from twin carriers of rob(15;21)c is to assess cellular mechanisms that may lead to 

chromothripsis and in turn tumourigenesis in these carriers, whilst minimising any other genetic 

differences that may be having an effect. To confirm that there are no cancer predisposing 

genetic differences between the affected patient cell line and the unaffected patient cell line, 

SNP array data from the two cell lines were compared and visualised as copy number variations 

when compared with the reference genome GRCh37 (Figure 3.4). Figure 3.4A shows L995 and 

L996 data separated and Figure 3.4B shows an aggregated view of these two samples and the 

location of the CNVs on each chromosome. These data show no gross chromosomal changes 

on either L995 or L996 and most CNVs are the same for both samples, with only minor 

differences between them. Further, ultra-long whole genome sequencing (WGS) was done on 

L995 and L996 cells. Data from this sequencing supported that shown in Figure 3.4, showing 

no obvious Structural Variants (SV) or Single Nucleotide Variants (SNV) of interest in L995 

and L996. Therefore, both SNP array data and WGS data suggest that there are no obvious 

cancer-predisposing abnormalities in germline cells of 23299 (affected twin) or 27405 

(unaffected twin). 
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Figure 3.4. Cell lines derived from the iAMP21-ALL twin patient and the unaffected twin patient have no gross chromosomal differences. Copy number 

variation analysis comparing SNP array data for L995 and L996 cell lines compared to the GRCh37 reference genome. This copy number analysis is shown in a whole genome 

view (A) and in a chromosome summary view (B). Blue represents copy number gain. Red represents copy number loss. Purple shows allelic imbalance. Yellow shows Loss 

Of Heterozygosity (LOH). DNA from both the L995 and L996 cell lines were run on an Illumina 850k array.



67 

 

To test for loss or gain of any specific genes of interest in L995 and L996, the CNV data from 

L995 and L996 in Figure 3.4 were first compared against the COSMIC cancer gene census 

database of known cancer-causing genes. CNV data were analysed in Nexus software which 

produced a table of the CNVs that overlapped with known genes. This gene list was filtered 

such that genes were only retained if the CNV overlapped with >50% of the gene. This gene 

list was compared against the COSMIC database gene list in R to produce the data in Table 3.1. 

Although there are a number of CNVs in genes associated with cancer, most were present in 

both samples. The only gene that had a CNV in L995 (cell line derived from twin patient 

affected by iAMP21-ALL) and not in L996 was CIC. 66% of the CIC gene showed Loss of 

Heterozygosity (LOH) in L995. This gene encodes an HMG-box-containing protein that is a 

component of the EGFR signalling pathway and is associated with multiple forms of brain 

tumour240,241. There has only been one report of the loss of CIC being involved in leukaemia242. 

We believe it unlikely that this partial LOH of CIC in the patient who developed iAMP21-ALL 

to be the reason why they developed this cancer, and their identical twin did not. 

Chromosome segregation was of interest as it has been associated with chromothripsis, and the 

rob(15;21)c chromosome is dicentric, possibly leading to elevated mis-segregation. To test if 

the L995 and L996 cell lines have loss or gain of any genes known to have a role in chromosome 

segregation, the CNV data from these cell lines (Figure 3.4) was compared against known 

chromosome segregation genes (database from Gene Ontology). As above, the gene list was 

filtered such that genes were only retained if >50% of the CNV overlapped with the gene. Table 

3.2 shows the genes in which there was a CNV in L995 and/or L996. Only 5 genes associated 

with chromosome segregation contained CNVs in L995 and L996. All of these CNVs were 

present in both samples. One gene of interest is NUMA1; this appears in both the COSMIC 

gene list (Table 3.1) and the chromosome segregation gene list (Table 3.2). NUMA1 plays a 

role in mitotic spindle formation and has been associated with Acute Promyelocytic Leukaemia 

(APL). However, the function of NUMA1 in APL development is usually through the 

production of a fusion gene. The CNV that is present in both L995 and L996 is LOH; it is 

unlikely that this NUMA1 fusion gene exists in these cells.
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Table 3.1. L995 and L996 CNVs compared against the COSMIC database of known cancer genes. 

 

Table 3.2. L995 and L996 CNVs compared against a database of known chromosome segregation genes from Gene Ontology. 
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In conclusion, there appear to be no obvious cancer-predisposing abnormalities that were linked 

to leukaemia development in patient 23299 that were not present in their identical twin, 27405. 

Importantly for this study, the cell lines derived from these patients’ cells showed no gross 

chromosomal changes and appeared to be a good representative model of the cells from which 

they were derived. 

3.2.4 rob(15;21)c translocation is confirmed in L995 and L996 cell lines 

Analysis of SNP array data showed no gross changes to copy number in L995 and L996 cell 

lines when compared to the non-cancerous blood samples. However, to confirm that the 

rob(15;21)c chromosome was retained in these lines after EBV transformation, α-satellite FISH 

was done. Figure 3.5 and Figure 3.6 show examples of chromosome spreads from these 

experiments respectively in L995 and L996. The α-satellites of chromosome 15 (green) and 

chromosomes 21/13 (magenta) were stained. Due to the homology of the α-satellite DNA of 

chromosomes 21 and 13, FISH probes could not be designed to differentiate them. However, 

in a chromosome spread they can frequently be distinguished by chromosome size. 

Chromosome 21 is significantly smaller than chromosome 13.  

The Robertsonian translocation can be seen in the far-right insets of Figure 3.5 and Figure 3.6. 

colocalisation of the α-satellites of chromosome 15 and 21/13 on one chromosome suggests 

that this chromosome was retained in both cell lines post EBV transformation. It is also of note 

that the α-satellite of chromosome 21 within the rob(15;21)c chromosome frequently appears 

smaller and less brightly stained that that on the normal chromosome 21. 
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Figure 3.5. rob(15;21)c is confirmed in L995. Example chromosome spread from an L995 cell with α-

satellites of chromosome 15 (green) and chromosomes 21/13 (magenta) stained by FISH. Insets show zoomed in 

regions of interest to highlight all FISH-stained chromosomes. Scale bar = 5 μm. 
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Figure 3.6. rob(15;21)c is confirmed in L996. Example chromosome spread from an L996 cell with α-

satellites of chromosome 15 and chromosomes 21/13 stained by FISH. Insets show zoomed in regions of interest 

to highlight all FISH-stained chromosomes. Scale bar = 5 μm. 
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3.2.5 L995 and L996 cell lines are predominantly diploid 

EBV transformed lymphoblastoid cell lines can have compromised genomic stability237–239. 

Early fluorescence in-situ hybridisation (FISH) experiments raised concerns regarding ploidy 

of both L995 and L996 lines. As represented by centromere 15 of L995 in Figure 3.7, it 

appeared that a considerable subpopulation of these cells may have become tetraploid. A diploid 

cell would have two foci for each respective centromere per cell (during G1). As seen in Figure 

3.7, a considerable number of cells appear to have 4 foci of centromere 15. The number of cells 

which appear to be tetraploid was noticeably greater than would be expected for late stage S 

phase and G2 phase cells; thus observation of four chromosome 15 centromeres led to the 

suspicion of aneuploidy. 
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Figure 3.7. FISH shows possible tetraploid population in L996 cells. L996 cells stained with FISH 

probes for the centromeres of chromosome 15 (green) and chromosomes 13/21 (red). Arrows showing possible 

tetraploid cells. Scale bar = 20 µm. 
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By manual analysis of FISH across L995 and L996 it appeared that tetraploidy decreased over 

passages; occurring earlier in the faster growing line. This suggested that tetraploid populations 

were being outgrown by diploid populations, leading to an apparent increase in stability over 

time. This process of lymphoblastoid lines turning from tetraploid to diploid and becoming 

more genomically stable over time has been previously seen (table 2, LCL1-18 and LCL2-15 

from Lacoste et al)243. 

This hypothesis was from manual observation and lacked quantification. To address this, cell 

cycle analysis by flow cytometry was used, measuring DNA content with propidium iodide (PI) 

(Figure 3.8 and Figure 3.9). Multiple passages of L995 and L996 were fixed, stained with PI, 

and analysed by cytometry to assess ploidy by overall DNA content per cell/event. Gating was 

used to exclude doublets, multiplets and dead cells/debris from the analysis. 

Figure 3.8A of early passage L995 cells shows the characteristic cell cycle distribution expected 

from a diploid cell line, exhibiting a large peak for 2n (G1) events, a smaller peak for 4n (G2) 

events and a number of events with varying intensity between these (S phase). Figure 3.8A also 

shows a dot plot for these same events; occurring from early passage L995 cells. This highlights 

the obvious peaks at 2n and 4n but shows a lack of events greater than 4n (>4n). This is 

emphasised by the red box showing all events >4n, where S phase and G2 phase of a tetraploid 

population would lie. Particularly, there is no obvious cluster of events at 8n, where G2 tetraploid 

cells would be expected. Figure 3.8B and Figure 3.8C then show cell cycle distribution for L995 

cells at a mid and late passage respectively. No distinctive difference between these figures and  

Figure 3.8A provide evidence to suggest that our hypothesis was incorrect. It appears that 

neither early nor late passage L995 cells have significant tetraploid populations. Events >4n 

account for only 1.43% of total events for early passage cells, 2.12% for mid passage cells and 

1.80% for late passage cells. Possible tetraploid cells observed in early FISH experiments were 

presumably predominantly diploid cells in G2. 
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Figure 3.8. L995 does not have a large tetraploid population. (A) Density dot plot and DNA content 

histogram of early passage L995 cells. (B) Density dot plot and DNA content histogram of mid passage L995 cells. 

(C) Density dot plot and DNA content histogram of late passage L995 cells. 
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Figure 3.9A, Figure 3.9B and Figure 3.9C respectively represent events from early passage, 

mid passage and late passage L996 cells. As with L995, L996 appear to have the characteristic 

cell cycle distribution of a diploid population, with a lack of events >4n. Approximately 2.1-

2.4% of total L996 events (at early, mid and late passage) are >4n, thus demonstrating that L996 

also don’t show significant tetraploid populations at any passage. The ploidy of both L995 and 

L996 cell lines therefore appears to not be fluctuating largely; with the majority of the cell 

population being stably diploid. 

Neither L995 nor L996 lymphoblastoid cell lines appear to have substantial aneuploid 

populations. However, there are still some events (~2%) that have DNA content >4n. This can be 

explained by events that have slipped through the gating workflow used. Many of these events 

may be due to doublets, large cellular debris, or very small populations of aneuploid cells which 

are not of great significance. 

The outcome of these cell cycle analysis experiments was favourable; showing that these unique 

resources still cytogenetically resemble the cells from which they were derived. Nevertheless, it 

is important to continue monitoring the ploidy of these cell lines in case they have potential for 

outgrowth of aneuploid populations. 
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Figure 3.9. L996 does not have a large tetraploid population. (A) Density dot plot and DNA content 

histogram of early passage L996 cells. (B) Density dot plot and DNA content histogram of mid passage L996 cells. 

(C) Density dot plot and DNA content histogram of late passage L996 cells. 
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3.2.6 The dicentric chromosome rob(15;21)c has heterogeneity in its ability to 

assemble kinetochores 

Alpha-satellite FISH in Figure 3.5 and Figure 3.6 has shown that rob(15;21)c in L995 and L996 

cells is dicentric in its centromeric DNA content. We set out to show that this chromosome is 

also an active dicentric in the proteins which assemble onto the centromere; creating the outer 

centromere and the kinetochore at both centromeres on each sister chromatid of rob(15;21)c. 

Possession of kinetochores on both centromeres of the dicentric would indicate that rob(15;21)c 

has the potential to be functionally dicentric. 

A protocol was designed to integrate chromosome spreads, Immunofluorescence (IF) and 

Fluorescence In-Situ Hybridisation (FISH). This allowed for the identification of rob(15;21)c 

through the use of specific fluorophore-labelled FISH probes for chromosome 15 and 

chromosome 21. Incorporating IF into this protocol allowed for the staining of Centromere 

Protein-C (CENP-C), an inner kinetochore protein that is a good marker of an active 

centromere244,245.  

In a mitotic cell, chromosomes sit spatially very close to each other and when imaging; the 

signals of each chromosome overlap and identifying specific chromosomes can be difficult. 

Creating chromosome spreads with the use of Colcemid allowed for the separation of each 

condensed chromosome without microtubule attachments. Colcemid has the ability to bind 

tubulins, inhibiting microtubule elongation and promoting microtubule depolymerisation. Cells 

arrested using Colcemid are arrested in a prometaphase like state, with condensed chromosomes 

but without functioning microtubules they lack the ability to form a proper metaphase plate and 

segregate chromosomes appropriately. With the use of a hypotonic buffer to swell cells and 

centrifugation using a Cytospin to spatter cells onto slides, chromosome spreads can easily be 

produced from the Colcemid arrested cells. As can be seen in Figure 3.10 and Figure 3.11, in a 

chromosome spread with FISH staining, chromosome 15, chromosome 21 and the Robertsonian 

chromosome rob(15;21)c all from the same cell can be easily identified. 

We know from alpha satellite FISH experiments that the CEN15 and CEN21 centromeres of 

rob(15;21)c in L995 and L996 have a short inter-centromeric distance. While making 

preliminary chromosome spreads + IF + FISH experiments we noticed that the staining of 

centromeric proteins often overlapped on these closely located centromeres, creating a staining 

pattern that looked like there was only one active centromere. This brought up the question 

whether rob(15;21)c was truly functionally dicentric. To answer this question, future 
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experiments were optimised for Stimulated Emission Depletion (STED) super-resolution 

microscopy. Whilst standard confocal microscopy has a resolution limit dictated by the 

diffraction limit of light (~200nm) STED microscopy is able to overcome that diffraction limit 

and reach resolutions <50 nm246,247. Therefore, the incorporation of STED microscopy, 

followed by image deconvolution would provide us with images with the best resolution 

possible to determine if rob(15;21)c was actively dicentric or not.  

We found that there appeared to be cell-to-cell heterogeneity in the CENP-C staining of 

rob(15;21)c chromosomes. Figure 3.10 shows how, regardless of the imaging modality, 

rob(15;21)c still has a monocentric phenotype in some cells. Figure 3.10A and Figure 3.10B 

show normal chromosome 15 and chromosome 21 from L995 cells as a reference for a 

monocentric chromosome and what the staining of CENP-C looks like with confocal 

microscopy, STED microscopy and then a STED microscopy image that has been further 

improved with deconvolution. When comparing rob(15;21)c from the same cell (Figure 3.10C) 

it is clear that this chromosome has no detectable second centromere in at least some cells. 

CENP-C is a vital part of the kinetochore and without it on the second centromere of the 

dicentric it is unlikely that a second functional kinetochore could be assembled248,249. Figure 

3.11 provides an example of a rob(15;21)c chromosome that appears dicentric clearly, due to a 

large inter-centromeric distance. The example chromosome in Figure 3.11C is a particularly 

obvious example of an actively dicentric rob(15;21)c and therefore it could already be resolved 

by confocal microscopy, though the improved resolution from STED and deconvolution further 

confirm how truly distinct these two kinetochores can be on rob(15;21)c. Figure 3.11A and 

Figure 3.11B are respectively chromosome 15 and chromosome 21 from the same cell and 

therefore give examples of control monocentric chromosomes. 
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Figure 3.10. rob(15;21)c sometimes appears actively monocentric. Chromosomes 15 (A), 21 (B) and 

rob(15;21)c (C) from the chromosome spread of one cell stained with FISH probes for Chr15q (green) and Chr21q 

(magenta) and immunostaining for CENP-C. The same samples were imaged with standard confocal microscopy 

then with STED super-resolution microscopy to improve resolution of CENP-C foci. STED images were 

deconvolved to further improve resolution. Scale bars = 1µm.  
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Figure 3.11. rob(15;21)c sometimes appears actively dicentric. Chromosomes 15 (A), 21 (B) and 

rob(15;21)c (C) from the chromosome spread of one cell stained with FISH probes for Chr15q (green) and Chr21q 

(magenta) and immunostaining for CENP-C. The same samples were imaged with standard confocal microscopy 

then with STED super-resolution microscopy to improve resolution of CENP-C foci. STED images were 

deconvolved to further improve resolution. Scale bars = 1µm.  

Through imaging experiments of rob(15;21)c chromosomes it is clear that the apparent inter-

centromeric distance varies greatly. However, we believe that this is due to the variability in 

chromosome spreads rather than a real difference in amount of centromeric DNA between one 

centromere and the other on a dicentric sister chromatid of rob(15;21)c. Generally, rob(15;21)c 

chromosomes that have spread more are elongated and have greater inter-centromeric distances 

(e.g. Figure 3.11C). Those which appear to have overlapping CENP-C foci are shorter as they 

have spread less (e.g. Figure 3.12C).  

Figure 3.12C is an example of an image where rob(15;21)c appears to have overlapping, close 

CENP-C foci. By standard confocal microscopy these could easily be mistakenly identified as 

only one CENP-C focus per sister chromatid. However, with the improvements in resolution 

that STED microscopy and image deconvolution brings, rob(15;21)c in this cell can be properly 



82 

 

identified as actively dicentric. These data are backed up by the line graphs in Figure 3.13. The 

graph in Figure 3.13A correlating with the confocal image shows that quantification of the 

intensity of CENP-C along the yellow line would characterise this chromosome as being 

monocentric (due to the presence of a singular peak). However the line graphs in Figure 3.13B 

and Figure 3.13C clearly identify the two peaks once the resolution has been improved by STED 

microscopy and STED microscopy + deconvolution respectively; thus characterising this 

rob(15;21)c image as actively dicentric. 

Whilst the visualised inter-centromeric distance can change and rob(15;21)c can sometimes be 

mis-characterised as monocentric when CENP-C foci are close, we believe that there is still a 

real population of cells with a monocentric rob(15;21)c chromosome. Images such as those in 

Figure 3.10C where CENP-C foci are extremely punctate, even after STED imaging and 

deconvolution, provide us with sufficient evidence to confirm this phenotype. However, it is 

fair to say that the quantification of the two vs four CENP-C phenotype as done in Figure 3.15 

and Figure 3.16 will likely make an underestimation of the actively dicentric phenotype (i.e. 4 

centromere puncta per mitotic chromosome) and an overestimation of the monocentric 

phenotype due to the occasional mis-characterisation.  
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Figure 3.12. Actively dicentric rob(15;21)c inter-centromeric distance can appear short due to 

chromosome spread variation. Chromosomes 15 (A), 21 (B) and rob(15;21)c (C) from the chromosome 

spread of one cell stained with FISH probes for Chr15q (green) and Chr21q (magenta) and immunostaining for 

CENP-C. The same samples were imaged with standard confocal microscopy then with STED super-resolution 

microscopy to improve resolution of CENP-C foci. STED images were deconvolved to further improve resolution. 

Scale bars = 1µm. 
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Figure 3.13. Line graphs showing the resolution of CENP-C foci with small inter-centromeric 

distance. Line graphs of the rob(15;21)c CENP-C foci shown in Figure 3.12C. (A) Line graph and respective 

image from the rob(15;21)c CENP-C foci imaged by confocal microscopy. (B) Line graph and respective image 

from the rob(15;21)c CENP-C foci imaged by STED microscopy. (C) Line graph and respective image from the 

rob(15;21)c CENP-C foci imaged by STED microscopy and deconvolved for further resolution improvements. 

Yellow line indicates the pixels quantified for the line graphs. Scale bars = 1µm.  
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Studies show that CENP-C is a marker for an active kinetochore and therefore it could be 

presumed that rob(15;21)c chromosomes with four CENP-C dots (e.g. Figure 3.11C) have two 

fully functioning kinetochores per sister chromatid244,245. CENP-C is part of the Constitutive 

Centromere Associated Network (CCAN), an inner kinetochore complex that plays a role in 

coupling nucleosomes and outer kinetochore microtubule-binding proteins in the KNL-1/Mis12 

complex/Ndc80 complex (KMN) network250–253. Unlike the CCAN which is present at the 

centromere throughout the cell cycle, the KMN network is recruited during mitosis. Due to the 

possible mitotic problems that having two functional kinetochores could cause and the short 

inter-centromeric distance seen in rob(15;21)c, we thought to further stain more outer 

kinetochore proteins; in particular those which directly bind microtubules, to better understand 

the possible functionality of these centromeres. 

Hec1 (also known as NDC80) and NUF2 are core components of the outer kinetochore plate254. 

These two proteins form essential parts of the Ndc80 complex and are pivotal for the 

organisation and binding of plus-end microtubules to kinetochores. The Ndc80 complex 

directly binds microtubules and without these proteins, microtubules do not successfully bind 

to kinetochores254.  

Figure 3.14 shows three examples of an actively dicentric rob(15;21)c in a chromosome spread 

with outer kinetochore proteins also stained. Similar to that in Figure 3.12 and Figure 3.13, the 

chromosomes in Figure 3.14 have relatively short inter-centromeric distances but were not set 

up for STED imaging. Despite this, it can still be seen that, when rob(15;21)c is dicentric by 

CENP-C staining other outer kinetochore proteins also assemble to both centromeres. Figure 

3.14A shows an example where the close dicentric CENP-C foci overlap and are not fully 

resolvable from one another, however, the staining of the more punctate, outer proteins Hec1 

and NUF2 start to resolve these distinct centromeres. Figure 3.14B shows an example of a 

rob(15;21)c where the orientation of the chromosome is such that one arm has spread/opened 

up more than the other. This causes the appearance of one sister chromatid with two CENP-C 

foci and one with only one, albeit brighter (due to there being two overlapping foci), CENP-C 

focus. This phenotype translates onto the outer kinetochore protein Hec1 also with clear staining 

of two independent foci that colocalise with CENP-C on the sister chromatid that is more open. 

Figure 3.14C is of a rob(15;21)c chromosome in which both sister chromatids have two distinct 

CENP-C foci, each with a colocalising focus of NUF2.  
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Due to what is already known about the proteins required to build a microtubule-binding 

kinetochore, the presence of both Hec1 and NUF2 on both centromeres when rob(15;21)c 

appears actively dicentric is further evidence to suggest that both centromeres are functional.  

 

3.2.7 The rob(15;21)c centromeric heterogeneity does not change across passages 

We hypothesised that the actively monocentric and dicentric phenotypes shown in 3.2.6 were 

changing across passages. Dicentric chromosomes have mechanisms to reduce/remove their 

dicentricity in order to become more stable136,255. Preliminary results from CENP-C staining of 

rob(15;21)c chromosomes suggested that the actively dicentric phenotype may be seen mostly 

in early passages and the monocentric mostly in later passages. Our hypothesis was that 

dicentric rob(15;21)c chromosomes had a mechanism for deleting centromeric DNA or 

epigenetically silencing one of the centromeres to promote a chromosome that could be more 

stably inherited throughout mitosis. This mechanism would produce a monocentric rob(15;21)c 

chromosome that should be more faithful in segregation, and therefore those with an actively 

monocentric rob(15;21)c would outgrow those with an actively dicentric rob(15;21)c. The 

Figure 3.14. rob(15;21)c assembles a full outer kinetochore at both centromeres. (A) Dicentric 

rob(15;21)c with Hec1 and NUF2 assembling at both centromeres. (B) Dicentric rob(15;21)c with Hec1 

assembling at both centromeres (NUF2 not stained). (C). Dicentric rob(15;21)c with Hec1 assembling at both 

centromeres (Hec1 not stained). Scale bars = 1 µm. 
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model stated above would lead to a cell population with mostly dicentric rob(15;21)c 

chromosomes becoming a cell population with mostly monocentric rob(15;21)c chromosomes. 

To test the hypothesis that the mono/dicentricity of rob(15;21)c is changing as cells divide, 

chromosome spreads + immunofluorescence + FISH experiments (as described in 2.13) were 

done on L995 and L996 cells from early (P6-8), middle (P17-19) and late (P32-34) passages. 

Chromosome spreads from these experiments were imaged by STED microscopy and images 

were deconvolved for the best possible resolution. The CENP-C staining of rob(15;21)c 

chromosomes was manually analysed to characterise each chromosome as having two or four 

CENP-C foci. Raw counts of rob(15;21)c chromosomes with each phenotype in three repeat 

experiments across passages is shown in Table 3.3. 

Table 3.3. Counts of rob(15;21)c with actively monocentric (2 CENP-C) or actively dicentric (4 

CENP-C) phenotypes across passages. 

 

Figure 3.15A shows rob(15;21)c chromosomes from early passage L995 cells with examples 

of both the actively monocentric and dicentric phenotype. Figure 3.15B is the quantification of 

the monocentric and dicentric phenotypes in early passage L995 cells. The numbers in Figure 

3.15B are how many rob(15;21)c chromosomes with the respective phenotype were seen across 

three repeat experiments with early passage L995 cells. Examples of each phenotype in middle 

passage L995 cells are shown in Figure 3.15C with their quantification in Figure 3.15D and 

examples of each phenotype in late passage L995 cells are shown in Figure 3.15E with their 

quantification in Figure 3.15F. Whilst the total number of chromosomes counted in each 

passage group differs, it can be seen that the ratio of rob(15;21)c chromosomes with two CENP-

C foci to those with four CENP-C foci remains similar across all passages. The major outcome 

from these experiments is that rob(15;21)c appears to most often have four CENP-C and that 

this is not changing across passages (from passage 6 to passage 34). 

Figure 3.16 is the equivalent Figure 3.15 though for L996 cells. Figure 3.16A, Figure 3.16C, 

Figure 3.16E show that both the actively monocentric and dicentric phenotypes exist in early, 
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middle and late passage L996 cells. The quantification of these phenotypes in early (Figure 

3.16B), middle (Figure 3.16D) and late (Figure 3.16F) L996 cells seems different to those in 

L995. Whilst the rob(15;21)c chromosomes from early L996 cells are predominantly actively 

dicentric (as in L995), the middle passages have more monocentric rob(15;21)c chromosomes 

in relation to the number of dicentrics; and in the late passages a monocentric rob(15;21)c 

appears to be the more common phenotype. 

Whilst the quantification appears to tell a different story for rob(15;21)c chromosomes in L995 

cells versus those in L996 cells, this may be misleading. A large number of the quantified 

chromosomes for late passage L996 cells (Figure 3.16F) comes from one experiment and 

contradicts that of the other repeats (as shown in Table 3.3), skewing the results. These results 

will be discussed further in 3.3. 
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Figure 3.15. L995 rob(15;21)c centromeric heterogeneity does not change across passages. 

(A) Images of example rob(15;21)c chromosomes with 2 and 4 CENP-C foci from early passage L995 cells. 

(B) Raw counts of rob(15;21)c chromosomes with 2 and 4 CENP-C foci from early passage L995 cells 

(N=3). (C) Images of example rob(15;21)c chromosomes with 2 and 4 CENP-C foci from mid passage L995 

cells. (D) Raw counts of rob(15;21)c chromosomes with 2 and 4 CENP-C foci from mid passage L995 cells 

(N=3). (E) Images of example rob(15;21)c chromosomes with 2 and 4 CENP-C foci from late passage L995 

cells. (F) Raw counts of rob(15;21)c chromosomes with 2 and 4 CENP-C foci from late passage L995 cells 

(N=3). Scale bars = 1 µm. 
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Figure 3.16. L996 rob(15;21)c centromeric heterogeneity does not change across 

passages. (A) Images of example rob(15;21)c chromosomes with 2 and 4 CENP-C foci from early 

passage L996 cells. (B) Raw counts of rob(15;21)c chromosomes with 2 and 4 CENP-C foci from early 

passage L996 cells (N=3). (C) Images of example rob(15;21)c chromosomes with 2 and 4 CENP-C foci 

from mid passage L996 cells. (D) Raw counts of rob(15;21)c chromosomes with 2 and 4 CENP-C foci 

from mid passage L996 cells (N=3). (E) Images of example rob(15;21)c chromosomes with 2 and 4 

CENP-C foci from late passage L996 cells. (F) Raw counts of rob(15;21)c chromosomes with 2 and 4 

CENP-C foci from late passage L996 cells (N=3). Scale bars = 1 µm. 
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3.2.8 The rob(15;21)c chromosome has one dominant and one weaker 

centromere  

During manual analysis of CENP-C foci on rob(15;21)c the observation was made that when 

rob(15;21)c had an actively dicentric phenotype it appeared that one pair of the centromeres 

were often brighter and larger than the other. Examples of this from four rob(15;21)c 

chromosomes in L995 cells are shown in Figure 3.17A and examples for four rob(15;21)c in 

L996 cells are shown in Figure 3.17B. After analysing these dicentric rob(15;21)c 

chromosomes it became clear that not only was there centromere dominance, but also that this 

dominance seemed to be centromere specific, with the brighter and larger CENP-C foci always 

belonging to the Chr15 centromere (rob 15) within the dicentric and the weaker always being 

Chr21 centromere (rob 21). 

 

Figure 3.17. Actively dicentric rob(15;21)c chromosomes have one stronger and one weaker 

centromere. (A) STED images of four example rob(15;21)c chromosomes from L995 cells with dicentric 

centromeres with dominance. (B) STED images of four example rob(15;21)c chromosomes from L996 cells with 

dicentric centromeres with dominance. Scale bars = 1 µm. 
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To quantify the centromere dominance phenotype, all images obtained for spreads across 

passages experiments in Figure 3.15 and Figure 3.16 were run through a Fiji analysis pipeline 

described in section 2.15.2. The output from this was data on the intensity and size of CENP-C 

foci on normal chromosome 15 (n = 101 in L995 and n = 81 in L996), normal chromosome 21 

(n = 103 in L995 and n = 82 in L996), the chromosome 15 centromere of rob(15;21)c (n = 106 

in L995 and n = 80 in L996), the chromosome 21 centromere of rob(15;21)c (n = 64 in L995 

and n = 19 in L996) and all other chromosomes in a given chromosome spread (n = 4959 in 

L995 and n = 3858 in L996). 

Figure 3.18 shows these quantifications of CENP-C data. Figure 3.18A and Figure 3.18B are 

respectively the intensities and areas of CENP-C foci in L995 cells normalised to that of all 

chromosomes. These data show that CENP-C foci on normal chromosome 15 are both larger 

and more intense than the average CENP-C focus. Also, whilst the size of CENP-C on rob 15 

is not significantly different to that on normal 15, the intensity is, with the intensity on rob 15 

being slightly less than that on normal chromosome 15. However, the most striking result in 

these data is that the CENP-C foci on rob 21 are far less intense and far smaller than that on 

normal chromosome 21. This result provides quantification to support the images in Figure 3.17 

that suggests dicentric rob(15;21)c exhibits centromere dominance; with rob 15 always being 

dominant over rob 21 when dominance at rob(15;21)c occurs. 

Figure 3.18C and Figure 3.18D provide similar results to that shown in Figure 3.18A and Figure 

3.18B, though in L996 cells. CENP-C on normal chromosome 15 and normal chromosome 21 

are larger (Figure 3.18D) and more intense (Figure 3.18C) than the average CENP-C focus. The 

CENP-C on rob 15 is not significantly different, if at all, to that on normal chromosome 15. 

Again, the striking result is that rob 21 is clearly weaker in both size and intensity than normal 

chromosome 21. 

Our data suggest that dicentric rob(15;21)c chromosomes have a regular centromere 15 and a 

somehow altered, weaker centromere 21.    
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Figure 3.18. CEN 21 of rob(15;21)c is significantly weaker than other centromeres. (A) Intensity of 

CENP-C foci on L995 chromosome spreads with intensities normalised to the mean intensity of CENP-C foci 

across all chromosomes in a given cell. (B) Area of CENP-C foci on L995 chromosome spreads with areas 

normalised to the mean area of CENP-C foci across all chromosomes in a given cell. (C) Intensity of CENP-C 

foci on L996 chromosome spreads with intensities normalised to the mean intensity of CENP-C foci across all 

chromosomes in a given cell. (D) Area of CENP-C foci on L996 chromosome spreads with areas normalised to 

the mean area of CENP-C foci across all chromosomes in a given cell. Statistical analysis done by Kruskal-Wallis 

test. ns = not significant. * = p-value ≤ 0.05, ** = p-value ≤ 0.01, *** = p-value ≤ 0.001, **** = p-value ≤ 0.0001. 
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The Robertsonian chromosome rob(15;21)c has a stronger centromere (stronger than the other 

centromere in rob(15;21)c but similar to normal centromere 15), centromere 15 and a weaker 

centromere, centromere 21 as shown in Figure 3.17 and Figure 3.18. However, this 

chromosome was also found to have a monocentric phenotype and so it was logical to image 

and analyse location of the CENP-C from these monocentric versions of rob(15;21)c. Images 

in Figure 3.19A show three example monocentric rob(15;21)c chromosomes from L995 cells 

and Figure 3.19B shows three examples from L996 cells. It is obvious from these images that 

the CENP-C dots are colocalising with the green arms labelled by the FISH probes for 

chromosome 15 and not with those for chromosome 21.  

The data in Figure 3.19 highlights that in both L995 and L996 when rob(15;21)c is monocentric 

it appears to retain the centromere of rob 15 and lose the centromere of rob 21. Therefore, from 

these data in actively monocentric rob(15;21)c, that in Figure 3.17 of actively dicentric 

rob(15;21)c and quantification in Figure 3.18 it seems that the centromere belonging to the 

chromosome 15 arm of rob(15;21)c is more dominant than the centromere belonging to the 

chromosome 21 arm of rob(15;21)c. 
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Figure 3.19. Monocentric rob(15;21)c chromosomes specifically retain CEN15. (A) STED images of 

three example L995 rob(15;21)c chromosomes with monocentricity retaining only the CEN15 centromere. (B) 

STED images of three example L996 rob(15;21)c chromosomes with monocentricity retaining only the CEN15 

centromere. Scale bars = 1 µm. 
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3.2.9 Both rob(15;21)c kinetochores have the ability to bind microtubules 

As rob(15;21)c is often actively dicentric, an obvious mitotic outcome for these chromosomes 

would be mis-segregation due to aberrant MT attachments; in turn causing a lagging 

chromosome. A lagging rob(15;21)c could be a driver for chromothripsis involving this 

chromosome. Therefore, we wanted to determine whether both centromeres/kinetochores on a 

dicentric rob(15;21)c chromosome have the ability to bind microtubules and if this causes 

aberrant attachments during mitosis.  

Many techniques were attempted in order to image microtubule-kinetochore binding at 

rob(15;21)c centromeres, though this proved to be difficult. Upon immunofluorescence 

microscopy of whole cells (not in a chromosome spread) the dicentric centromeres (stained by 

CENP-C staining) appear very close together and are often difficult to distinguish. Further, it is 

more difficult to use both FISH probes and immunostaining in whole cells than it is in 

chromosome spreads as it appears both IF and FISH staining are poorer when combined in 

whole cells, likely hindered by the protocol adaptations made to allow both staining methods 

simultaneously on one sample. Therefore it was not possible in our hands to have a chromosome 

marker for rob(15;21)c and simultaneously stain kinetochores and microtubules by IF and so 

any images of microtubule binding at what looks like a dicentric chromosome are with the 

presumption that the chromosome being imaged is rob(15;21)c and not the colocalisation of 

two monocentric chromosomes. 

In an attempt to resolve the dicentric centromeres and the microtubules binding to them both, 

STED microscopy and Ultrastructure-Expansion Microscopy (ExM) were done. Figure 3.20A 

shows one Z-slice through a mitotic cell focusing on the microtubule binding at a dicentric 

chromosome. Whilst all microtubule attachments are not fully formed it does appear that both 

kinetochores on one sister chromatid of this dicentric chromosome are binding microtubules. 

The pattern of tubulin staining comes from one pole and shows one tubulin bundle splitting and 

colocalising with two CENP-C foci, presumably the two kinetochores from one sister of 

rob(15;21)c. This can be seen more clearly in Figure 3.20B; images as in Figure 3.20A though 

with zoomed in regions on the dicentric kinetochores. 

Imaging microtubule binding events on rob(15;21)c proved difficult in whole cells due to short 

inter-centromeric distance, therefore making it difficult to resolve the kinetochores of 

rob(15;21)c from each other. In order to overcome the resolution limit, I optimised an 

Ultrastructure-Expansion Microscopy (U-ExM) protocol for my cells of interest. By embedding 
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mitotic cells in a swellable hydrogel, samples can be expanded isotropically ~4.5x in X, Y and 

Z; creating a volume increase of ~90x. This sample preparation technique allowed for imaging 

at much higher resolution whilst still using standard confocal microscopy. 

Figure 3.20C is a single Z-slice through a metaphase cell that has been expanded using an 

Ultrastructure-Expansion Microscopy protocol as in section 2.11. The zoomed in region of 

interest (ROI) highlights a dicentric chromosome which is presumably rob(15;21)c. 

Microtubules emanating from one pole appear to be binding to both kinetochores on one sister 

chromatid. Whilst this does not show what microtubule binding is like at all kinetochores on 

the dicentric and does not show what these microtubule-kinetochore attachments look like when 

rob(15;21)c is mis-segregating, it does further reinforce the STED data to suggest that both 

kinetochores on rob(15;21)c have the ability to bind microtubules.  

 

Figure 3.20. Both kinetochores of rob(15;21)c have the ability to bind microtubules. (A) dicentric 

chromosome (presumably rob(15;21)c) as shown by CENP-C staining with one sister chromatid binding 

microtubules at both kinetochores. (B) zoomed in regions of interest (ROIs) from A. (C) Expansion microscopy 

image showing a dicentric chromosome with all kinetochores binding microtubules. Scale bars in A and B = 1µm, 

Scale bars in C = 4µm 
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3.3 Discussion 

In this chapter I have described the production and characterisation of lymphoblastoid cell lines 

L995 and L996 as a model system to study the Robertsonian chromosome rob(15;21)c. Carriers 

of the chromosome rob(15;21)c have a huge increased risk of developing iAMP21-ALL by a 

process which involves the rob(15;21)c chromosome undergoing a chromothriptic event. The 

work in this chapter starts to characterise rob(15;21)c, in particular the dicentric centromere, in 

order to try and understand why this chromosome has a high predisposition to chromothripsis. 

Analysis of SNP arrays in 3.2.2 and 3.2.3 confirmed that there are no gross chromosomal 

differences between the cells of the patient who developed iAMP21-ALL (23299) and their 

identical twin who did not develop iAMP21-ALL (27405). Data in this section also checked 

for any obvious differences between the L995 and L996 cell lines and the blood samples from 

which they were derived. Figure 3.2 and Figure 3.3 highlighted that there were no gross 

differences and in fact the cell lines look extremely quiet, even more so than the blood samples. 

However, this could be for several reasons. SNP arrays on the blood samples were done on an 

Affymetrix SNP 6.0 array, whereas due to the discontinuation of SNP 6.0, the data for cell lines 

L995 and L996 was from Illumina 850k arrays. This technical difference could cause the 

quietness seen in L995 and L996 samples. It is possible that SNP 6.0 had better resolution and 

therefore detected more CNVs than in the Illumina data. Alternatively, it is possible that the 

quality of DNA in the blood samples were poorer than that from the cell lines, thus causing the 

busier CNV profiles seen in blood samples when compared with L995 and L996. Ultimately 

though, there are no gross chromosomal changes seen between L995 and L996 and the cells 

from which there were derived, making these cells a good model to study the rob(15;21)c 

chromosome in an environment that is near-physiological but also tractable for experimental 

use. 

Preliminary FISH experiments of asynchronous L995 and L996 cells validated the presence of 

rob(15;21)c in these cell lines (Figure 3.5 and Figure 3.6). However, these initial results also 

brought to light a potential problem (Figure 3.7). Across a cell population there appeared to be 

significant number of cells with four foci for the centromere of chromosome 15 and eight foci 

for the centromere of chromosomes 21/13 (the alpha satellites of Chr21 and Chr13 are not 

different enough to design unique FISH probes that distinguish them). Lymphoblastoid cell 

lines are known to have some genomic instability, and these preliminary FISH images 

highlighted the possibility that there was a tetraploid population amongst these cells237–239. This 
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would have been problematic for subsequent experiments. Fortunately, flow cytometry 

experiments done to quantify this problem indicated that in fact there was no significant 

aneuploid population across multiple passages of L995 or L996 cells (Figure 3.8 and Figure 

3.9). Any cells that had ploidy greater than the normal diploid population would appear as 

events greater than 4n (S phase, G2 and M phase cells tetraploid cells). Whilst the presence of 

the two peaks labelled 2n and 4n do not provide the exact number of chromosomes in each cell, 

the presence of them in combination with the absence of a peak >4n and the absence of a peak 

<2n does suggest a near pure population; not one that is heterogeneous with diploid and 

tetraploid cells. As a pure tetraploid and pure diploid population would look the same by simple 

flow cytometry, FISH experiments were used to confirm that L995 and L996 cells were mostly 

diploid and not mostly tetraploid. Throughout early, middle and late passages of L995 and L996 

the population of cells that were greater than 4n was between 1.4% and 2.4%. These small 

percentage of events greater than 4n are likely to also include doublets that have slipped through 

the gating workflow and large cellular debris. Therefore, we can be confident that there is no 

significant tetraploid population in L995 or L996 cells (<2%).  

The results obtained above show that L995 and L996 are good model systems in which to study 

rob(15;21)c. The remaining experiments in this chapter from 3.2.6 onwards make use of L995 

and L996 to study this chromosome of interest, and focus on characterising the centromeres of 

rob(15;21)c. Having a single centromere on each sister chromatid allows biorientation during 

mitosis. However, having two functional centromeres on each sister chromatid may cause 

erroneous attachments. FISH experiments to label the alpha-satellite DNA of chromosome 15 

and chromosome 21 showed that rob(15;21)c in the L995 and L996 cell lines had the DNA of 

two centromeres. Having centromeric DNA though is not enough to consider a centromere as 

active. Further experiments to stain inner kinetochore proteins (Figure 3.11), outer kinetochore 

proteins (Figure 3.14) and microtubule-kinetochore binding (Figure 3.20) all provide support 

for the case of rob(15;21)c often having two fully functioning kinetochores. 

Early work on dicentric chromosomes found that one centromere was often inactivated to form 

a functionally monocentric chromosome that was more stable through mitosis and meiosis. This 

work was done by analysis of primary constrictions, C- and Cd-banding and immunostaining 

to show a lack of CENP-A, CENP-C and CENP-E at the inactive centromere125,126,249,256–258. 

Particularly of interest, this was also shown for patient-derived Robertsonian 

chromosomes136,255. Work from Sullivan et al. demonstrated that centromere inactivation 

occurred preferentially at a particular centromere in most cases255. As rob(15;21)c is somewhat 
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rare compared to other Robertsonian chromosomes, this study only had samples from two 

rob(15;21)c patients. Cells from one rob(15;21)c carrier had preference for an active 

chromosome 21 centromere and the other was split somewhat evenly, with some cells 

containing a rob(15;21)c with an active 15 centromere and some with an active 21 centromere. 

However, this study looked at many other patient derived Robertsonian chromosomes and 

concluded that the centromere of chromosome 15 within a Robertsonian is rarely the 

preferentially active centromere. Contrary to this finding, we see that in L995 and L996 cells 

the chromosome 15 centromere is more dominant in a dicentric rob(15;21)c (Figure 3.17 and 

Figure 3.18) and is often the only centromere with markers of an active kinetochore (i.e. in 

rob(15;21)c that may be monocentric, Figure 3.19). This finding is of particular interest as FISH 

staining of leukaemic cells from iAMP21-ALL patients with rob(15;21)c has shown that the 

derivative chromosome that is rearranged after a chromothriptic event is monocentric, 

specifically retaining the 21 centromere and not the 15 centromere145. Therefore, in combination 

with our results, this suggest that the 15 centromere in rob(15;21)c is dominant pre-

chromothripsis but selected against post-chromothripsis. Interestingly, this also indicates that 

those chromosomes that undergo chromothripsis to drive iAMP21-ALL must be dicentric 

rob(15;21)c and not a monocentric. 

The mechanism for the inactivation and/or reduction in strength of centromere 21 in 

rob(15;21)c is not well understood. In de novo induced Robertsonian dicentrics it has been 

shown that inactive centromeres have smaller alpha satellite arrays, suggesting partial DNA 

deletion as a mechanism for centromeric inactivation138. As the α-satellite of chromosome 21 

within rob(15;21)c often appears smaller than that on normal chromosome 21 in L995 and L996 

cells, it is possible that partial DNA deletion has happened at this dicentric to produce a more 

stable chromosome. However, when centromere state changes in a growing population, Higgins 

et al. showed that there were no obvious changes to DNA, hence suggesting a possible 

epigenetic mechanism for centromere inactivation129. 

Whilst it is common for dicentric chromosomes to act as if actively monocentric in order to 

promote chromosomal stability, we have seen that across passages, rob(15;21)c in L995 and 

L996 more often remains actively dicentric (Figure 3.15 and Figure 3.16). There was no shift 

in centromeric phenotype across the passages of L995 and L996 cells in this study and actively 

dicentric remained the more prominent phenotype. These results suggest that there is no strong 

selection pressure on rob(15;21)c to be monocentric and that the dicentric phenotype must be 

at least somewhat stable. A similar finding was seen in dicentric X chromosomes and 
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Robertsonian chromosomes with a short inter-centromeric distance127,137. As the distance 

between dicentric centromeres increases the likelihood of that chromosome acting as actively 

monocentric also increases127. Dicentric chromosomes with a larger inter-centromeric distance 

may allow for problematic microtubule attachments that would cause lagging. However, when 

inter-centromeric distance is short, the two centromeres may act cooperatively and more 

similarly to a regular monocentric chromosome, despite possessing two formed kinetochores. 

It has been hypothesised that closely located centromeres on a dicentric would limit twisting in 

the region between the centromeres, therefore promoting both kinetochores to face the same 

direction and thus bind microtubules from the same pole137,259. A potential example of this can 

be seen in Figure 3.20B and Figure 3.20C. As the inter-centromeric distance in rob(15;21)c in 

L995 and L996 cells is short and our results show an actively dicentric phenotype frequently, 

our work supports the hypothesis that a small inter-centromeric distance will more likely lead 

to two functional kinetochores on each sister. However, how these two kinetochores may be 

functioning together is less well understood. 

Though it has not been possible to show that aberrant attachments on rob(15;21)c drive mis-

segregation, I have shown images in Figure 3.20 that suggest both kinetochores on rob(15;21)c 

can bind microtubules. It is a real possibility that simultaneous attachments at all rob(15;21)c 

kinetochores would cause a mis-segregating chromosome during mitosis. 

Identification of rob(15;21)c whilst imaging microtubule-kinetochore attachments was a large 

problem and so we hoped to use a fluorescent dCas9 labelling system to create cell lines with a 

fluorescent rob(15;21)c (as described later in Chapter 5). These cell lines would then be used 

for Correlative Light and Electron Microscopy (CLEM). In these experiments we would be able 

to identify rob(15;21)c by the fluorescent dCas9 system and then image the same cell with the 

resolution of electron microscopy. Electron microscopy would show the number of 

microtubules bound to each kinetochore and whether there were any aberrant attachments when 

rob(15;21)c was mis-segregating (as identified in the same cell by light microscopy). However 

as discussed later, the development of these cell lines was more difficult than anticipated. 

Higgins et al. in 2005 provided evidence to suggest that whilst centromere activity in a dicentric 

is usually clonal, some cell lines can switch the centromere state in a growing population (from 

actively dicentric to actively monocentric). Our experiments in Figure 3.15 and Figure 3.16 to 

determine if the centromere state of rob(15;21)c was changing across passages highlighted that 

this state was stable in L995 cells (the majority of cells had actively dicentric rob(15;21)c with 
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a small proportion having actively monocentric rob(15;21)c). However, in L996 cells the results 

were less clear (Figure 3.16). At first glance it appeared that centromere state may be changing 

from mostly dicentric to mostly monocentric. However, the results in Figure 3.16F came from 

three technical replicates that are difficult to interpret. The three repeats do not provide 

consistent results (as shown in Table 3.3). One experiment shows the majority of rob(15;21)c 

chromosomes with an actively monocentric phenotype (experiment 1), one with a 

predominantly active dicentric phenotype (experiment 3) and one with equal amounts of 

monocentric and dicentric (experiment 2). Ultimately, there are limited n numbers within each 

individual repeat of this experiment and therefore more should be done to produce data with 

greater statistical significance. Nevertheless, many further experiments were done on the 

centromeres of rob(15;21)c in various passages of L995 and L996 cells throughout the work 

described in this thesis, and there were no noticeable changes to centromere state that appeared 

obvious; both the actively dicentric and actively monocentric phenotype were seen at all 

passages. 

In summary, the work in this chapter characterised the rob(15;21)c centromeres; showing that 

this chromosome is often actively dicentric, with the ability to assemble outer kinetochore 

proteins that suggest functional dicentricity; and this predominantly dicentric phenotype likely 

does not change across passages. Also, the dicentric centromeres of rob(15;21)c do not seem to 

be equal. The rob 15 centromere appears stronger as defined by the amount of kinetochore 

proteins which assemble to it and the rob 21 centromere is more likely to be inactivated. 

Previous work from Li et al. highlighted a massive 2700x increased risk for carriers of 

rob(15;21)c to develop iAMP21-ALL by undergoing chromothripsis. An obvious mechanism 

would be that the actively dicentric centromere of rob(15;21)c is causing unfaithful segregation 

and in turn subjecting this chromosome to an environment that has shown to be susceptible to 

events such as chromothripsis (e.g. a micronucleus). In Chapter 4, the segregation tendencies 

of rob(15;21)c will be assessed to further understand the mechanism causing such 

predisposition to cancer.  
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Chapter 4: Characterising how rob(15;21)c behaves 

4.1 Introduction 

In Chapter 3, I showed that the Robertsonian chromosome rob(15;21)c appears to be frequently, 

actively dicentric. The pivotal paper from Li et al. in 2014 highlighted how carriers of the 

rob(15;21)c chromosome have a dramatically increased risk of developing iAMP21-ALL 

through a mechanism that involves rob(15;21)c undergoing chromothripsis145. This chapter 

aims to find the links between this chromosome’s centromeric structural irregularity and its 

predisposition to chromothripsis. 

Active dicentricity of rob(15;21)c may lead to aberrant microtubule-kinetochore attachments. 

If not properly resolved, then these mis-attachments may cause segregation defects in mitosis. 

Chromosome mis-segregation has been shown to be the initiating event that drives 

chromothripsis156. Micronuclear environments have the ability to facilitate the mis-segregation-

to-chromothripsis mechanism due to their aberrant nuclear envelopes, leading to rupture and 

cytosolic DNA damage94,154,156,181,260,261. 

Many different mechanisms can cause a chromosome to mis-segregate262. Aberrant 

microtubule-kinetochore attachments (e.g. merotelic attachments) can cause a chromosome to 

lag during anaphase and enter a micronucleus. Defects in the Spindle Assembly Checkpoint 

(SAC) may allow premature anaphase onset before appropriate attachments are formed, in turn 

causing mis-segregation. Defects in cohesion can cause premature or delayed sister chromatid 

separation, depending on the specific defect. Problematic cell cycle regulation can also disrupt 

multiple aspects of mitosis and promote chromosomal instability. Inherent characteristics 

within chromosomes can cause non-random mis-segregation. Both the size of a chromosome 

and the size of its centromere (and the relationship between them) have the ability to influence 

specific mis-segregations97. More recently, it has also been shown that chromosomes which 

have an interphase nuclear location close to the cell periphery are more likely to mis-segregate 

due to their position relative to the spindle poles in mitosis98,99. These mechanisms that cause 

chromosome mis-segregation are not necessarily mutually exclusive, it is possible that multiple 

problems act together to cause nondisjunction.  

In this chapter, I aim to determine if the dicentric nature of rob(15;21)c is driving mis-

segregation, and if so, what mechanism is driving it.  To assess this, I have used a mixture of 

low throughput (for high resolution imaging) and high throughput (for quantification of large 
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numbers of cells) fixed imaging and imaging analysis methods. As in Chapter 3, I made use of 

the lymphoblastoid cell lines L995 and L996 derived from twin carriers of rob(15;21)c to study 

this chromosome of interest. I stained the Robertsonian chromosome and internal control 

chromosomes with FISH probes for Chr15q and Chr21q and, in some cases where smaller 

fluorescent foci were required, probes for CEN15 and CEN21/13. I also stained multiple 

proteins of interest by immunofluorescence at various stages of the cell cycle to better 

understand how the behaviour of rob(15;21)c may be leading to chromothripsis. 

As data from Li et al. suggested that a chromothriptic event involved just rob(15;21)c (and 

often two copies of this chromosome), we focussed on studying mis-segregation mechanisms 

that could occur on only one chromosome (e.g. erroneous microtubule-kinetochore attachments 

but not defective cell cycle regulation). 

In summary, this chapter characterises the behaviour of rob(15;21)c. Firstly, I study the 

propensity for rob(15;21)c to mis-segregate, whether one or both sister chromatids are seen in 

mis-segregations and the micronuclear environment of cells containing rob(15;21)c. The rest 

of this chapter then studies potential mechanisms that may drive aberrant segregation of 

rob(15;21)c, including error correction, cohesion, nuclear location and metaphase plate 

alignment. 

4.2 Results 

4.2.1 rob(15;21)c frequently mis-segregates during mitosis 

The Robertsonian chromosome rob(15;21)c is often dicentric. We have shown that in the patient 

derived cell lines L995 and L996 containing rob(15;21)c, this chromosome often appears 

actively dicentric with the potential to be functionally dicentric. In chapter 3 it was shown that 

both centromeres of dicentric rob(15;21)c chromosomes have the ability to assemble outer 

kinetochore proteins and bind microtubules. The presence of multiple active kinetochores on 

each sister chromatid may promote aberrant microtubule attachments such as merotelic 

attachments; if not appropriately resolved before anaphase these could cause mis-segregation 

of the attached chromosome. 

Previous work from Li et al. highlighted that rob(15;21)c frequently undergoes chromothripsis 

to drive iAMP21-ALL. Either this chromosome has a huge predisposition to chromothripsis or 

presence of this chromosome in a chromothriptic event causes a selective advantage for cancer 
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cell growth. We also know from multiple studies that both micronuclei and chromosome 

bridges are environments that facilitate a chromothriptic event114,154,156. We hypothesised that 

the dicentric nature of rob(15;21)c causes a high rate of chromosome mis-segregation in this 

chromosome, therefore placing this chromosome in an environment that has been shown to be 

susceptible to chromothripsis. 

To study the nature of rob(15;21)c chromosome segregation, we enriched populations of L995 

and L996 cells into anaphase and telophase with the use of a nocodazole block for prometaphase 

enrichment followed by nocodazole washout and then allowing cells to progress for 1h before 

fixation. FISH probes were used to stain chromosome 15q and chromosome 21q in these 

ana/telophase enriched cells so that chromosome 15, chromosome 21 and rob(15;21)c could be 

identified. These were particularly of interest if they were present in a mis-segregation event. 

As asynchronous cell populations did not contain many mitotic cells (due to a low mitotic index 

and the tendency for mitotic cells to struggle to stick down), nocodazole was used to both 

synchronise cells in mitosis and induce a higher rate of chromosome mis-segregation. It has 

been shown that nocodazole will elevate mis-segregation rates in a non-random manner, 

specifically affecting chromosome 1 and chromosome 2 more strongly than other 

chromosomes. However, this non-random elevation of mis-segregation has not shown to be 

preferential for either chromosome 15 or chromosome 21 and therefore presumably will not 

have preference for rob(15;21)c either95,97. 

Figure 4.1 is a confocal microscopy image of an ana/telophase cell from an initial such 

experiment in which both sister chromatids of rob(15;21)c are clearly lagging/mis-segregating 

between the daughter nuclei. One copy of the normal chromosome 15 (green) and the normal 

chromosome 21 (magenta) can also be seen in each daughter nucleus, segregating as expected. 

This image highlighted that studying rob(15;21)c mis-segregation rates further would be a good 

idea. 
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To better understand if rob(15;21)c was truly mis-segregating frequently, the throughput of 

these imaging experiments needed to be much higher. This required resolution to be sacrificed 

as a trade off for throughput, but preliminary experiments showed that the decreased resolution 

was still sufficient to observe actively mis-segregating chromosomes and to identify if these 

contained chromosome 15, chromosome 21 or rob(15;21)c. Many experimental coverslips were 

set up as above to enrich ana/telophase cells with FISH-stained chromosomes 15 and 21. 

However, each full coverslip was imaged by tiling together hundreds of images. Figure 4.2A is 

an example of a full coverslip worth of tiled images with tens to hundreds of thousands of cells. 

Analysis of these large images was done in a semi-automated manner. Thresholding was done 

Figure 4.1. Anaphase cell with mis-segregating rob(15;21)c. Confocal image of an L996 anaphase cell 

with both sister chromatids of rob(15;21)c mis-segregating. FISH probes stained chromosome 15q (green) and 

chromosome 21q (magenta) and dapi stained DNA (blue). Scale bar = 5 µm. 
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on the Dapi channel in ZEN software to produce an automated cell count and then further 

analysis was done manually. This analysis involved counting all ana/telophases and those with 

an actively mis-segregating chromosome on the Dapi channel without reference to the presence 

or absence of FISH probes. All cells counted with a mis-segregation were then assessed to see 

if they contained the chromosome 15q FISH probe, the chromosome 21q FISH probe or both 

(presumably rob(15;21)c). Figure 4.2B and Figure 4.2C are examples from the image in Figure 

4.2A showing respectively one and then two rob(15;21)c sister chromatids mis-segregating. 

The quantification of this mis-segregation data is provided in Figure 4.3. 

 

Figure 4.2. High throughput analysis of rob(15;21)c mis-segregation. (A) Tiled image of entire 

coverslip of cells induced into anaphase and telophase. (B) Example of a cell with one rob(15;21)c sister chromatid 

mis-segregating. (C) Example of a cell with both rob(15;21)c sister chromatids mis-segregating. Scale bar in (A) 

= 4 mm. Scale bars in (B) and (C) = 10 µm. 

Whilst cells were enriched in ana/telophase, there were still proportionally not a large number 

of these cells, though being able to analyse such a large number of total cells (2.36 million total 

cells) meant that the smaller populations of cells were still significant. 11,520 cells (0.5%) were 

identified as being in ana/telophase and of those 1,368 had an actively occurring mis-

segregation (12% of anaphase/telophase cells). 

If mis-segregation is random and each chromosome has an equal chance of mis-segregating, 

then in L995 and L996 cells the chance of chromosome 15, chromosome 21 or rob(15;21)c mis-
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segregating would each be 2.2%. These cells have 45 chromosomes with one copy of normal 

15, one copy of normal 21 and one rob(15;21)c, therefore 1 in 45 times we would expect to see 

each of these chromosomes mis-segregating. In practice, the results in Figure 4.3A for L995 

and in Figure 4.3B for L996 show that the real mis-segregation rate for rob(15;21)c is far from 

the expected 2.2%. In both L995 and L996 cells the rate of mis-segregation for chromosome 

15 and chromosome 21 is still relatively low. The chance of a mis-segregating chromosome 

being chromosome 15 is 1.8% (15/852 total mis-segregations) in L995 and 3.9% (20/516 total 

mis-segregations) in L996 and the chance of it being chromosome 21 is 0.9% (8/852 total mis-

segregations) in L995 and 2.7% (14/516 total mis-segregations) in L996. However, contrary to 

the low mis-segregation rates of normal chromosomes 15 and 21, the rate of rob(15;21)c mis-

segregation is significantly higher than expected. The chance of a mis-segregating chromosome 

being rob(15;21)c is 17.3% (147/852 total mis-segregations) in L995 and 16.1% (83/516 total 

mis-segregations) in L996. Statistical analysis was done by one-way ANOVA with Holm-

Šídák's multiple comparisons test and shows that the difference between rob(15;21)c mis-

segregation rate and that of chromosome 15 and chromosome 21 is significant. In L995, the P 

value of rob(15;21)c versus chromosome 15 is 0.0033 and that of rob(15;21)c versus 

chromosome 21 is 0.0031. In L996, the P value of rob(15;21)c versus chromosome 15 is 0.0001 

and that of rob(15;21)c versus chromosome 21 is 0.0002. These results provide strong support 

for the hypothesis of frequent mis-segregation driving rob(15;21)c into an environment that is 

susceptible to chromothripsis. 
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Sequencing from Li et al. in 2014 predicted that two copies of rob(15;21)c are present during 

the chromothriptic event which produces one derivative chromosome and ultimately drives 

iAMP21-ALL145. This is contrary to most chromothripsis models which only involve the 

presence of one copy of the affected chromosome154,156. Although it is conceivable that the 

Figure 4.3. rob(15;21)c mis-segregates frequently.  (A) Rate of chromosome 15, chromosome 21 

and rob(15;21)c mis-segregation rates in L995 cells. (B) Rate of chromosome 15, chromosome 21 and 

rob(15;21)c mis-segregation rates in L996 cells. Staistical analysis done by one-way ANOVA with Holm-

Šídák's multiple comparisons test. ** = p-value ≤ 0.01, *** = p-value ≤ 0.001. n = 4 where n is experimental 

repeats from early, mid, late and unknown passage cells. 
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involvement of two sister chromatids in events causing iAMP21-ALL is entirely because they 

might enhance a post-chromothripsis cell growth advantage, we hypothesised that there is a 

mechanism that allows or specifically drives both sister chromatids of rob(15;21)c to be in an 

environment susceptible to chromothripsis. One hypothesis is that two rob(15;21)c sisters mis-

segregate together during mitosis due to their dicentric nature. This could result in them being 

together in a micronucleus or in a chromatin bridge, two cellular environments that have shown 

to be susceptible to a chromothriptic event114,154,156.  

It is difficult to predict the expected rate of one sister chromatid mis-segregating vs. both sisters 

mis-segregating together due to the many factors that may play a role in this. However, unless 

the mis-segregation rate of a single chromatid is extremely high, then it is rational to presume 

that it would be much more common to see one sister mis-segregating than two. Despite a high 

rob(15;21)c mis-segregation rate, the most common outcome is still for accurate segregation; 

2.2% (147/6581) of anaphases involve rob(15;21)c mis-segregation in L995 and 1.7% 

(83/4939) in L996. Whilst analysing the high-throughput imaging data of mis-segregations in 

Figure 4.2 we also counted how many rob(15;21)c containing mis-segregations involved one 

sister chromatid versus both sisters. This was determined largely by the presence/form of FISH 

probes in the actual mis-segregation but also by the number of chromosome 15q and 

chromosome 21q probes counted in the daughter nuclei of the cell with the mis-segregating 

rob(15;21)c. Figure 4.4 shows the plots of these counts. Of the 230 rob(15;21)c containing mis-

segregations, we observed 120 with just one sister chromatid but, strikingly, we observed 110 

with both sister chromatids present. In both L995 (Figure 4.4A) and L996 (Figure 4.4B) cells 

we see that roughly half of the time a mis-segregation event involves rob(15;21)c, it involves 

both sisters. This rate of co-mis-segregation of rob(15;21)c sisters is considerably higher than 

we would expect. This suggests a mechanistic reason driving both sister chromatids to be 

together in a chromothriptic event and not just that selection during cancer evolution requires 

two copies for tumourigenesis. 
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Figure 4.4. rob(15;21)c sister chromatids often mis-segregate together.  (A) Rate of one sister 

and two sister rob(15;21)c mis-segregation in L995 cells. (B) Rate of one sister and two sister rob(15;21)c 

mis-segregation in L996 cells. n = 4 where n is experimental repeats from early, mid, late and unknown 

passage cells.  
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4.2.2 rob(15;21)c mis-segregation rates across passages 

As we hypothesised that centromeric heterogeneity may have been changing across passages in 

section 3.2.7, we also sought to assess how this may affect the mis-segregation rate of 

rob(15;21)c. We hypothesised that if a population of cells tended towards having actively 

monocentric rob(15;21)c then the mis-segregation rate of this chromosome would decrease and 

be more similar to that of the internal control chromosomes, chromosome 15 and chromosome 

21. 

High throughput mis-segregation experiments as in Figure 4.2 were done in parallel with 

experiments in Figure 3.15 and Figure 3.16 using the same flasks of cells to study rates of mis-

segregation in early (P6-8), middle (P17-19) and late passage (P32-34) L995 and L996 lines. 

Figure 4.5 is the quantification of high-throughput mis-segregation across passages analysis. 

Figure 4.5A and Figure 4.5B show that respectively in L995 and L996 there was no evident 

differences in rob(15;21)c mis-segregation rate in early, middle or late passage cells. Although 

the mean rob(15;21)c mis-segregation rate remained high across all passages in both L995 and 

L996 cells, there appeared to be high variance in this rate within each passage (across repeats). 

Similar to the experiments in 3.2.7 to assess centromeric changes as L995 and L996 cells age, 

the results in  Figure 4.5 also show that the segregation tendencies of rob(15;21)c remain 

consistent but aberrant. However, as there was no passage of cells with a predominantly actively 

monocentric phenotype for rob(15;21)c in Figure 3.15 and Figure 3.16 it was not possible to 

test if the mis-segregation rate changed with centromeric phenotype. 
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Figure 4.5. rob(15;21)c mis-segregation rates do not change across passages. (A) Rate of 

rob(15;21)c mis-segregation in early, middle and late passage L995 cells. (B) Rate of rob(15;21)c mis-

segregation in early, middle and late passage L996 cells. Staistical analysis done by one-way ANOVA with 

Holm-Šídák's multiple comparisons test. ns = not significant. n = 3 where n is technical repeats. 
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4.2.3 rob(15;21)c mis-segregates into environments that are susceptible to 

chromothripsis 

The suggestion that rob(15;21)c mis-segregates now has much data to support it. Published data 

indicates that micronuclei are a precursor for chromotshripsis94,154,156,181. The next logical step 

to better understand the process of rob(15;21)c becoming chromothriptic was to see if the 

frequently mis-segregating chromosome entered micronuclei and if so what this environment 

looked like.  

Figure 4.6 shows widefield images of cells from blood samples of the iAMP21-ALL patient 

whose cells were transformed into L995. These samples were taken when the patient was in 

remission and therefore they were non-cancerous cells. The cells in Figure 4.6 were stained 

with FISH probes for the alpha satellites of chromosome 15 (green) and chromosome 21/13 

(magenta). Both images showed three magenta foci in the primary nucleus (presumably normal 

chromosome 21 and both copies of chromosome 13) and one green foci (normal chromosome 

15). The micronucleus in each image shows one green focus colocalising with a small magenta 

focus. Due to the close location and the infrequency of normal 15 and 21 chromosomes to mis-

segregate it is a fair presumption that it is rob(15;21)c in these micronuclei and not both normal 

15 alongside normal 21 or 13. The presence of a particularly smaller focus for the 21 alpha 

satellite within rob(15;21)c is not surprising. Figure 3.17 and Figure 3.18 in Chapter 3 are 

images and quantified data indicating that the 21 centromere is likely less active than the 15 

centromere within rob(15;21)c. Partial DNA deletion has been suggested previously as a 

mechanism for centromere inactivation in Robertsonian chromosomes138. 

 

Figure 4.6. rob(15;21)c in micronuclei. Two example images of FISH staining for the centromere of 

chromosome 15 (green) and the centromeres of  chromosome 21/13 (magenta) showing rob(15;21)c in 

micornuclei. Images provided by Claire Schwab. Scale bars = 5 µm. 
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The spatiotemporal assembly of the nuclear membrane on mis-segregating chromosomes was 

not well understood until recently. Work from multiple groups in recent years has shown that 

the membrane formed around mis-segregating chromosomes (becoming micronuclei) is often 

aberrant94,114,171. Mis-segregating chromosomes that find themselves between daughter nuclei 

seem to lack non-core nuclear envelope proteins, including nuclear pore complexes (NPC). 

Miyazaki et al. define three types of micronuclear envelope263. 1) Those with a fully intact 

nuclear envelope, including both core and non-core proteins. 2) Those that have assembled core 

nuclear envelope proteins but without detectable non-core proteins. 3) Those that lack both core 

and non-core nuclear envelope proteins. 

Mis-segregating chromosomes that are between daughter nuclei in the late stages of mitosis are 

densely surrounded by the spindle. It is likely that physical obstruction by the spindle prevents 

appropriate assembly of non-core nuclear envelope proteins to micronuclei in the 

midzone171,173,174. Liu et al. nicely demonstrated this by showing micronuclei that form 

peripherally to the spindle zone are able to form type 1 nuclear envelopes with both core and 

non-core proetiens171. Although midzone micronuclei are released from the web of 

microtubules post-mitosis, they are unable to repair their membranes and recruit non-core 

nuclear envelope proteins during interphase94,114,171,173. An alternative model suggests that 

midzone Aurora B may play a role in promoting lagging chromosome condensation, which in 

turn inhibits NPC formation88,173,177,178. Aurora B inactivation at anaphase onset restored NPC 

formation on lagging chromosomes175,176. However, it is possible that Aurora B acts indirectly 

to prevent assembly of NPC proteins via its regulatory role on the mitotic spindle171,179,180. This 

hybrid model involving Aurora B regulation and spindle obstruction may explain how NPC 

proteins fail to assemble on midzone lagging chromosomes. 

Micronuclei with aberrant nuclear envelopes have the propensity to rupture. The DNA within 

these micronuclei are often subject to erroneous DNA replication and extensive DNA 

damage105,171. These micronuclei have been shown to be a precursor to 

chromothripsis94,154,156,181. 

Rob(15;21)c mis-segregates frequently (Figure 4.3) and enters micronuclei (Figure 4.6). The 

next logical step to assess on the pathway from dicentric chromosome to chromothripsis was to 

see if these micronuclei have atypical nuclear envelopes, therefore predisposing them to DNA 

damage. 
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Due to the number of different fluorophores that would be required and the poor quality of 

combined immunofluorescence and FISH in whole cells, it was not possible to stain rob(15;21)c 

in combination with nuclear envelope proteins. However, as rob(15;21)c mis-segregates 

frequently (16-17% of mis-segregations contain rob(15;21)c), I reason that the micronuclear 

phenotypes seen in L995 and L996 cells will sometimes contain other chromosomes, but will 

also frequently contain rob(15;21)c. 

Figure 4.7 shows staining of multiple different core and non-core nuclear envelope proteins on 

daughter primary nuclei and on micronuclei. Core nuclear envelope proteins are all stained in 

green and non-core in yellow. Figure 4.7A is a cell that was not stained for any non-core 

proteins; however, the staining of the core protein Emerin is clear around the two micronuclei. 

The Emerin staining in Figure 4.7B is less clear, though it is seen in the vicinity of micronuclear 

DNA. Interestingly though, the primary nuclei here have clear staining of the non-core protein 

Nup358 whilst the micronuclei do not. This observation is backed up with staining of different 

core and non-core nuclear envelope proteins in Figure 4.7D. This figure shows strong staining 

of the core protein Lap2α on micronuclear DNA, but only weak staining of the non-core protein 

Nup107 when compared to the primary nuclei. Of the non-core nuclear envelope proteins 

tested, the only one that has clear staining on micronuclei in L995 and L996 cells was UNC84B, 

as shown in Figure 4.7C. 
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The results in Figure 4.7 highlight that mis-segregating chromosomes in L995 and L996 cells 

do enter micronuclei. When these micronuclei are in the midzone of daughter nuclei they are 

able to assemble core nuclear envelope proteins but often fail to incorporate normal levels of 

non-core proteins (with the possible exception of UNC84B). As rob(15;21)c frequently mis-

segregates in these cells, some of these micronuclei are likely to contain this chromosome. This 

result supports the hypothesis that a dicentric rob(15;21)c (and likely both sister chromatids) 

frequently mis-segregating into an environment that is susceptible to chromothripsis as the 

mechanism for high predisposition of rob(15;21)c carriers to iAMP21-ALL. 

Figure 4.7. Mis-segregating chromosomes in L995 and L996 cells enter micronuclei. (A) Telophase 

cell with micronucleus stained with Emerin (core nuclear envelope protein) and CENP-C. (B) Telophase cell with 

micronucleus stained with Emerin, Nup358 (non-core nuclear envelope protein) and CENP-C. (C) Telophase cell 

with micronucleus stained with Emerin, UNC84B (non-core nuclear envelope protein) and CENP-C. (D) 

Telophase cell with micronucleus stained with Lap2α, Nup107 (non-core nuclear envelope protein) and CENP-

C. Scale bars = 5 µm 
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4.2.4 Why does rob(15;21)c frequently mis-segregate? 

Clearly rob(15;21)c mis-segregates at a higher rate than expected by chance; particularly as the 

mis-segregations often involve both sister chromatids. This implies that there is a mechanistic 

reason driving the frequent co-mis-segregation of rob(15;21)c sister chromatids. Understanding 

the mechanism causing frequent mis-segregation, in particular that causing co-sister mis-

segregation, may help to uncover the reason that carriers of rob(15;21)c have an increased risk 

of developing iAMP21-ALL. 

4.2.4.1 Location of rob(15;21)c in the nucleus 

It has been well reported that chromosome mis-segregation is non-random. Larger 

chromosomes have frequently been shown to mis-segregate at a higher rate than smaller 

chromosomes in mitosis; in particular chromosomes 1 and 2 have a high mis-segregation rate95. 

Multiple models have been supposed, with data to suggest that the reason for a non-random 

chromosomes mis-segregation rate is multi-factorial. Cohesion fatigue, centromere size and 

nuclear location all seem to affect mis-segregation95,97,264,265. Klaasen et al. described how the 

location of chromosomes within interphase nuclei influenced mis-segregation rates98. 

Chromatin that is more peripheral is more likely to be behind the centrosomes (in relation to 

the spindle) upon chromosome condensation and in the early stages of mitosis. These 

peripherally located chromosomes are then more difficult to biorient and line up on the 

metaphase plate. Delayed biorientation and congression causes a higher mis-segregation rate 

for peripherally located chromosomes.  

Usually it is larger chromosomes that sit most peripherally in the interphase nucleus, with 

acrocentric chromosomes being quite central as the Nucleolar Organiser Regions (NORs) on 

acrocentric short arms interact with the nucleolus266. As the chromosome rob(15;21)c has not 

been well studied, we wished to assess if its interphase nuclear location was more peripheral 

than that of chromosome 15 and chromosome 21; therefore causing a high mis-segregation rate. 

We hypothesised this may be happening due to the loss of short arm DNA in the constitutional 

translocation that created the Robertsonian chromosome. A loss of some or all of the NOR 

DNA would mean that rob(15;21)c might not interact with the nucleolus, unlike normal 

acrocentric chromosomes 15 and 21.  

Figure 4.8 shows results from experiments done to analyse the location of rob(15;21)c in 

interphase nuclei. Entire coverslips of fixed cells were stained with FISH probes for the α-

satellites of chromosome 15 and chromosome 21/13 and imaged by tiling together hundreds of 
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images (as in Figure 4.2). Whilst it would have been better to have FISH probes that stained 

just chromosome 21 and not chromosome 13, as in Figure 4.1 and Figure 4.2, the chromosome 

paint arm probes were not punctate enough for interphase analysis; fluorescence was dispersed 

and it was not possible to achieve a consistent measurable position. Therefore α-satellite probes 

were used as these were much more punctate, although this meant not being able to distinguish 

chromosome 21 and chromosome 13 (due to similarities in their α-satellite array). Large images 

as in Figure 4.2 were run through a FIJI macro as described in section 2.15.5. This macro splits 

images into individual cells; examples are shown in Figure 4.8A. Then the rob(15;21)c 

chromosome was defined as the chromosome 15 focus and chromosome 21/13 focus with the 

smallest nearest-neighbour distance. We then determined the distance from the centre of each 

chromosome 15, chromosome 21/13 and rob(15;21)c focus to the centre of the nucleus, defined 

as the centroid of nuclear Dapi staining. Finally, the radial positions of the centromeres are 

reported as the distance from the centre of the nucleus as a proportion of the length of the radius 

of the specific nucleus in which they reside. Figure 4.8B is the plotted data of L995 cells. The 

mean distances of chromosome 15 (0.29), chromosome 21/13 (0.28) and rob(15;21)c (0.26) 

differed only slightly, though as this automated analysis allowed for such high n numbers 

(13,479 chromosome 15 foci, 20,866 chromosome 21/13 foci and 12,296 rob(15;21)c foci) the 

differences are extremely statistically significant. The results from L996 cells are shown in 

Figure 4.8C and they tell a similar story. The mean distances for L996 are 0.26 for chromosome 

15, 0.25 for chromosomes 21/13 and 0.24 for rob(15;21)c. N numbers for L996 cells were 

19,327 chromosome 15 foci, 30,928 chromosome 21/13 foci and 18,751 rob(15;21)c foci. 

Whilst there appears to be a significant difference between how peripherally located 

rob(15;21)c is compared with normal chromosome 15 and normal chromosomes 21/13, this 

does not immediately suggest that interphase nuclear location is an underlying factor in 

rob(15;21)c mis-segregation. The results in Figure 4.8 show how the average distance of 

rob(15;21)c from the centre of the nucleus is shorter than that of chromosome 15 and 

chromosome 21/13. This result is contrary to the hypothesis that rob(15;21)c has a higher 

distance from the nucleus centre and therefore would increase the likelihood of a polar 

chromosome location during mitosis and, in turn, aberrant microtubule attachments and mis-

segregation. We therefore did not obtain any evidence that changes in nuclear location 

contribute to the mis-segregation of rob(15;21)c. 
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Figure 4.8. The interphase location of rob(15;21)c likely does not promote mis-segregation (A) 

Three example images from high-throughput analysis of chromosome 15, chromosome 21 and rob(15;21)c nuclear 

location. Scale bars = 10µm. (B) Plots of data from L995 cells showing the distance of chromosome 15, 

chromosome 21 and rob(15;21)c centromeres from the centre of each nucleus (centroid distance), relative to the 

radius of each nucleus. (C) Plots of data from L996 cells showing the distance of chromosome 15, chromosome 

21 and rob(15;21)c centromeres from the centre of each nucleus (centroid distance), relative to the radius of each 

nucleus. Statistical analysis done by one-way ANOVA with Šídák’s multiple comparison test. **** = p-value ≤ 

0.0001. n = 12,000-31,000 foci (depending on the chromosome and the cell line – further detail in text).   
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4.2.4.2 rob(15;21)c centromeric cohesion 

Appropriate regulation of cohesion is required for mitotic fidelity. Whilst the cohesin complex 

has roles throughout the cell cycle, those of most interest to this thesis are its roles during 

mitosis. From S phase until anaphase onset, cohesin maintains sister chromatid interactions267. 

Timely removal of cohesin in a two-step process is essential for accurate chromosome 

segregation. As a vertebrate cell enters mitosis, sister chromatids are bound together at both 

their centromeres and along their arms by cohesin complexes. The first step of removal is 

known as the prophase pathway and involves removing arm cohesin in a cleavage-independent 

manner9. Centromeric and pericentromeric cohesin though is protected from the prophase 

pathway due to the action of Shugoshin10. This protection persists until microtubule-

kinetochore attachments have satisfied the SAC. The remaining centromeric cohesin can then 

be removed in the second removal step. This involves cleavage of cohesin rings by Separase, 

which is liberated from its inactivating partner Securin upon destruction of Securin by APC/C-

mediated proteosomal degradation13,14.  

Cells that are delayed or arrested in metaphase can undergo cohesion fatigue; a process that 

involves asynchronous sister chromatid separation due to the loss of cohesin (usually starting 

at the centromere), caused by prolonged spindle pulling forces268. 

I hypothesised that there could be atypical cohesin staining at the dicentric centromeres of 

rob(15;21)c. In principle, this could be caused by two opposing mechanisms. Firstly, an 

increased level of cohesin could result in problems cleaving centromeric cohesion in time and 

therefore causing co-mis-segregation of rob(15;21)c sister chromatids. Alternatively, reduced 

cohesin that allows for cohesion fatigue will prematurely separate sister chromatids. This would 

normally cause each sister to be pulled to opposing poles. However the presence of a 

functionally dicentric chromosome may allow more frequent single chromatid biorientation, 

where the two centromeres on one sister chromatid are attached to microtubules from opposing 

poles. If this single chromatid biorientation was common, then midzone laggers may often end 

up in the same daughter cell if not resolved in a timely manner. 

Because the majority of cohesin is released rapidly from chromosome in mitosis, staining for 

residual centromeric cohesin is notoriously difficult269–271. Whilst I did not manage to produce 

enough data for quantifiable analysis, the images in Figure 4.9 shed light onto the state of 

cohesion at rob(15;21)c.  
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Figure 4.9A is an example chromosome spread from an L995 cell in which CENP-C and 

cohesin (SA2 subunit) have been stained by IF and imaged by standard confocal microscopy. 

Slides were marked, un-mounted and re-stained with FISH probes for chromosome15q and 

chromosome 21q arms. After FISH staining, the same chromosome spreads were found and re-

imaged to determine which chromosome was rob(15;21)c and to identify the internal control 

chromosomes, chromosome 15 and chromosome 21. As the fixation required for FISH often 

hindered IF staining, to have chromosome validating FISH and IF for cohesin (a protein that is 

already difficult to stain) this staining and imaging had to be done in a two-step manner. Figure 

4.9B is a similar example to Figure 4.9A but from an L996 cell. These images show how the 

cohesin staining on rob(15;21)c does not appear greatly different from that on chromosome 15 

or chromosome 21.  

Whilst it is difficult to draw strong conclusions from a small number of images and without 

quantification, we did not obtain evidence for the hypothesis that there is aberrant cohesion at 

the rob(15;21)c centromeres; any strong phenotype would likely have been seen in the number 

of cells imaged. Although in these experiments we only observed the quantity of cohesin, it is 

still possible that cohesion on rob(15;21)c is persistent into anaphase and causing mis-

segregation in this manner. 

Unfortunately, due to the small number of chromosome spreads that could be effectively 

stained, the examples of cohesin staining on rob(15;21)c were not of chromosomes where there 

was an obvious second centromere (the example in Figure 4.9B may have a weak rob 21 

centromere but this is not conclusive). 
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Figure 4.9. Cohesin staining at rob(15;21)c is not aberrant. (A) Chromosome 15, Chromosome 21 and 

rob(15;21)c from a chromosome spread of an L995 cell. Staining for Cohesin (SA2) and CENP-C were done by 

immunofluorescence and then correlative FISH on the same chromosome spreads was done to label 

chromosomes 15 and 21. (B) Chromosome 15, Chromosome 21 and rob(15;21)c from a chromosome spread of 

an L996 cell. Staining for Cohesin (SA2) and CENP-C were done by immunofluorescence and then correlative 

FISH on the same chromosome spreads was done to label chromosomes 15 and 21. Scale bars = 2 µm. 
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4.2.4.3 CPC activity at rob(15;21) 

Appropriate chromosome segregation in human cells is largely coordinated by two processes; 

the error correction pathway that acts to fix incorrect microtubule-kinetochore attachments and 

the Spindle Assembly Checkpoint (SAC) that acts as a surveillance mechanism to prevent the 

segregation of chromosomes with unattached kinetochores67,272–275.  

There are two possible mechanisms relating to microtubule attachments and error correction on 

the dicentric chromosome rob(15;21)c and how they may induce mis-segregation. Firstly, if 

rob(15;21)c is functionally dicentric then it is possible that merotelic attachments frequently 

occur, causing the chromosome to lag during anaphase. With functioning error correction, 

rob(15;21)c may still lag due to the increased amount of mis-attachments (caused by the 

presence of active dicentric centromeres) that cannot be resolved by a regular amount of CPC 

(Chromosomal Passenger Complex) activity. Alternatively, the dicentric centromeres of 

rob(15;21)c may have little problem in forming appropriate bioriented attachments, however, 

if error correction is faulty at this chromosome then the normal level of mis-attachments seen 

on a monocentric chromosome may not be resolved on rob(15;21)c. It is also possible that the 

reality is somewhere between these two hypotheses. The dicentric rob(15;21)c may have a small 

increased number of mis-attached microtubules and have slightly flawed error correction that 

together cause an increased rate of rob(15;21)c mic-segregation. 

The Chromosomal Passenger Complex (CPC) is a key regulator of mitosis that is composed of 

the proteins Aurora B, INCENP, Survivin and Borealin. The location of the CPC changes 

throughout mitosis as it facilitates the regulation of different mitotic events84,90,276. One key role 

for the CPC is to correct erroneous kinetochore-microtubule attachments. During early mitosis 

the CPC is localised to the inner centromere; here it plays a role in regulating erroneous 

microtubule-kinetochore attachments in response to a lack of tension. This task is largely 

facilitated by the kinase Aurora B84,276,277.  

The histone kinases Bub1 and Haspin are required for the localisation of the CPC at the inner 

centromere276. As rob(15;21)c appears to be frequently actively dicentric and with a short inter-

centromeric distance, I hypothesised that these closely located dicentric 

centromeres/kinetochores were affecting proper CPC recruitment to the rob(15;21)c inner 

centromere. This would in turn prevent the resolution of erroneous microtubule-kinetochore 

attachments and enable mis-segregation of rob(15;21)c chromatids.  
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In order to test this hypothesis, chromosome spreads from L995 and L996 cells were stained 

with immunofluorescence and then correlative FISH as described in section 2.13. Preparation 

of chromosome spreads involved prometaphase synchronisation with colcemid and so the CPC 

should be localised to the inner centromere. Components of the CPC and the centromeric 

protein CENP-C were stained by IF and correlative FISH marked chromosome 15q, 

chromosome 21q and rob(15;21)c. Image analysis was done in FIJI to compare ratios of each 

CPC protein to CENP-C on chromosome 15, chromosome 21, rob(15;21)c and all other 

chromosomes from the same cell. 

Multiple proteins of interest were stained, although the most obvious to test our hypothesis was 

Aurora B. Figure 4.10A shows an example rob(15;21)c chromosome with inner centromere 

Aurora B and inner kinetochore CENP-C staining. Quantification of multiple chromosome 

spreads was done (as shown in Figure 4.10B) to determine an average ratio of Aurora B to 

CENP-C. Chromosome 15 (n = 6), chromosome 21 (n = 6) and rob(15;21)c (n = 6) were 

identified by FISH staining and all other chromosomes (n = 239) were classified by a lack of 

FISH staining. This analysis highlighted that there is no significant difference in the ratio of 

Aurora B to CENP-C on rob(15;21)c when compared with internal control chromosomes 15 

and 21 or with all other chromosomes in a given cell. 
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Although results in Figure 4.10 do not support the hypothesis, I thought to confirm this finding 

with other CPC components at the inner centromere in prometaphase-like chromosome spreads. 

Figure 4.11A shows an example of INCENP staining on rob(15;21)c and the quantification of 

these images in Figure 4.11B show no significant difference between rob(15;21)c (n = 4) 

Aurora B to CENP-C ratio and that of chromosome 15 (n = 3), chromosome 21 (n = 4) and all 

other chromosomes (n = 153) (supporting the findings in Figure 4.10B). 

Figure 4.10. Aurora B staining on rob(15;21)c is not aberrant. (A) Example rob(15;21)c chromosome 

with Aurora B and CENP-C staining. Scale bar = 5 µm. (B) Quantification of the ratio of Aurora B intensity to 

CENP-C intensity on all chromosomes, chromosome 15, chromosome 21 and rob(15;21)c. Staistical analysis 

done by one-way ANOVA with Tukey’s multiple comparisons test. ns = not significant. n = 239 chromosomes 

for All, n = 6 chromosomes for Chr 15, n = 6 chromosomes for Chr 21, n = 6 chromosomes fo rob(15;21)c. 
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Figure 4.12 shows staining of a further component of the CPC. Figure 4.12A shows an example 

image of Survivin staining at rob(15;21)c and Figure 4.12B provides the quantification to go 

alongside. Supporting the results in Figure 4.10B and Figure 4.11B, Figure 4.12B highlights 

that there is no significant difference between the Survivin to CENP-C ratio on rob(15;21)c (n 

= 7) when compared to chromosome 15 (n = 7), chromosome 21 (n = 7) or all other 

chromosomes (n = 272). 

Figure 4.11. INCENP staining on rob(15;21)c is not aberrant. (A) Example rob(15;21)c chromosome 

with INCENP and CENP-C staining. Scale bar = 2 µm. (B) Quantification of the ratio of INCENP intensity to 

CENP-C intensity on all chromosomes, chromosome 15, chromosome 21 and rob(15;21)c. Staistical analysis 

done by one-way ANOVA with Tukey’s multiple comparisons test. ns = not significant. n = 153 chromosomes 

for All, n = 3 chromosomes for Chr 15, n = 4 chromosomes for Chr 21, n = 4 chromosomes fo rob(15;21)c. 
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Figure 4.10 highlighted how the levels of Aurora B were similar on rob(15;21)c compared with 

other chromosomes. However, to test if the activity of Aurora B was different on rob(15;21)c, 

I also stained for a downstream Aurora B phosphorylation site on the outer kinetochore protein 

Hec1. Multiple sites on Hec1 are phosphorylated by Aurora B to help destabilise microtubule-

kinetochore attachments79,278. One known modification is the phosphorylation of serine 44 on 

Hec1 (Hec1S44ph). In Figure 4.14 I stained this phosphorylation site; an example rob(15;21)c 

image is shown in Figure 4.14A and quantification shown in Figure 4.14B. These data indicate 

that the ratio of Hec1S44ph to CENP-C on rob(15;21)c (n = 7) is not significantly different to 

that on chromosome 15 (n = 8), chromosome 21 (n = 8) or all other chromosomes (n = 329). 

Figure 4.12. Survivin staining on rob(15;21)c is not aberrant. (A) Example rob(15;21)c chromosome 

with Survivin and CENP-C staining. Scale bar = 2 µm. (B) Quantification of the ratio of Survivin intensity to 

CENP-C intensity on all chromosomes, chromosome 15, chromosome 21 and rob(15;21)c. Staistical analysis 

done by one-way ANOVA with Tukey’s multiple comparisons test. ns = not significant. n = 272 chromosomes 

for All, n = 7 chromosomes for Chr 15, n = 7 chromosomes for Chr 21, n = 7 chromosomes fo rob(15;21)c. 
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Figure 4.10, Figure 4.11, Figure 4.12 and Figure 4.13 do not support the hypothesis that aberrant 

CPC activity on rob(15;21)c is a driver behind its high mis-segregation rate. Evidently, all tested 

CPC components are found at the inner centromere of rob(15;21)c at normal levels. By using 

Hec1S44ph as a proxy for the activity of Aurora B, I show that not only is the CPC localised 

correctly, but it is also likely functioning as expected.   

  

Figure 4.13. Hec1S44ph staining on rob(15;21)c is not aberrant. (A) Example rob(15;21)c 

chromosome with Hec1S44ph and CENP-C staining. Scale bar = 2 µm. (B) Quantification of the ratio of 

Hec1S44ph intensity to CENP-C intensity on all chromosomes, chromosome 15, chromosome 21 and 

rob(15;21)c. Staistical analysis done by one-way ANOVA with Tukey’s multiple comparisons test. ns = not 

significant. n = 329 chromosomes for All, n = 8 chromosomes for Chr 15, n = 8 chromosomes for Chr 21, n = 7 

chromosomes fo rob(15;21)c. 
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4.2.4.4 Metaphase plate alignment of rob(15;21)c 

In order to promote mitotic fidelity, chromosomes align on the cell equator during the transition 

from prometaphase to metaphase, this is termed congression47. Chromosomes must start 

poleward movement during anaphase from the same starting position to prevent dispersion and 

uneven distribution of chromosomes. Two different mechanisms exist to move chromosomes 

to the equator279–281. If the chromosome sits between the newly formed spindle poles in 

prometaphase then it quickly establishes biorientation through end-on microtubule attachments 

and congression occurs through growth and shrinkage of microtubules. If the chromosome is 

located closer to the spindle poles then lateral microtubule attachments form between 

microtubules and kinetochores. Lateral attachments allow movement of chromosomes toward 

the equator (driven by chromokinesins and CENP-E), where the chromosome will bi-orient, 

converting lateral attachments to end-on attachments39. 

When a chromosome is closely located to one spindle pole then kinetochores are more prone to 

attach to microtubules emanating from the closer pole (as there is a higher microtubule density). 

This results in erroneous microtubule-kinetochore attachments. With the help of Aurora B, the 

kinase Aurora A (which is concentrated at spindle poles) prevents the persistence of these 

erroneous attachments by destabilising kinetochore-microtubule attachments282. Peripheral 

chromosomes can then travel along the microtubules toward the equator through lateral 

attachments. 

Chromosomes that align late to the equator may not have time to properly establish biorientation 

(through lateral to end-on conversion) before anaphase. It has been shown that these late 

aligners can mis-segregate due to their lack of biorientation, frequently entering micronuclei. 

Late alignment is therefore both a cause and consequence of aberrant biorientation39. 

I hypothesise that the actively dicentric nature of rob(15;21)c would promote more frequent 

aberrant microtubule-kinetochore attachments and, even with a functioning error correction 

pathway (involving Aurora A and Aurora B), congression of rob(15;21)c would be delayed. 

Therefore, evidence that rob(15;21)c is aligned late on the metaphase plate compared to other 

chromosomes would support the idea that this dicentric chromosome is susceptible to incorrect 

microtubule-kinetochore attachment. In addition, if rob(15;21)c congression is delayed, it may 

have less time to resolve persisting erroneous attachments at the metaphase plate before the 

SAC is satisfied and anaphase can begin. Persistent erroneous attachments at rob(15;21)c would 
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increase the likelihood of this chromosome to mis-segregate into a micronucleus, and in turn 

facilitating chromothripsis. 

To test the above hypothesis, L995 and L996 cells were synchronised into metaphase and 

stained with FISH probes for chromosome 15q and chromosome 21q as in section 2.7. Large 

tiled images were acquired in order to capture images of all metaphase-like cells. These images 

were analysed using a high-throughput analysis pipeline as described in section 2.15.6. This 

involved the use of a FIJI macro to identify cells that have Dapi staining characteristic of a 

metaphase cell (manual analysis confirmed that metaphase-like cells where a chromosome was 

off the plate were not preferentially excluded from this dataset). The output images were 

manually analysed to count metaphase-like cells with chromosomes that were off the plate 

(defined by a dapi-stained chromosome that was either separate from the plate or attached to 

the plate but protruding significantly compared with the majority of chromosomes in that 

metaphase), and of those, which were chromosome 15, chromosome 21 and rob(15;21)c. 

Figure 4.14A shows a confocal image of an example metaphase-like cell with rob(15;21)c 

failing to align on the metaphase plate (as shown by the close apposition of the green 

chromosome 15q FISH probe and the magenta chromosome 21q FISH probe). Figure 4.14B is 

quantification from the previously described high-throughput analysis of metaphase-like cells. 

Despite observing 394 metaphase-like cells with 563 late aligning chromosomes, all 

chromosomes of interest were infrequently seen off the plate. As with mis-segregation rates, if 

the chance of any particular chromosome being off the plate was equal, then the expected rate 

of chromosome 15, chromosome 21 or rob(15;21)c aligning late would be 2.2% each (1 in 45). 

In practice, only 2/563 (0.36%) were chromosome 15, 0/563 were chromosome 21 and 10/563 

(1.8%) were rob(15;21)c. Whilst all three chromosomes of interest were present in mis-

alignments at lower rates than expected, rob(15;21)c was significantly higher than the internal 

controls, chromosome 15 and chromosome 21. 

The results in Figure 4.14 provide some support for the hypothesis that erroneous microtubule-

kinetochore attachments on dicentric rob(15;21)c may cause late-alignment or mis-alignment 

of the Robertsonian chromosome. In addition, this could be part of the process driving a high 

mis-segregation rate in this chromosome and therefore causing carriers to have a high 

predisposition to chromothripsis and iAMP21-ALL. 
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Figure 4.14. rob(15;21)c mis-aligns on the metaphase plate. (A) Example image of metaphase-like cell 

with rob(15;21)c off the plate. FISH probes stained for chromosome 15 (green) and chromosome 21 (magenta). 

Scale bar = 5 µm. (B) Quantification of 2,270 metaphase-like cells plotted to show the chance of an off-plate 

chromosome to be chromosome 15, chromosome 21 or rob(15;21)c. Statistical analysis done by one-way 

ANOVA with Šídák’s multiple comparison test.  * = p-value ≤ 0.05, ** = p-value ≤ 0.01. 
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4.3 Discussion 

In this chapter I have characterised some of the behaviours of the Robertsonian chromosome 

rob(15;21)c in L995 and L996 cells. By studying rob(15;21)c containing lymphoblastoid cell 

lines through various mitotic processes, we fill in some of the gaps in knowledge in the 

mechanism giving a dicentric rob(15;21)c chromosome a large increased chance of undergoing 

chromothripsis.  

In Chapter 3, it was shown that rob(15;21)c is often actively dicentric. These actively dicentric 

kinetochores may all have the ability to bind microtubules (as suggested in section 3.2.9). We 

hypothesised that the dicentric nature of rob(15;21)c would frequently allow aberrant 

microtubule attachments and in turn drive mis-segregation. This hypothesis was supported by 

the results in Figure 4.1 and Figure 4.3 which showed that rob(15;21)c is present in ~16-17% 

of mis-segregations. This is significantly high when compared with the expected rate (2.2%) 

and with internal control chromosome mis-segregation rate; chromosome 15 (~2-4%), 

chromosome 21 (~1-3%). 

As the rate of rob(15;21)c mis-alignment on the metaphase plate was only ~1.8% (although 

significantly higher than chromosome 15 and chromosome 21) and the rate of rob(15;21)c mis-

segregation is ~16-17% the mis-alignment of rob(15;21)c on the metaphase plate is not a pre-

requisite for mis-segregation. However, this statement assumes that our calculated rate (~1.8%) 

for mis-alignment is correct, though in practice there are multiple reasons why this may not be 

true. These results come from fixed cell experiments, for a more accurate determination of the 

true rate of mis-alignment, rob(15;21)c could be tracked through live-cell imaging. For mis-

segregation experiments we used nocodazole followed by washout to enrich cells in anaphase 

and telophase. As nocodazole affects microtubule dynamics, and causes a mitotic delay, it is 

known to artificially increase the rate of chromosome mis-segregation. Whilst it has been shown 

that the mis-segregation induced by nocodazole is non-random in RPE-1, BJ, HUVEC and 

FNE1 cells, there is no clear evidence to suggest that either chromosome 15 or chromosome 21 

mis-segregate at a higher rate than expected due to nocodazole95,97. This is confirmed in practice 

by our results that show low rates of chromosome 15 and chromosome 21 mis-segregation after 

nocodazole synchronisation (Figure 4.3). Although it cannot be ruled out that nocodazole is 

having some unknown effect on rob(15;21)c that causes chromosome specific mis-segregation, 

we deem it unlikely. Therefore, the observed mis-segregation rate may be higher than in an 
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unperturbed cell, but it is still significantly high compared to chromosome 15 and chromosome 

21 in the same system. 

Whilst it is difficult to predict an expected rate of one sister versus two sister mis-segregation, 

we would presume that the most likely outcome in a mis-segregation event would be for only 

one sister chromatid to be involved. Once centromeric cohesin is cleaved, it is fair to presume 

that sister chromatids act independently. Contrary to this, the findings in Figure 4.4 show how 

in approximately half of the events involving rob(15;21)c mis-segregation, both sister 

chromatids are involved. This suggests that there is a mechanism driving the co-mis-segregation 

of rob(15;21)c sister chromatids. This result is of high interest; sequencing from Li et al. 

predicted that two copies of rob(15;21)c are often present in the chromothriptic event that drives 

iAMP21-ALL145. Here we have evidence of a potential early step in the mechanism that 

facilitates this. Co-mis-segregation of rob(15;21)c sister chromatids may place two copies 

simultaneously into an environment that has previously shown to be vulnerable to 

chromothripsis (e.g. micronuclei or chromosome bridges)94,154,156,171. 

As with all other results in this thesis that compare the cell lines L995 (from iAMP21-ALL 

patient) and L996 (from unaffected, identical twin patient), no obvious difference was seen 

between the mis-segregation rates of rob(15;21)c in cells derived from the patient that 

developed cancer and the twin that did not. The rob(15;21)c mis-segregation rate is clearly 

elevated in both twins and therefore it is likely that just the presence of this chromosome is 

enough to cause elevated mis-segregation and not some inherent genetic or other difference in 

the twin who developed cancer. It is very possible that there is no mechanistic reason why one 

identical twin carrier of rob(15;21)c developed cancer and the other did not, but rather it may 

be down to the stochastic nature of chromosomal rearrangements from chromothripsis. These 

rearrangements may often cause cell death, but infrequently confer a selective advantage that 

drives cancer progression. 

The rate at which rob(15;21)c mis-segregates appears to be similar (and high) at all tested 

passages (Figure 4.5). We initially hypothesised that in a population of cells where rob(15;21)c 

had a predominantly active monocentric phenotype, the rate of rob(15;21)c mis-segregation 

would be low. However, results in section 3.2.7 showed that in L995 and L996 cells, 

rob(15;21)c is predominantly actively dicentric in all tested passages and thus our hypothesis 

could not be easily tested. 
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In Chapter 3, it was shown that the most frequent centromeric phenotype for rob(15;21)c is to 

be actively dicentric. Whilst the results in Figure 4.3 show that rob(15;21)c mis-segregates at a  

higher rate than expected, the most common segregation phenotype is still that rob(15;21)c 

segregates accurately; 2.2% (147/6581) of all anaphases involve rob(15;21)c mis-segregation 

in L995 and 1.7% (83/4939) in L996. Comparing the rate of mis-segregation vs. the rate of 

actively dicentric rob(15;21)c (~70% of rob(15;21)c are actively dicentric in L995 and ~60% 

in L996) would suggest that not all actively dicentric rob(15;21)c chromosomes lead to mis-

segregation. Clearly it is not as simple as active dicentricity always leads to erroneous 

microtubule-kinetochore attachments which always leads to mis-segregation. The mechanism 

causing rob(15;21)c mis-segregation must be more complex. 

Micronuclear environments have been reported as a precursor to chromothripsis154,181,260,283. 

We found that, in interphase FISH experiments from blood samples (affected twin in long term 

remission) of these rob(15;21)c carriers, micronuclei can be seen that contain rob(15;21)c 

(Figure 4.6). Recent work to better understand the components of the micronuclear membrane 

suggest that micronuclei in the midzone fail to incorporate non-core proteins (including nuclear 

pore complexes) due to physical obstruction from the spindle or by Aurora B dependent 

regulation173,178. In these micronuclei with imperfect nuclear envelopes, there is defective DNA 

replication coupled with DNA damage followed by further, extensive DNA damage upon re-

entry into mitosis105,156,171. The results in Figure 4.7 indicate that, in cells that carry (and 

frequently mis-segregate) rob(15;21)c, micronuclei exist that assemble core but not the majority 

of non-core nuclear envelope proteins. It was not possible to stain all nuclear envelope proteins 

of interest simultaneously with FISH probes for rob(15;21)c detection. Therefore, the 

micronuclei in Figure 4.7 images do not necessarily contain rob(15;21)c, although these images 

represent midzone micronuclei in cells that we have shown frequently mis-segregate 

rob(15;21)c. From this, we propose that rob(15;21)c also enters these aberrant micronuclei. 

These data support our overarching hypothesis that the dicentric nature of rob(15;21)c leads to 

mis-segregation into an environment shown to be susceptible to chromothripsis (a 

micronucleus). 

The rest of this chapter focused on trying to understand the reason for such elevated mis-

segregation rates in rob(15;21)c  compared to chromosome 15 and chromosome 21. In 

particular, trying to understand how both sisters are frequently mis-segregating together. 
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One mechanism for frequent mis-segregation we assessed was the possibility of aberrant error 

correction on rob(15;21)c. We hypothesised that the abnormal centromeric structure of 

rob(15;21)c caused atypical localisation of the CPC at the inner centromere. However, the 

results in Figure 4.10, Figure 4.11, Figure 4.12 and Figure 4.13 provide strong evidence to 

oppose this hypothesis. It appears that the amount of CPC components, Aurora B, INCENP and 

Survivin at rob(15;21)c inner centromere are not significantly different from that at 

chromosome 15 or chromosome 21. Also, by analysing a target phosphorylation site of Aurora 

B, Hec1S44ph, I showed that the activity of the CPC is also likely normal at rob(15;21)c. 

Although CPC activity appears to be normal at rob(15;21)c, this does not necessarily imply that 

it is able to resolve all erroneous attachments. It is possible that, due to the two kinetochores on 

each sister chromatid of rob(15;21)c, more erroneous microtubule-kinetochore attachments are 

formed than on normal monocentric chromosomes. For these attachments to be resolved in a 

timely manner, rob(15;21)c may need an increased level of CPC activity. Therefore the 

‘normal’ level of CPC activity that we observe on rob(15;21)c may not be enough to remove 

all mis-attachments and allow movement of rob(15;21)c to the metaphase plate before the SAC 

is satisfied and anaphase begins. Alternatively, the geometry of mis-attachments on dicentric 

chromosomes may prevent the error correction machinery from working effectively. Merotelic 

attachments cause chromosome twisting284,285. As it has been proposed that Aurora B activity 

is regulated by tension at the kinetochores286,287, it is possible that aberrant microtubule-

kinetochore attachments at the dicentric rob(15;21)c chromosome cause an abnormal 

chromosome morphology, in turn compromising tension-dependent Aurora B regulation. 

The results shown in Figure 4.14 support this hypothesis. Although n numbers are somewhat 

low, rob(15;21)c seems to be mis-aligned at a significantly higher rate than chromosome 15 or 

chromosome 21. In these experiments, the chance of a mis-aligning chromosome to be 

chromosome 15, chromosome 21 or rob(15;21)c were all lower than expected if all 

chromosomes have an equal chance of mis-segregating. It is possible that our method of 

metaphase synchronisation (Nocodazole washout) is inducing mis-alignment in a non-random 

manner. Worrall et al. reported that a similar Nocodazole washout protocol caused non-random 

lagging of chromosomes and ultimately non-random aneuploidy95. I propose that we observed 

a similar phenotype here. A large portion of the mis-aligned metaphase chromosomes that we 

saw may be from premature sister chromatid separation caused by cohesion fatigue on 

chromosomes 1 and 2 (caused by nocodazole arrest – as shown by Worrall et al). Nevertheless, 

we have the benefit of having stained normal chromosome 15 and normal chromosome 21 as 
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internal controls. These helped us highlight how, comparatively, rob(15;21)c is mis-aligning 

significantly more frequently than its two homologous chromosomes. As these results come 

from fixed imaging experiments it is not possible to tell whether these events are late aligning 

chromosomes that will eventually reach the metaphase plate before anaphase, or whether 

anaphase can commence while rob(15;21)c remains off the plate. To answer this question we 

had hoped to do live cell imaging to study the dynamics of rob(15;21)c throughout mitosis. In 

Chapter 5 I will discuss why this has not yet been possible. 

Aberrant cohesion on rob(15;21)c was another obvious mechanism that needed to be tested; 

particularly as cohesion is a factor that could be physically linking sister chromatids together 

and allowing co-mis-segregation of both rob(15;21)c sisters. We had two opposing cohesion 

hypotheses. 1) The two centromeres of rob(15;21)c were recruiting a high amount of 

centromeric cohesin which could not be cleaved in time for proper anaphase separation. 2) The 

two centromeres of rob(15;21)c prevent proper cohesin recruitment and therefore a reduced 

amount of cohesin at rob(15;21)c is vulnerable to cohesion fatigue. This would cause premature 

sister chromatid separation, but as these sister chromatids are dicentric they may still form 

incorrect biorientation after separation, therefore allowing single sister mis-segregation. If 

single sister mis-segregation rates were high enough, then the most likely outcome would be 

that both sisters mis-segregate (and sometimes into the same daughter cell). However, the mis-

segregation rates that we observe in Figure 4.3 and Figure 4.4 (~98% of all segregations do not 

involve a mis-segregating rob(15;21)c, but those that do, contain one sister chromatid half of 

the time) do not support this hypothesis. It seems more likely that, if there is aberrant cohesion 

at rob(15;21)c, then it would be an increased amount, or persistence, of cohesin that forces sister 

chromatids to be stuck together too long, causing co-mis-segregation of sisters (hypothesis 1). 

As staining cohesin by immunofluorescence was difficult, only a small number of images could 

be captured of cohesin staining on rob(15;21); unfortunately not enough to accurately quantify. 

However, the images in Figure 4.9 suggest that the quantity and location of cohesin is broadly 

normal on rob(15;21)c when compared with chromosome 15 and chromosome 21 in the same 

cell. The next steps to confirm that cohesion is not the mechanism driving rob(15;21)c mis-

segregation would be to assess Shugoshin staining (to check for enhanced protection of 

centromeric cohesin) and to check the timing of centromeric cohesin cleavage via live cell 

imaging. 

One further mechanism that we hypothesised as potentially influencing rob(15;21)c mis-

segregation was this chromosome’s interphase nuclear location. Recent studies have shown 
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how a chromosome with a peripheral nuclear location in interphase can frequently end up 

behind the spindle poles during mitosis, creating a greater distance to travel to the metaphase 

plate, and in turn causing an increased mis-segregation rate98,99. Acrocentric chromosomes are 

usually located near to the centre of the nucleus due to interactions between the Nucleolus 

Organiser Regions (NORs) on acrocentric p-arms and the nucleolus. However, the 

Robertsonian chromosome rob(15;21)c has lost most of the chromosome 15 and chromosome 

21 p-arms. We hypothesised that this p-arm loss gave rob(15;21)c a nuclear location that was 

much more peripheral than normal acrocentric chromosomes, and that this nuclear location 

promoted mis-segregation of rob(15;21)c. 

High throughput imaging and analysis allowed for the study of thousands of interphase cells. 

Whilst there were small, but significant differences in the interphase nuclear location of 

chromosome 15, chromosome 21 and rob(15;21)c, they did not suggest that rob(15;21)c was 

more peripheral in the nucleus during interphase. In fact, rob(15;21)c was more central than 

chromosome 15 and chromosome 21. The large n numbers in this work provide strong evidence 

to oppose our hypothesis that a preferential peripheral nuclear location of rob(15;21)c facilitates 

mis-segregation. One disadvantage to this experiment is that centromeric FISH probes had to 

be used to produce more tight puncta in interphase (compared to arm FISH probes which were 

too disperse due to the decondensed nature of interphase chromatin). It is possible that the 

centromere of a chromosome does not represent its nuclear location very well and possibly 

using arm FISH probes with a shorter length may have given a different result. Another 

drawback of these experiments was that the experimental pipeline was not validated against 

known chromosomes with clearly different nuclear locations. These experiments were not done 

as it proved difficult to identify a control chromosome that would undoubtedly be very 

peripheral. Whilst the consensus is that larger chromosomes are more peripheral, multiple 

studies contradict each other on this point98,266,288–290. This is likely something which differs 

between cell lines and, as no work has previously been done on the L995 and L996, we thought 

that experiments in these cells with a chosen control chromosome may provide uncertain 

results.  

In summary, the work in this chapter has helped to better understand why the Robertsonian 

chromosome rob(15;21)c has a high predisposition to undergoing chromothripsis. Evidently, 

rob(15;21)c has a high propensity to mis-segregate in mitosis. This chapter provides support to 

the model that these frequent mis-segregations place rob(15;21)c in a micronuclear 

environment that is susceptible to chromothripsis. The results suggest that both sisters of 
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rob(15;21)c mis-segregate together frequently. This provides a potential mechanistic reason 

why two copies of this chromosome are seen in chromothriptic events that lead to iAMP21-

ALL (as opposed to, or in addition too, the possible requirement for two copies being driven by 

selection). The underlying mechanism that is driving frequent mis-segregation of both 

rob(15;21)c sister chromatids is not yet fully understood. This chapter has provided evidence 

that suggests against some possible mechanisms that could have been driving mis-segregation, 

including aberrant error correction/CPC recruitment to rob(15;21)c, aberrant cohesion at the 

rob(15;21)c centromeres, and a peripheral, mis-segregation enabling, nuclear rob(15;21)c 

location. Although results in this chapter showed normal recruitment to rob(15;21)c of proteins 

involved in error correction, this hypothesis for mis-segregation is not completely resolved. It 

has been highlighted in this chapter that rob(15;21)c may be aligning late onto the metaphase 

plate. I hypothesise that a ‘normal’ amount of error correction proteins are not enough to 

compensate for the increased number of erroneous microtubule-kinetochore attachments that 

are occurring at the dicentric centromeres of rob(15;21)c. 

There is now evidence that highlights how rob(15;21)c is segregating defectively. However, all 

experiments thus far have been using fixed cells for imaging studies. In Chapter 5 I will describe 

attempts to use live cell imaging to study the dynamics of rob(15;21)c throughout the cell cycle, 

in order to gain more information on the process driving rob(15;21)c to chromothripsis.  
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Chapter 5: Tagging rob(15;21)c and live imaging of L995 and L996 cells 

5.1 Introduction 

In Chapter 3 I showed that the Robertsonian chromosome rob(15;21)c is frequently actively 

dicentric and in Chapter 4 I showed that this led to a high rate of this chromosome mis-

segregating. It is now obvious that rob(15;21)c segregates aberrantly, though all experiments 

described thus far have been in a fixed cell environment. To better understand what happens to 

this chromosome both before and after mis-segregation, we hoped that live cell imaging 

experiments with a marker for the rob(15;21)c chromosome would be informative. 

Whilst developing the methods required to study rob(15;21)c in live L995 and L996 cells, it 

became apparent that multiple challenges stood in the way before these experiments could be 

successful. Using lymphoblastoid cell lines brought about two problems. These suspension cells 

move around a lot and do not adhere well to glass or plastic, as would be necessary for live 

imaging over a full cell cycle. This cell type is also notoriously difficult to transfect by most 

conventional methods291,292 and alternative approaches would have to be optimised in order to 

express fluorescent proteins in L995 and L996 cells. 

To fluorescently tag rob(15;21)c, we intended to use a technique that makes use of a 

catalytically dead Cas9 to target fluorescently tagged proteins to specific chromosomal loci 

(CRISPRainbow)293. However, the optimisation of this technique for use in my system also 

brought about challenges. 

The aim of the work described in this chapter was to study the dynamics of rob(15;21)c 

throughout a cell cycle, specifically observing why this chromosome undergoes frequent mis-

segregation and what happens to it after it has mis-segregated. To reach this aim, a variety of 

techniques to promote adherence of the lymphoblastoid cell lines L995 and L996 to imaging 

dishes were assessed. In addition, with use of the CRISPRainbow system optimised for 

lentiviral transduction, I aimed to fluorescently tag chromosome 15, chromosome 21 and 

rob(15;21)c. By tagging the centromere of chromosome 15 in green and the centromere of 

chromosome 21 in red, we would be able to distinguish the rob(15;21)c chromosome through 

the colocalisation of red and green foci at the dicentric centromere. However, many challenges 

arose that were difficult to resolve and as time was limited, only some problems could be 

addressed. This chapter shows the experiments used to troubleshoot these problems and 
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proposes some modifications that could be made in the future should these experiments be 

resumed. 

5.2 Results 

5.2.1 Problem 1 – L995/6 move around too much for live imaging  

Lymphoblastoid cells are non-adherent and therefore usually move around in suspension. When 

unprovoked, these cells settle to the bottom of a dish. It was these settled cells that we attempted 

to image, however they still moved somewhat due to their lack of adhesion to the glass dish. 

Imaging these cells over time proved difficult due to this movement. To track a cell through an 

entire cell cycle it must stay in frame and in focus long enough for a cell to go through G1, S 

phase, G2 and mitosis. As can be seen in Figure 5.1, lymphoblastoid cells (in this case L995) 

move around considerably on an untreated glass surface. Ideally, to track chromosome 

movements in L995 and L996, cells should be imaged over 24 hours. However, Figure 5.1 

shows that in just 3 hours these cells move so much that individual cells cannot be tracked.  

 

Figure 5.1. Lymphoblastoid cells are difficult to live image due to their movement. Live imaging of 

L995 cells stained with SiR-DNA. Images shown in 3-hour intervals over 12h. Scale bar = 20 µm 
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The amount of cell movement seen in Figure 5.1 is not compatible with studying chromosome 

dynamics throughout a cell cycle. Generally, for live-cell imaging, an alternative to hindering 

cell movement would be to track individual cells such that the imaging frame moves with the 

cell. However, as we are interested in mis-segregation events that are somewhat rare, choosing 

one cell to track in advance would be inefficient. Ideally, we would be able to have a wider 

field of view in order to image multiple cells in one frame, therefore increasing the chances of 

seeing an event of interest. Therefore to image the same population of cells over time, a method 

must be developed to inhibit or limit cell movement. Various methods currently exist for this 

purpose. In Figure 5.2, poly-L-lysine (Figure 5.2A) or Cell-Tak (Figure 5.2B) are used to create 

an adhesive surface on the dishes used for imaging lymphoblastoid cells, with the hope of 

physically sticking cells down onto the dish, in order to hinder movement. 

Poly-L-lysine is an attachment factor that promotes cell adherence through the electrostatic 

interactions between the positively charged polymer and the negatively charged cell membrane. 

Cell-Tak is a protein solution taken from the marine mussel Mytilus edulis and is a component 

of the secretion that allows mussels to stick to solid structures294. We proposed that creating a 

layer of either poly-L-lysine or Cell-Tak on glass bottomed dishes used for imaging would 

allow greater cell adhesion and in turn reduced movement of lymphoblastoid cells. 

In these experiments, other measures were simultaneously taken to further reduce cell 

movement. This included reducing volume of media in the culture dish and slowing the speed 

of stage movement such that there was less disruption between imaging points. 

Figure 5.2 shows that neither poly-L-lysine nor Cell-Tak made an improvement in cell 

adherence. As with untreated dishes (Figure 5.1), Figure 5.2A (poly-L-lysine) and Figure 5.2B 

(Cell-Tak) show that cells have both moved out of frame and moved out of focus within the 

imaging time. Further, it appeared that both of these treatments caused prolific cell death. This 

is shown by the abnormal nuclear morphology represented by SiR-DNA staining at all time 

points. The timepoint 0 h was from the start of imaging and not from the seeding of the cells. 

The cells at time 0 h had been in contact with the poly-L-lysine coated or Cell-Tak coated 

surface for at least 1 hour before the time point 0 h, hence explaining the presence of dead cells 

even at this time point. It has previously been reported that poly-L-lysine mediated cell adhesion 

can cause pyroptosis295. It is possible that the increased cell death seen in Figure 5.2 has been 

caused by this mechanism. Ultimately, the use of poly-L-lysine or Cell-Tak are clearly not 
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efficient methods for reducing cell movement for long-term live cell imaging of lymphoblastoid 

cells. 

 

Figure 5.2. Poly-L-Lysine and Cell-Tak do not efficiently stick down lymphoblastoid cells. (A) Live 

imaging of L995 cells on a PLL treated dish. (B) Live imaging of L995 cells on a Cell-Tak treated dish. Images 

taken every 5 minutes but shown at every 6h to highlight death and movement over time. Scale bars = 20 µm. 

One alternative method that was also tested to improve cell adherence was the use of pre-coated 

imaging dishes. Thermo Scientific plates with CC2 surface coating were used to assess cell 

division over time. The CC2 surface modification was recommended by Thermo Fisher 

Scientific technical support and is stated to be similar to Poly-D-lysine and superior for cell 

adhesion (Thermo Fisher Scientific). Figure 5.3A shows how this method did not produce 

significant improvements over a long time (12 hours). However, Figure 5.3B shows that these 

plates did somewhat reduce cell movement over a shorter time (60 minutes). It can be seen that 

a single cell can be tracked going through mitosis when imaging with 15 minute intervals over 

60 minutes. However, the daughter cells leave the frame as time increases, preventing the 

tracking of these cells for a full cell cycle.  
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Figure 5.3. Lymphoblastoid cell adhesion is slightly improved by a CC2 coated surface. Live 

imaging of L995 cells on a CC2 coated dish. (A) Images shown in 6h intervals to highlight cell movement over a 

long time period. (B) Images shown in 15 minute intervals to highlight that a cell division can be tracked across a 

short time period. 

Figure 5.1, Figure 5.2 and Figure 5.3 highlight the difficulty of live imaging lymphoblastoid 

cells over a full cell cycle. Whilst pre-coated CC2 dishes did reduce cell movement in the short-

term, this was not enough for long-term imaging. For observation of a full cell cycle, 

improvements would still have to be made to keep cells in frame and in focus for at least 24 

hours. Some possible improvements are discussed in 5.3. 

5.2.2 Problem 2 – Lymphoblastoid cells are difficult to transfect  

The poor cell adherence is not the only problem when working with lymphoblastoid cells. 

Lymphoblastoid cells are notoriously difficult to transfect291,292. It is thought that suspension 

cells have a reduced transfection efficiency due to less attachment of the transfection complex 

to the cell surface and therefore a reduced uptake of DNA296. For the studies of rob(15;21)c in 

L995 and L996 cells throughout a cell cycle, a method must be optimised to successfully 

transfect lymphoblastoid cells. Ultimately, stable cells would be created that have chromosome 

15 and chromosome 21 fluorescently tagged. To create a stable line, we must first be able to 

transfect cells with target DNA. As conventional methods (e.g. lipofectamine-based 

transfection) are inefficient for the transfection of lymphoblastoid cells, I hypothesised that 

using lentivirus for transduction would be most effective for our desired purpose. Although the 
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process of lentiviral transduction requires more work and time than other methods of 

transfection, if successful, it should create stable cell lines containing the target gene. The use 

of lentivirus for lymphoblastoid transduction has also previously been reported297,298. 

Firstly, L995 and L996 cells were transduced with CENP-A-mCherry containing lentivirus. 

This experiment was done as proof of principal to confirm that lentivirus transduction could be 

done in these cells, with the goal of undertaking more complex transductions in future 

experiments. 

HEK293FT cells were used to produce lentivirus. The transfer plasmid pLenti6-CENP-A-

mCherry (Addgene #89767), the envelope plasmid pMD2.G-VSV-G and the packaging 

plasmid pCMV-dR8.91 were all transfected into HEK293FT cells to produce lentivirus-

containing medium as in section 2.9. The presence of virus was detected with the use of Takara 

Lenti-X GoStix and virus-containing supernatants were then used to transduce L995 and L996 

cells via spinfection as described in section 2.9. Transduced cells were allowed to grow out for 

1 week and then incubated with blasticidin for the selection of cells with stable integration of 

transgenes (the pLenti6-CENP-A-mCherry plasmid also contained a blasticidin resistance 

gene). After blasticidin selection, cells were fixed and imaged (Figure 5.4A) and also seeded 

for live cell imaging (Figure 5.4B). Figure 5.4 highlights the CENP-A-mCherry foci and thus 

confirms that lentiviral transduction was successful. 
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Figure 5.4. Lymphoblastoid L996 cells can successfully be transduced by lentivirus. (A) Fixed IF 

imaging of L996 cells transduced by lentivirus containing transgenic mCherry-tagged CENP-A. (B) Single frame 

from a live imaging experiment of L996 cells transduced by lentivirus containing transgenic mCherry-tagged 

CENP-A. Scale bars = 20 µm. 

Although transfection of lymphoblastoid cells is difficult by conventional methods, Figure 5.4 

shows that our lymphoblastoid cells of interest can successfully be transduced by lentivirus. 

This transduction created a stable cell line with fluorescent CENP-A proteins; this cell line will 

hopefully be useful in future experiments to study chromosome segregation.  

Studying the chromosome segregation tendencies specifically of rob(15;21)c throughout 

division was the main goal of the experiments in this chapter. At a minimum, we wanted to 

study cell division (~1 hour) but ideally, we wanted to study a full cell cycle (~24 hours). To 

study rob(15;21)c, it would have to be distinguished from other chromosomes in the cell. 

Initially, I hypothesised that due to the dicentric nature of rob(15;21)c, the stable cell line 

created in Figure 5.4 with fluorescent CENP-A would contain a chromosome with 4 closely 

located CENP-A foci and that this would be enough to identify rob(15;21)c. However, as can 

be seen in Figure 5.4B, during live cell imaging experiments that would be used for 
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chromosome segregation studies, CENP-A foci were simply too close and there was not high 

enough resolution to identify a dicentric chromosome from others with any real certainty. It 

could be hypothesised that by increasing the resolution of the imaging we may see the desired 

4 CENP-A foci on rob(15;21)c, however, to observe the somewhat rare mis-segregation events, 

the field of view needs to be kept wide in order to image multiple cells in one field. For large 

improvements in resolution, we would have to limit the field of view down to one or few cells.  

5.2.3 Problem 3 – rob(15;21)c needs to be distinguishable from other 

chromosomes by live imaging. 

An alternative, albeit more complex, method for identifying rob(15;21)c in a live imaging 

environment would be to specifically tag this chromosome of interest. Multiple methods exist 

for locus-specific fluorescent chromosome tagging. The use of fluorescent Zinc Finger Proteins 

(ZFPs) and the use of fluorescent Transcription Activator-Like Effectors (TALEs) are some of 

the initial methods used for chromosome tagging299–301. However, both of these methods require 

extremely highly repetitive sequences to get enough observable fluorescence. A more recent 

technique used for chromosome tagging makes use of the CRISPR-Cas9 system. By using a 

catalytically dead Cas9 (dCas9) protein to prevent DNA cutting, single guide RNAs (sgRNAs) 

with specific target sequences can locate this protein to specific loci. The use of hairpin loops 

on the sgRNA can recruit many fluorescent proteins to one site, reducing the necessary 

requirement for highly repetitive sequences. Multiple modifications of this technique have been 

developed that involve a fluorescent protein being conjugated to various components of this 

system (e.g. to the dCas9 protein itself or to the sgRNA)293,302–307. The method that I thought to 

be most fit for our purpose was that termed CRISPRainbow. Figure 5.5 is a diagram of the 

components of the CRISPRainbow technique that I use in the rest of this chapter. This technique 

developed by Thoru Pederson’s laboratory involves the addition of hairpin loops on the 3’ end 

of the sgRNA, MS2, PP7 and BoxB. These hairpins can recruit a fluorescent protein conjugated 

to an RNA hairpin binding domain that specifically recognises each of the hairpins (respectively 

MCP, PCP and N22). By having multiple copies of these hairpin loops per sgRNA (and 

therefore recruiting multiple fluorescent proteins) and by combining fluorescent proteins, this 

technique allows for fluorescent tagging of specific, and multiple, genomic loci in one cell 

without the need for these loci to be extremely repetitive293. The ultimate intention was to tag a 

chromosome 15 locus in one colour and a chromosome 21 locus in a different colour, such that 

rob(15;21)c can be tracked throughout a live cell division. 
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Figure 5.5. Diagram of the CRISPRainbow technique for fluorescently tagging specific loci. 

Diagram adapted from Ma et al. to show how CRISPRainbow can be used to tag specific, repetitive loci in multiple 

colours for use in live or fixed cell imaging293. 

5.2.3.1 Target identification 

This CRISPRainbow project was done in collaboration with Dr Richard Yim, Dr Barbora 

Badurova, Dr Yuko Takeda, Dr Sarra Ryan and Professor Mary Herbert (Newcastle 

University).  

Although the CRISPRainbow system does not require target sequences as repetitive as TALEs 

or ZFPs, it requires sequences that are somewhat repetitive for optimal fluorescence (more 

repeats should give a greater signal to noise ratio), and these sequences also need to be upstream 

of a Protospacer-Adjacent Motif (PAM) site. The PAM site is required for the targeting of Cas9 

proteins and without it, the Cas9 will not bind308–310. In order to identify potential target sgRNA 

sequences on chromosomes 15 and 21, Dr Richard Yim developed a technique in which he used 

a library of 41-mers from the T2T genome (previously generated for other purposes) to screen 

for PAM sites on chromosomes 15 and 21. A list was then generated of all 20-mers upstream 

of these PAMs. Our collaborators on this project were particularly interested in centromeric 

targets for sgRNA and so these were the first to be mined. If unique centromeric sequences 

could be found, then centromeric loci would also be our preferred tagging location. The close 

proximity of the chromosome 15 and chromosome 21 centromere within rob(15;21)c would be 

easily distinguishable if both centromeres were tagged (as opposed to loci on arms that would 
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not colocalise as well). However, as previously with centromeric FISH probes, due to the 

similarity in chromosome 21 and chromosome 13 centromeric repeats, such target sgRNA 

sequences would bind to both chromosome 21 and chromosome 13. 

Dr Barbora Badurova took these potential target sequences and narrowed them down to 

candidate sequences. Various criteria were used to refine targets, including their absence on 

other chromosomes, the number of repeats on the desired chromosome and the GC content (this 

has been reported as a factor that can affect sgRNA efficiency, ~50% GC content is likely 

optimal311). This often produced a small number of candidates that could be tested 

experimentally (4 on chromosomes 13/21 and 10 on chromosome 15). 

Candidates were tested by pooling sgRNAs and injecting 4-6 into a single human oocyte. If 

fluorescent foci could be seen then 2-3 of the candidate sgRNAs were selected to be injected 

into a second oocyte. Finally, if this step was successful then single candidate sgRNAs were 

selected and injected into a further oocyte to find one sgRNA that worked well. 

For chromosome 15, 131 potential target 20-mers were found. Following refinement of the 

candidates, 6 were tested and, finally, one target prevailed (as shown in Figure 5.6A). This 

successful target sgRNA was injected into a metaphase II human oocyte along with 

fluorescently tagged (mNeonGreen) dCas9 mRNA (Figure 5.6A). This figure shows the two 

expected foci from centromeric chromosome 15 targets. As Figure 5.6A is the labelling of an 

oocyte in meiosis II, there is only one copy of each chromosome, though two chromatids (as 

can be seen by the two foci). Although the images shown in Figure 5.6 involve a fluorescent 

dCas9, these targets were also confirmed to work with the CRISPRainbow system by adding 

PP7 or BoxB loops to sgRNA and then injecting into oocytes with mRNA for PCP-

mNeonGreen or N22-mScarlett and dCas9 without a fluorescent tag (not shown). 

For chromosomes 21/13, Dr Yim’s pipeline found 168 20-mers of interest, though only 4 were 

not present on other chromosomes. After these were narrowed down by Dr Badurova, one 

successful target sequence was found (shown in Figure 5.6B). This successful sgRNA was 

injected into a metaphase II human oocyte with mRNA for dCas9-mNeonGreen, and labelled 

two chromosomes as expected (Figure 5.6B). 
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Figure 5.6. Chromosome 15 and chromosome 21/13 can be tagged in human oocytes. (A) 

Chromosome 15 specific foci after injection of the successful target sgRNA and dCas9-mNeonGreen mRNA into 

a human oocyte in metaphase II. (B) Chromosome 21/13 specific foci after injection of the successful target 

sgRNA and dCas9-mNeonGreen into a human oocyte in metaphase II. Images provided by Barbora Badurova. 

Human oocytes are a good system to validate these sgRNA targets. Extensive cloning is not 

required as sgRNA and dCas9 mRNA can be produced and directly injected into oocytes. 

Fluorescence can then be visualised on the same day by live cell imaging. Chromosome 21, 

chromosome 13 and chromosome 15 were of interest to Dr Badurova (as well as chromosome 

16, chromosome 18 and chromosome 22) as they are known “troublemaker” chromosomes due 

to their frequency to be aneuploid in human meiosis. Human oocytes are likely to have the same 

sequences as our cell lines. However, due to individual variation, it is possible that the target 

sequences would not exist or would exist at low copy numbers in L995 and L996 cells. To 
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confirm their presence and repetitiveness, Dr Yim compared the successful targets from the 

oocyte study against our Illumina sequencing from L995 and L996 cells. This confirmed that 

the target sequence for chromosome 21/13 was present with ~195 copies in L995 and ~190 in 

L996 (on chromosome 21) and the target sequence for chromosome 15 was present with ~147 

copies in L995 and ~160 in L996. Whilst this is lower than the number of copies (353 repeats 

for the chromosome 21 sequence and 344 for the chromosome 15 sequence) in CHM13 (used 

for the T2T genome), the CRISPRainbow system has previously been used to visualise 

sequences with >100 repeats293. The number of copies of the target sequences in the 

successfully tagged oocytes is unknown. 

Importantly, to confirm that sgRNAs were targeting their desired location, FISH staining was 

done correlatively on the same cell. Figure 5.7A shows dCas9-mNeonGreen signal in an oocyte 

that has been co-injected with sgRNA to target chromosome 21 and chromosome 13 (as in 

Figure 5.6B). These cells were then stained with FISH probes for the α-satellites of 

chromosome 21 and 13 (Figure 5.7B). This figure shows the colocalisation between dCas9-

mNeonGreen signal and that of the α-satellite FISH probes. The FISH probes used were labelled 

with Texas Red and so colocalised staining was undoubtedly from the FISH probes and not 

from dCas9-mNeonGreen bleed-through (protein fluorescence is also often diminished 

significantly by the Carnoy’s fixative required for FISH staining). 
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Figure 5.7. FISH confirms that sgRNA successfully targets chromosome 21 and chromosome 13. 

(A) A metaphase II oocyte after injection with the sgRNA for chromosome 21/13 and dCas9-mNeonGreen mRNA. 

(B) The same cell as in (A) stained with FISH probes for the α-satellites for chromosome 21 and chromosome 13. 

Images provided by Barbora Badurova. 

5.2.3.2 CRISPRainbow optimisation 

The first step to optimising the CRISPRainbow system for rob(15;21)c tagging in L995 and 

L996 cells was to reduce and refine the constructs needed. CRISPRainbow has mostly been 

done with transient transfection in the past, however for lymphoblastoid cells this system would 

need to be optimised for lentiviral transduction. The plasmids designed by the Pederson 

laboratory were made in a backbones that could also be used as lentiviral transfer plasmids. 

However, if I was to tag rob(15;21)c using the currently available plasmid set (Addgene kit 

#1000000079), this would involve lentiviral transduction of five different constructs (dCas9, 
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sgRNA-PP7, PCP-GFP, sgRNA-BoxB, N22-mCherry). In order to streamline these 

transductions, I made some modifications to the existing plasmids. By combining the sgRNA-

PP7 plasmid and the PCP-GFP plasmid, the total number of constructs needed for transduction 

could be reduced by one. Integrating the sgRNA-BoxB sequence into the N22-mCherry plasmid 

would again reduce the total number of plasmids by one. The existing dCas9 plasmid has no 

mammalian cell selection antibiotic resistance gene or fluorescent protein for FACS selection 

and so cloning in an antibiotic resistance gene was imperative to allow selection of successfully 

transduced cells. Figure 5.8 shows a plasmid map from full plasmid sequencing of the dCas9 

lentiviral transfer plasmid and in yellow the cloned in blasticidin resistance gene and SV40 

promoter. Figure 5.9 shows a plasmid map from full plasmid sequencing of the new GFP-1 

lentiviral transfer plasmid and highlighted in yellow the cloned in U6 promoter, CCDB gene 

(for gateway cloning) and PP7. This reduces the need for two separate plasmids for the sgRNA 

and the fluorescent protein conjugated RNA binding protein. Figure 5.10 shows a plasmid map 

from full plasmid sequencing of the new mCherry-3 plasmid that contains combined sgRNA-

BoxB and N22-mCherry sequences, with the yellow highlighted region showing that the U6 

promoter, CCDB and BoxB were cloned in. 
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Figure 5.8. Blasticidin resistance was successfully cloned into a dCas9 containing plasmid. Long 

read sequencing from Plasmidsaurus shows that the SV40 promoter and blasticidin resistance gene (BSD) were 

successfully cloned into the dCas9 containing plasmid from the CRISPRainbow multiplex labelling kit (kit 

#1000000079) from Addgene. The insert is highlighted in yellow. 
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Figure 5.9. The U6 promoter, the CCDB gene and 2xPP7 sequences were successfully cloned into 

a PCP-3xGFP containing plasmid. Long read sequencing from Plasmidsaurus shows that the U6 promoter, 

the CCDB gene and 2xPP7 sequences were successfully cloned into the PCP-3xGFP containing plasmid from the 

CRISPRainbow multiplex labelling kit (kit #1000000079) from Addgene. The insert is highlighted in yellow. 
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Figure 5.10. The U6 promoter, the CCDB gene and 2xBoxB sequences were successfully cloned 

into an N22-3xmCherry containing plasmid. Long read sequencing from Plasmidsaurus shows that the U6 

promoter, the CCDB gene and 2xBoxB sequences were successfully cloned into the N22-3xmCherry containing 

plasmid from the CRISPRainbow multiplex labelling kit (kit #1000000079) from Addgene. The insert is 

highlighted in yellow. 
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The modifications of CRISPRainbow plasmids in Figure 5.8, Figure 5.9 and Figure 5.10 allow 

for cell selection following lentiviral transduction and reduce the total number of transductions 

needed down from five to three. This should reduce the time needed for sequential lentiviral 

transduction and selection. 

The next step to optimise CRISPRainbow for use in L995 and L996 cells for rob(15;21)c 

tagging was to first test that we could identify highly repetitive regions. Telomeres have 

previously been tagged using the CRISPRainbow method and therefore a validated target 

sgRNA sequence already existed304. I sought to clone this same insert into the plasmid made in 

Figure 5.10 by PCR linearisation and then Gibson assembly. This would allow for the use of 

the product as a transfer plasmid for lentiviral production. Cells transduced by this lentivirus 

should then have fluorescent telomeres. However, cloning this product proved difficult. The 

primers used for linearisation should have removed a region of ~670 bp from the mCherry-3 

plasmid from Figure 5.10 (leaving a linearised product of ~8,800 bp and without the CCDB 

gene used for gateway cloning). However, after full plasmid sequencing of many colonies from 

this reaction the products were not as desired and ranged from 6-8 kb, showing non-specific 

primer annealing. After analysing the sequencing results, new primers were designed in the 

hope of more specific annealing and a gradient PCR was set up to find the optimal annealing 

temperature of both primer sets. An optimal annealing temperature was found to be 65.5°C; 

this was used for the attempted linearisation of mCherry-3 for insertion of the previously 

validated pan-telomeric sgRNA target and the chromosome 13/21 and chromosome 15 targets 

as developed in Figure 5.6. A similar optimisation process for primer annealing was undertaken 

for the linearisation of the GFP-1 plasmid designed in Figure 5.9. Ultimately, after attempted 

PCR linearisation (using various primer pairs) and the use of Gibson assembly for insertion of 

sgRNA targets of interest, the sequencing of multiple colonies showed incorrect products with 

variable sizes. This brought concerns about the PCR linearisation of these plasmids and so I 

then attempted to linearise them using restriction enzyme digest and insert a synthesised gene 

containing target sgRNAs. However, after initial attempts at restriction digests also gave 

incorrectly sized products, and due to other problems that were occurring in parallel (difficulty 

to image lymphoblastoid cells by live imaging in 5.2.1 and difficulty to lentivirally-transduce 

dCas9 in Figure 5.11), this work was ceased. In the interest of time, I prioritised other 

experiments for the remainder of my project, as outlined in the Discussion (section 5.3). 



158 

 

5.2.3.3 Attempted CRISPRainbow transduction 

To fully implement the CRISPRainbow system into L995 and L996 cells for tagging of 

rob(15;21)c, transgenes from Figure 5.8, Figure 5.9 and Figure 5.10 would have to be co-

expressed. As lentiviral transduction appears to be an efficient method in L995 and L996 cells, 

the sequential production of stable cell lines would be necessary; co-transduction with multiple 

lentiviruses would likely be inefficient. The first step in sequential lentivirus transductions was 

to transduce L995 and L996 cells with the virus containing the dCas9 construct. Producing 

stable cells with the expression of just dCas9 may also be useful for future experiments which 

could be attempted transiently.  

Virus-containing medium was produced by packaging in HEK293FT cells. To confirm that 

virus was produced, Takara Lenti-X Gostix were used. These confirmed that a high titre of 

lentivirus was present in the medium from HEK293FT cells transfected with envelope, 

packaging and dCas9 plasmids. After spinfection of L996 target cells with virus containing 

medium, cells were allowed to recover and grow out for ~7 days or until they looked healthy 

and were growing well. As these viral constructs should have contained both dCas9 and 

blasticidin resistance, cells were then subject to blasticidin selection and continued to be grown 

in this media for ~14 days in order to kill untransduced cells and allow dCas9 transduced 

populations to grow out. In parallel, spinfection of L996 cells with a control GFP plasmid was 

done. This allowed imaging after 48h to detect GFP fluorescence and therefore whether 

transduction was successful. In this experiment, GFP fluorescence was seen in population of 

cells and therefore there were not technical problems with this protocol. GFP fluorescence was 

being used as a proxy for dCas9 transduction (in the same cell line, virus produced on the same 

day and spinfection done at the same time) as there were no fluorescent markers in the dCas9 

construct that could be detected. 

To validate the expression of dCas9 protein, multiple western blots were done with transfected 

cell lysate, stained for Cas9 (antibody also confirmed to bind dCas9), using purified dCas9 

protein as a positive antibody control. An antibody to the abundant protein α-tubulin was used 

to confirm equal loading. Figure 5.11 is a representative image of these western blots and shows 

that no dCas9 expression could be detected in cells that were transduced with dCas9 containing 

lentivirus. An image is also shown in Figure 5.11 after long exposure of this blot to confirm 

that there was no weak band in the L996-dCas9 lane. Despite confirmation of virus with Lenti-

X Gostix, previous experiments to show L996 can be lentivirally transduced (Figure 5.4) and 
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the fact that these cells were growing through blasticidin selection, we concluded that dCas9 

was not being expressed (and this was confirmed by multiple western blots).  

 

Figure 5.11. L996 cells transduced with dCas9 containing lentivirus did not express dCas9 protein. 

Western blot of cell lysates from control (untransduced) L996 cells and L996 cells that were transduced with 

lentivirus containing dCas9 and that have survived blasticidin selection. Purified Cas9 protein was loaded as an 

antibody positive control. 

As an alternative method for plasmid transfection, it has been reported that lymphoblastoid cells 

can also be successfully nucleofected291,312. Nucleofection is an electroporation-based method 

for transfection that is optimised for each cell type and has been shown to work well with cells 

that are difficult to transfect313–315. As dCas9 lentiviral transduction was proving challenging, 

optimisation of a protocol for L995 and L996 nucleofection was carried out.  

We had access to a nucleofector II and therefore could only use the Amaxa kits designed for 

this device. Most publications for lymphoblastoid cell nucleofection used kit V, although many 

of them used different programs on the machine291,312. We therefore decided to use kit V and to 

test multiple different programs to optimise this protocol for best transfection efficiency in L995 
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and L996 cells. Results from this optimisation experiment are shown in Figure 5.12. All tested 

programs managed to successfully nucleofect some L996 cells with the small pmaxGFP 

plasmid supplied with the Amaxa nucleofector kit, though all with very low transfection 

efficiency. The program that showed highest efficiency was X-001 with ~5-10% of cells 

expressing the GFP construct after 48 hours. This program, though not as efficient as initially 

hoped, showed promise that L995 and L996 cells could be nucleofected. This program could 

then be taken forward to start attempting to nucleofect constructs of interest. If efficiency 

remained poor, then we reasoned that we could use Fluorescence-Activated Cell Sorting 

(FACS) to select for fluorescent successfully nucleofected cells. 

 

Figure 5.12. L996 cells can be transfected with a control GFP plasmid by nucleofection. 

Nucleofection optimisation using Amaxa nucleofector Kit V and testing multiple programs which published data 

suggests might be optimal for lymphoblastoid cell transfection. Cells were transfected with the control 3.5kb 

pmaxGFP plasmid supplied with nucleofection kits. Imaging highlights the low transfection efficiency in all 

programs, with X-001 being the most efficient. 
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The results in Figure 5.12 showed that L996 cells could be nucleofected. However, there is a 

direct correlation between the size of a plasmid and transfection efficiency and the control 

pmaxGFP plasmid used in Figure 5.12 is only 3.5 kb314,316–318. The three constructs of interest 

that are required for CRISPRainbow are 9.5-11.7 kb. As these are much larger than the control 

plasmid there is a chance that they do not nucleofect well. In order to test this hypothesis I used 

the same nucleofection protocol used for the results in Figure 5.12 but using the three plasmids 

designed in Figure 5.8, Figure 5.9 and Figure 5.10. After 48 hours from the start of 

nucleofection, the expression of these transgenes was tested. Figure 5.13 shows imaging of 

L996 cells 48 hours after nucleofection with the fluorescent protein containing plasmids 

designed in Figure 5.9 and Figure 5.10. Both cell populations showed no cells that fluoresced 

after being excited with a laser that should excite GFP and mCherry (Texas Red filter). 

 

Figure 5.13. Large fluorescent plasmids were not successfully nucleofected. (A) L996 cells 

nucleofected with GFP-1 plasmid and imaged after 48h. (B) L996 cells nucleofected with mCherry-3 plasmid and 

imaged after 48h.  

To test for the presence of dCas9 expression (no fluorescent protein in this plasmid), a western 

blot was done using cell lysate collected 48 hours after nucleofection with the construct 

designed in Figure 5.8. Again, purified Cas9 protein was used as a positive control and α-tubulin 

used as a loading control. This western blot also confirmed that this nucleofection was 
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ineffective. It is likely that nucleofection of large plasmids is not efficient in L995 and L996 

cells, as supported by the inability to nucleofect 9.5-11.7 kb plasmids in Figure 5.13 and Figure 

5.14, but successful nucleofection of the 3.5kb plasmid in Figure 5.12. Although these 

experiments were not successful, if time was not limited then future work would have included 

using the original five construct system or making these constructs of interest smaller and 

attempting nucleofection again, as discussed further in 5.3. 

 

Figure 5.14. L996 cells nucleofected with dCas9 containing plasmid did not express dCas9 protein. 

Western blot of cell lysates from control (untransduced) L996 cells and L996 cells that were nucleofected with a 

dCas9 containing plasmid and cells that were nucleofected with an mCherry containing plasmid. Purified Cas9 

protein was loaded as an antibody positive control. 

5.3 Discussion 

In this chapter I have described attempts to troubleshoot some of the challenges that stand in 

the way of labelling rob(15;21)c specifically for live cell imaging in L995 and L996 cell lines. 

The work here has highlighted how it is difficult to image lymphoblastoid cells through an 

entire cell cycle due to their lack of adherence. This work has also shown by multiple methods 

that transduction of lymphoblastoid cells is difficult, particularly if the construct of interest is 

large. Some challenges have been identified and addressed in this chapter and for those that are 
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yet to be overcome, I propose some possible solutions that would have been attempted if time 

was not limited. 

Figure 5.1, Figure 5.2 and Figure 5.3 demonstrate the challenges that are involved in live cell 

imaging of cells that are usually in suspension. As adherence of lymphoblastoid cells to glass 

and plastic is minimal, I attempted to use chemical coating of imaging dishes as a method to 

promote cell adhesion. In Figure 5.2, poly-L-lysine and Cell-Tak were used with no success in 

adhering L995 or L996 cells; and causing an increased rate of cell death. In Figure 5.3, pre-

coated commercially available imaging dishes (CC2 coating – similar to poly-D-lysine) were 

used with a slight improvement of adherence in the short term, but long term imaging again 

showed extensive cell movement. If these experiments for the observation of chromosome 

dynamics through a full cell cycle were to be done in the future, this imaging protocol would 

have to be optimised. One possibility is the use of a low percentage agarose medium and with 

entrapment with the use of an agarose pad on top of cells319,320. However, a potential problem 

with slowing cell movement (by any of the described methods) is that this may cause damage 

or distress to cells that are usually in suspension and therefore cause a reduction in cell viability.  

Through a productive collaboration with the labs of Professor Mary Herbert and Dr Sarra Ryan 

progress was made on the intended method for tagging our chromosomes of interest 

(chromosome 15, chromosome 21 and rob(15;21)c). Potential target sgRNA sequences were 

identified by Dr Richard Yim and then refined and validated by Dr Barbora Badurova. The 

outcome of this collaboration was that we now have target sgRNA sequences on chromosome 

15 and chromosomes 21/13 that have been confirmed to be repetitive enough (in theory due to 

the number of repeats) for visualisation in L995 and L996 cells. These were confirmed to target 

dCas9 to the relative loci in human oocytes, which are for most purposes more difficult to image 

than mammalian cells. Although the chromosome 21 target sequence also labelled chromosome 

13, this shouldn’t be an insurmountable problem. On rob(15;21)c the colocalisation of 

chromosome 15 and chromosome 21 foci should be obvious and the normal chromosome 21 

and chromosome 13 should be able to be differentiated by both chromosome size and by the 

size of the fluorescent foci (chromosome 13 is larger than chromosome 21 and contains ~5x the 

quantity of this specific target sequence, at least in CHM13). 

The work done in human oocytes provided a nice proof of concept for this method. However, 

for use in lymphoblastoid cells, modifications had to be made. The plasmids used in the original 

CRISPRainbow multiplex labelling kit were refined such that only three plasmids would have 
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to be transfected to label our chromosomes of interest instead of five. The dCas9 containing 

plasmid was then used for the initial lentiviral transduction to start this labelling process in 

L995 and L996 cells. Although preliminary results showed that these cells could be successfully 

transduced by lentivirus (Figure 5.4), no dCas9 protein was seen by western blot following 

dCas9 lentiviral spinfection of these cells (Figure 5.11), despite surviving blasticidin selection 

(dCas9 construct contained blasticidin resistance gene). It is possible that lentivirus particles 

successfully retained the blasticidin resistance gene but lost the large dCas9 gene or that L995 

and L996 cells could not survive when expressing dCas9 and so the only population of cells to 

survive was the small percentage that managed to retain blasticidin resistance but had lost 

dCas9. It is known that as the size of a transfer plasmid increases, the viral titre decreases321–

323. To confirm the presence of virus (though not quantifiably) Lenti-X Gostix were used. This 

assay only detects p24 capsid protein (and therefore the presence of virus), though this has been 

shown to be a poor prediction of transduction efficiency due to the high variability in virus 

production324. It is possible that the large size of the dCas9 transfer plasmid (~11.7kb - cloned 

in Figure 5.8) had led to poor transduction efficiency of L995 and L996 cells. In future work, 

the original five construct system could be used. The steps I took to try and optimise and 

streamline the number of constructs needed may have been detrimental due to the size of each 

construct increasing. However, the size of the original constructs were 8.7kb (GFP) and 8.4kb 

(mCherry) and after streamlining, the new constructs were 9.8kb and 9.5kb. As there is only a 

1.1kb difference, I am not sure that the original system would have been much more successful. 

Simultaneously to lentiviral transduction optimisation, nucleofection of plasmids was also 

tested. Nucleofection has previously been used for many types of difficult-to-transfect cell 

types313–315, including lymphoblastoid cells291,312. Preliminary experiments with a small control 

plasmid (3.5kb) found that L995 and L996 cells could indeed be successfully nucleofected, 

albeit only with a low transfection efficiency (~5-10%) (Figure 5.12). However, when larger 

constructs of interest were nucleofected (9.5-11.7kb), they failed to produce fluorescence 

(Figure 5.13) or proteins that could be detected by western blot (Figure 5.14). As time was 

limited, these optimisation experiments had to be halted. However, the next logical steps would 

be to reduce the size of plasmids for nucleofection. Whilst some of the genes of interest are 

large (e.g. dCas9), they are currently in large backbones that contain the necessary elements for 

lentiviral work. If the optimisation of nucleofection in L995 and L996 was continued then I 

would begin by removing unnecessary parts of the constructs made in Figure 5.8, Figure 5.9 

and Figure 5.10 or I would instead clone the necessary genes into a much smaller backbone. I 
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predict that reducing plasmid size would increase transfection efficiency (as has been shown 

by the 3.5kb plasmid in Figure 5.12). 

In summary, the work in this chapter was originally undertaken with the hope of being able to 

produce a cell line in which rob(15;21)c was fluorescently tagged. Although multiple 

challenges arose, this chapter provides a summary of the optimisation of multiple techniques 

required for transfection and imaging of lymphoblastoid cells. Due to time constraints the 

experiments in this chapter could not be finished. Given more time I believe that it would be 

possible to successfully tag rob(15;21)c with a fluorescent label and observe its segregation 

tendencies through a cell cycle in L995 and L996 cells. Above I have outlined some of the next 

steps which could be taken to facilitate the completion of this set of experiments.   
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Chapter 6: Discussion 

The work in this thesis has characterised the dicentric chromosome rob(15;21)c and its 

segregation properties. The seminal paper in 2014 from Li et al. discovered that carriers of the 

rob(15;21)c chromosome have a huge ~2700x increased risk of developing the subtype of 

leukaemia, iAMP21-ALL145. The purpose of this thesis has been to build on the work in Li et 

al. by using cell biology approaches to characterise the rob(15;21)c chromosome and 

understand the mechanism driving the predisposition for the rob(15;21)c chromosome to 

undergo chromothripsis and drive iAMP21-ALL. 

In this chapter I discuss the key findings from the work in Chapters 3, 4, and 5. I consider their 

implications in the context of current knowledge, their limitations, what can be concluded from 

them, and some recommendations for future work. 

6.1 The active dicentricity of the rob(15;21)c chromosome 

Robertsonian chromosomes are often dicentric in that they contain centromeric DNA repeats 

from both of their parent chromosomes. However, surprisingly little work has been done to 

fully understand these chromosomes, especially considering their high prevalence in the general 

population (~1 in 800); with a particular lack of research in recent years. Important fundamental 

knowledge on the centromeres of Robertsonian chromosomes has come from the work of Beth 

Sullivan and co-workers. In 1994, by analysing chromosome spreads from 48 human 

lymphocyte samples, Sullivan et al. showed that dicentric Robertsonian chromosomes have 

preferential activity at one centromere255. However, whilst the cohort included many cases for 

the more common Robertsonian translocations (rob(13;14)c and rob(14;21)c), only two cases 

of rob(15;21)c were investigated. Of the work that has been done in Robertsonian 

chromosomes, the chromosome rob(15;21)c has rarely been studied. Due to the discovery of a 

huge predisposition for chromothripsis and iAMP21-ALL development in rob(15;21)c 

carriers145, studying this chromosome became of interest. 

In Chapter 3, I studied the rob(15;21)c chromosome in novel lymphoblastoid cell lines 

containing this chromosome (L995 and L996). Work from this chapter highlighted how this 

chromosome is most often actively dicentric, with the inner kinetochore protein CENP-C 

assembling at both centromeres in most cells. I hypothesise that this active dicentricity may be 

possible due to the short inter-centromeric distance between the two centromeres on each 

rob(15;21)c sister chromatid. Research from Page and Shaffer on Robertsonians and from 
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Sullivan et al. on dicentric X chromosomes suggests that a short inter-centromeric distance 

allows for the centromeres to work cooperatively whereas, when the inter-centromeric distance 

increases, the likelihood for a dicentric chromosome to inactivate one centromere and become 

functionally monocentric increases127,137. I suggest that the short inter-centromeric distance 

seen in chromosome spreads of rob(15;21)c allow for increased chromosomal stability and a 

reduced chance of erroneous microtubule attachments when compared with dicentric 

chromosomes that have a greater inter-centromeric distance. It is possible that a large inter-

centromeric distance allows the chromosome to twist and this may cause the two centromeres 

of one sister chromatid to bind to opposite spindle poles, hence promoting a mis-segregating 

chromosome. Instead, the short inter-centromeric distance on rob(15;21)c promotes the binding 

of both kinetochores (on each sister chromatid) to microtubules from the same pole, therefore 

allowing faithful segregation in the majority of mitoses.  

Initially we hypothesised that the activities of the rob(15;21)c centromeres were changing as 

cells were continuously cultured as a mechanism to improve chromosome segregation fidelity 

(transitioning from actively dicentric to actively monocentric). However, when assessed, we 

found no evidence to support this idea, and both phenotypes were seen in similar proportions 

at all tested passages, with actively dicentric being the predominant phenotype (Figure 3.15 and 

Figure 3.16). In 2005, Higgins et al. showed that centromere activity in a dicentric chromosome 

is usually clonal, however in some cell lines this centromere activity state can switch in a 

growing population of cells129. A valuable future experiment to add to the work in this thesis 

would be to grow L995 and L996 cells from a single cell by using Fluorescence-Activated Cell 

Sorting (FACS) to isolate single cells. Then, by growing out clonal lines, it could be determined 

if rob(15;21)c has the ability to change state in a clonal population or whether separate stable 

actively dicentric and actively monocentric clonal lines exist and that their proportion in vitro 

(and presumably in vivo) is determined by selection. 

Results in Figure 3.14 showed that as well as the inner kinetochore protein CENP-C, outer 

kinetochore proteins Hec1 (NDC80) and NUF2 also assemble onto actively dicentric 

rob(15;21)c chromosomes. As members of the NDC80 complex, NDC80 and NUF2 are directly 

involved in microtubule binding. Therefore it is very likely that both of the kinetochores on 

rob(15;21)c that assemble these proteins are functional and have the ability to bind spindle 

microtubules. This is supported by images in Figure 3.20 that show microtubules binding to 

both kinetochores on what appear to be dicentric chromosomes in rob(15;21)c containing cells. 

The limitations of these data include that these are images from only two cells and it was not 
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possible to stain the rob(15;21)c chromosomes with FISH probes in these cells, therefore we 

have to make the presumption that these chromosomes are rob(15;21)c and not two closely 

located monocentric chromosomes. One further consideration is that recent work from the Kops 

lab has highlighted that monocentric chromosomes appear bipartite when imaged at a high 

resolution325. It is possible that the two CENP-C foci that we see in Figure 3.20B and Figure 

3.20C are actually that of a monocentric chromosome resolving out to show this bipartite 

phenotype and bundles of microtubules binding to each subunit. 

The predominant centromeric phenotype that we observed in rob(15;21)c chromosomes is 

actively dicentric. However, the strength of the two centromeres is often not equal. In Figure 

3.17 and Figure 3.18 it was shown that rob(15;21)c has quantifiable and centromere-specific 

dominance in the intensity and size of CENP-C foci. The centromere belonging to the 

chromosome 15 arm is significantly more intense and larger than that belonging to the 

chromosome 21 arm within the rob(15;21)c chromosome. In support of this, when a rob(15;21)c 

chromosome showed to be actively dicentric, the undetectable centromere was very often that 

of the chromosome 21 arm. This is of particular interest as sequencing results from Li et al. 

identified how the derivative chromosome produced post-chromothripsis from rob(15;21)c 

chromosomes is monocentric, specifically retaining the chromosome 21 centromere and losing 

the chromosome 15 centromere145. Therefore our results suggest that the chromosome involved 

in chromothripsis is likely actively dicentric (containing an active chromosome 21 centromere 

that can be inherited by the derivative chromosome, as opposed to an actively monocentric 

rob(15;21)c chromosome that loses activity of the chromosome 21 centromere – shown in 

Figure 3.19). However, whilst it seems unlikely, it cannot be ruled out that an actively 

monocentric rob(15;21)c chromosome (that has lost activity of the chromosome 21 centromere 

via epigenetic mechanisms) undergoes chromothripsis, with only the chromosome 21 

centromere being retained and then its activity is switched back on. Whilst we believe it to be 

more likely that an active dicentric rob(15;21)c chromosome undergoes chromothripsis, we 

presume that the chromosome 15 centromere is lost and the chromosome 21 centromere is 

retained due to selection, and not due to a direct mechanism driving the specific centromere 

loss. 

Although Chapter 3 characterised the activity of the centromeres of rob(15;21)c, logical future 

experiments would include further studying the functionality of these centromeres. With the 

use of correlative IF and then FISH on fixed cells with an actively occurring mis-segregation 

we could gain further information on the ability of each kinetochore to bind microtubules and 
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observe any possible mis-attachments that may be causing the mis-segregation. If the method 

of CRISPRainbow tagging of rob(15;21)c for live imaging could be optimised, then Correlative 

Light and Electron Microscopy (CLEM) images may also allow for identification of 

rob(15;21)c via light microscopy and then the high resolution of electron microscopy may be 

able to identify individual microtubules. This would provide information on how many 

microtubules bind each kinetochore (and if the centromere dominance correlates with the 

number of microtubule attachments) and how aberrant attachments may be causing mis-

segregation. 

6.2 The mis-segregation of rob(15;21)c and mechanisms that may be driving it 

The results in Chapter 4 highlighted how rob(15;21)c mis-segregates at a much higher rate than 

expected (16-17% of mis-segregations contain rob(15;21)c). Of particular interest, we found 

that both sisters mis-segregate together frequently (around half of the rob(15;21)c mis-

segregations contain both sister chromatids; Figure 4.4). These data are interesting in the 

context of Li et al., who inferred that two copies of rob(15;21)c were present in the 

chromothriptic event that occurs in iAMP21-ALL development (3 of the 4 rob(15;21)c cases 

with der(15;21) sequenced showed evidence to suggest that two copies were present in the 

chromothriptic event). Our results indicate how that is likely due to a mechanistic reason that 

drives co-mis-segregation of sister chromatids into an environment that is susceptible to 

chromothripsis (a micronucleus). An alternative reason for both sisters undergoing 

chromothripsis might be due to selective pressure, i.e. a necessity for two copies to be present 

to drive cell survival and cancer. Although these scenarios are not mutually exclusive, and two 

copies may help drive cancer, our results suggest a mechanism that directly facilitates a 

chromothriptic event on two copies of the rob(15;21)c chromosome. One possible limitation to 

this work is that these mis-segregation rates have likely been influenced by the use of 

nocodazole. Due to its nature of action, nocodazole induces mis-segregation. This is beneficial 

for our mis-segregation experiments as, without synchronisation from nocodazole, an 

asynchronous population has few cells in anaphase and telophase and of these few contain 

actively occurring mis-segregations. Nocodazole is able to increase both the number of 

anaphase cells and the proportion of mis-segregations, therefore allowing for the collection of 

more data. However, nocodazole was previously shown to induce mis-segregation in a non-

random manner, with chromosome 1 and chromosome 2 being affected more than other 

chromosomes95,97. These studies however did not show any specific induction of chromosome 

15 or chromosome 21 mis-segregation and therefore we presume that the mis-segregation rate 
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of rob(15;21)c is unlikely to be preferentially induced by nocodazole because of its homologous 

chromosomes. However, it may be possible that the dicentricity of rob(15;21)c causes it to be 

more susceptible to nocodazole induced mis-segregation. In these experiments we also use 

normal chromosome 15 and normal chromosome 21 within the same cells as internal controls 

and this showed significantly lower rates of mis-segregation for both control chromosomes 

compared with rob(15;21)c. In the future, the rate of mis-segregation could be assessed in an 

asynchronous population by developing a high-throughput imaging and imaging analysis 

pipeline that is able to identify anaphase and telophase cells, similarly to the approach in Figure 

4.14for metaphase cells. This type of analysis was not carried out in the work in this thesis as 

it proved much more difficult to successfully identify anaphase and telophase cells reliably due 

to their variability in nuclear morphology. However, with the use of machine learning it may 

be possible to optimise this process and successfully pick out anaphase and telophase cells, 

including those with active mis-segregations. Such a pipeline would allow for the input of a 

large number of images of FISH stained asynchronous cells, therefore providing sufficient data 

to determine a more accurate rate for rob(15;21)c mis-segregation when compared with 

chromosome 15 and chromosome 21.  

Many experiments were done to try and understand the mechanism driving frequent co-mis-

segregation of rob(15;21)c sister chromatids. The staining of proteins involved in the CPC and 

therefore error correction appeared normal on rob(15;21)c, including Aurora B and one of its 

downstream phosphosites that was used as a proxy for Aurora B activity. Cohesin staining 

appeared normal on rob(15;21)c on chromosome spreads (metaphase-like) and therefore if the 

Cohesin cleavage on this chromosome is also normal then it is unlikely that the rob(15;21)c 

sister chromatids are being physically held together during anaphase by cohesion. This could 

tested experimentally by staining for Cohesin during anaphase to determine if rob(15;21)c has 

been released from the centromeric Cohesin. Also, the nuclear interphase location of 

rob(15;21)c appears favourable for faithful segregation. Frequently mis-segregating 

chromosomes are often closer to the periphery of the cell during interphase, however 

rob(15;21)c showed to have a central nuclear location. One finding of interest is that 

rob(15;21)c appears to align late/mis-align on the metaphase plate. This mis-alignment suggests 

that erroneous microtubule-kinetochore attachments may persist for longer on the dicentric 

centromeres of rob(15;21)c than on most chromosomes.  

Based on the work in section 4.2.4, I hypothesise that the actively dicentric nature of 

rob(15;21)c causes an increased number of aberrant microtubule-kinetochore attachments 
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compared with a monocentric chromosome. Despite apparently normal CPC protein 

recruitment to rob(15;21)c, the normal level of activity sufficient for error correction on a 

monocentric chromosome may not be enough to resolve all mis-attachments on the dicentric 

chromosome. In turn, these uncorrected mis-attachments may sometimes allow the mis-

segregation of rob(15;21)c chromosomes during anaphase and, if this persists into telophase, 

then rob(15;21)c may enter a micronucleus, initiating a potential chromothriptic event.  

We do not currently fully understand why both sister chromatids are present in mis-segregations 

so frequently, though a possible mechanism is that erroneous microtubule-kinetochore 

attachments on the dicentric rob(15;21)c cause chromosome twisting as the two kinetochores 

of one sister chromatid are bound to microtubules from opposite poles. This twisting may 

compromise tension-dependent Aurora B regulation, therefore reducing the capacity for error 

correction and allowing mis-attachments to persist. It is possible that this kind of mechanism 

would equally affect both sister chromatids and therefore this mechanism may drive the co-

mis-segregation of rob(15;21)c sister chromatids as observed in Figure 4.4. To address this 

hypothesis in the future, further super-resolution imaging experiments could be done to observe 

any chromosome twisting when rob(15;21)c mis-segregates. I also propose that staining various 

Aurora B phosphosites related to error correction on anaphase/telophase cells with actively mis-

segregating chromosomes may help to understand if the CPC is active or if it is being hindered 

by the abnormal chromosome morphology. A further protein of interest to study in this same 

context is MPS1. It has been proposed that MPS1 also plays a role in error correction of 

incorrect microtubule-kinetochore attachments326. 

Further, although rob(15;21)c has the most obvious impact on cancer development, other 

Robertsonian chromosomes may also have segregation defects. An interesting question is why 

rob(15;21)c causes a much stronger predisposition to this subtype of leukaemia than other 

Robertsonian chromosomes. One possibility is that many Robertsonian chromosomes have a 

tendency to mis-segregate, and that the difference in cancer predisposition is determined by the 

probability that subsequent rearrangements of the chromosome (such as chromothripsis) are 

oncogenic.  It is also possible that other Robertsonians have much more faithful segregation. 

Regardless of the outcome, characterising other Robertsonian chromosomes and how they act 

during chromosome segregation are some of the logical next steps for this project. 
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6.3 The difficulty in tagging rob(15;21)c and tracking it throughout cell division 

The results in Chapter 5 highlight the difficulties of fluorescently tagging rob(15;21)c in 

lymphoblastoid cells and live-imaging these cells. Multiple problems were encountered in the 

CRISPRainbow tagging process. It was quickly discovered that imaging lymphoblastoid cells 

(that are usually growing in suspension) across multiple hours is challenging. Even with the use 

of approaches to improve adhesion (e.g. Cell-Tak), cells rapidly moved out of focus and out of 

frame. One obvious alternative method to live-image non-adherent cells would be to use 

software to track the movement of a cell during imaging such that the frame moved, and the 

cell remained in frame. However, one problem with this is that we would be trying to observe 

relatively rare events (mitosis with a mis-segregation event that contains rob(15;21)c and 

tracking only allows for the imaging of one or two cells at a time. To improve the chances of 

observing one of these rare events we would need to image a whole field of many cells. A 

possible method that could be attempted in future experiments is to use agarose containing 

media and/or the physical entrapment of cells with an agarose pad. This method has previously 

been used to image suspension cells319,320. 

Although experiments to tag of rob(15;21)c with the use of CRISPRainbow encountered 

multiple obstacles that prevented their success, multiple steps of progress were made that may 

allow for success in this tagging method in the future. Targets of interest on chromosome 15 

and chromosome 21/13 were identified. These were confirmed to be present in sufficient repeat 

number in our cells of interest. These were also validated for successful use with the 

CRISPRainbow system in human oocytes. Also, the original CRISPRainbow plasmid system 

was refined for use in lentiviral transduction for the creation of stable cell lines.  

Unfortunately, transduction of the constructs of interest for CRISPRainbow were not successful 

either lentivirally or transiently by nucleofection. Lymphoblastoid cells are notoriously difficult 

to transfect, though previous studies have successfully used both nucleofection and lentivirus 

in lymphoblastoid lines291,297,298,312. We also showed that our particular cells of interest could 

be successfully transduced by lentivirus containing CENP-A-mCherry. The creation of these 

CENP-A-mCherry lines were mostly as a proof of principle, but there is a possibility that they 

could be of use of tracking centromere dynamics in a live cell imaging experiment. However 

CENP-A foci were not sufficiently resolvable at the magnification needed for these experiments 

to distinguish rob(15;21)c from other chromosomes. The next logical experiments to be done 

would be to greatly reduce the plasmid size of the CRISPRainbow plasmids. It is possible that 
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both lentivirus transduction and transient nucleofection were hindered by the size of the 

plasmids used. As nucleofection worked with a smaller GFP control plasmid in our cells of 

interest, it is logical to test this theory with nucleofection first. It has been shown that 

nucleofection is more efficient with smaller plasmids and the ones used here are relatively large 

(9.5-11.7 kb). As the nucleofection of the small GFP plasmid proved successful, we believe 

that this could be a factor preventing the efficient transfection of L995/6 cells. While the 

original plasmids are quite large, the sequences of interest are not (~4 kb). By removing excess 

DNA, particularly many of the genes required for lentivirus production (the same plasmids were 

used for lentivirus production and nucleofection and therefore they contained lentiviral genes 

not necessary for nucleofection), the overall size of the plasmids could be greatly reduced. 

Similar to the experiments in Figure 5.13 and Figure 5.14, first a test run of nucleofection with 

dCas9, GFP and mCherry plasmids (after size reduction) could be done. dCas9 presence could 

be detected by western blot and the GFP and mCherry by microscopy. 

Another possible future experiment is to microinject our cells of interest, similar to what is done 

in oocytes. Although this technique is much easier for oocytes due to their large size, 

mammalian somatic cells have previously been injected successfully327. This could potentially 

bypass the difficulties in transducing lymphoblastoid cells, although it would be much lower 

throughput. 

While these CRISPRainbow experiments were not successful in this study, we cannot conclude 

that the technique is not suitable for this application. Given more time, further refinements to 

this process could be made and it is possible that an optimised protocol would allow for the 

CRISPRainbow creation of fluorescently tagged rob(15;21)c.  

6.4 Concluding remarks 

Despite Robertsonian chromosomes being carried in 1/800 individuals, little recent research 

has been done to examine the cell biology of these chromosomes. In this thesis, I studied a rare, 

but clinically relevant Robertsonian translocation, rob(15;21)c. The rob(15;21)c chromosome 

has been shown to give carriers a huge predisposition to iAMP21-ALL development. Here we 

have shown that this is likely due to the active dicentricity of this chromosome driving frequent 

mis-segregation. This mis-segregation then may place both rob(15;21)c sister chromatids in a 

micronucleus, an environment that has previously shown to be a facilitator in 

chromothripsis154,156. Our work has also narrowed down some of the potential mechanisms that 

may be driving the predisposition of rob(15;21)c to chromothripsis; we suggest that the active 
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dicentricity of this chromosome may lead to an increased number of microtubule mis-

attachments that are occasionally not resolved by error correction. By better understanding the 

rob(15;21)c chromosome, we have gained insights into Robertsonian chromosomes, 

chromosome mis-segregation and the roles of dicentric chromosomes in cancer development. 
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