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ABSTRACT 

The accurate and efficient dissemination of replicated chromosomes into daughter 

cells is fundamental to all aspects of biology.  Chromosomal missegregation can lead 

to aneuploid chromosome configurations which are a hallmark of cancer cells and 

also a leading cause of birth defects and infertility in humans.  Given that 

chromosome missegregation can result in such disastrous consequences, cells have 

evolved mechanisms to ensure the faithful segregation of chromosomes, one of 

which is sister-chromatid cohesion which is mediated by the cohesin complex. 

 

Cohesin is a multi-protein complex thought to be the primary effector of sister 

chromatid cohesion in all eukaryotes.  In yeast, cohesin is loaded onto chromosome 

arms in S-phase where it maintains sister chromatid cohesion until the metaphase-

anaphase transition.  Sister chromatid separation is then triggered by the site-specific 

cleavage of the RAD21 cohesin subunit.  In metazoan species, including Drosophila, 

the bulk of cohesin dissociates form chromosomes in prophase, leaving a minor pool 

of centromere-associated cohesin to maintain sister-chromatid cohesion until 

anaphase.  Exactly how the various cohesin subunits and their regulators orchestrate 

these events has yet to be fully elucidated.  Meiotic cohesin complexes are subjected 

to additional levels of regulation to accommodate the different types of cell division 

that occur to produce haploid gametes.  In humans, premature loss of meiotic sister 

chromatid cohesion has been proposed as the most likely molecular cause for 

sporadic aneuploidy linked to advanced maternal age.   

 

The results presented in this thesis begin with a description of the rationale and 

approach used to identify the DRAD21 separase cleavage sites, and subsequently 

mutate them using site-directed mutagenesis.  Characterisation of the dominant 

alleles generated is described, as is the first evidence of DRAD21 proteolysis.  The 

overexpression of non-cleavable DRAD21 isoforms was investigated in a range of 

different tissues and developmental stages, and was shown to dominantly reduce the 

size of adult tissue.  These data suggested that overexpression of non-cleavable 

isoforms of DRAD21 in dividing cells increased levels of cell death.  Analysis of the 

cellular effects of non-cleavable DRAD21 overexpression in the developing eye 

imaginal disc confirmed that the level of apoptosis was increased in cells expressing 

non-cleavable DRAD21, and that this DRAD21 isoform induced mitotic delay or 



arrest, consistent with a defect in mitotic progression.  This is the first description of 

a Drad21 mutant phenotype.  The reduced and roughened eye phenotype generated 

as a result of non-cleavable DRAD21 expression in the eye imaginal discs provided a 

tool to use in genetic studies of DRAD21 function. 

 

Genetic analysis showed that known and predicted cohesin regulators are capable of 

modulating the DRAD21 eye phenotype, therefore establishing the suitability of this 

phenotype for use in a genetic screen.  The entire Drosophila genome was screened 

for genetic modifiers of the DRAD21 eye phenotype.  In total 62 interacting genomic 

regions were identified, spanning chromosomes two, three and four.  Analysis of 

these interactions revealed both enhancers and suppressors of the DRAD21 eye 

phenotype, and genetic dissection of some of the interacting regions allowed 13 

modifier loci to be unequivocally identified at the molecular level.   Specifically, ten 

distinct interacting regions were examined at the molecular level and ten suppressor 

loci and three enhancer loci were identified and a mechanism by which these 

interactions may be occurring was proposed for each. 

 

These studies are likely to significantly influence our current understanding of 

metazoan chromosome dynamics and identify novel regulators of chromosome 

segregation.  To date, some interacting loci identified at the molecular level have 

established roles in chromosome cohesion, while for others this study provides the 

first evidence for their role in this process.  These studies will identify both novel 

regulators of chromosome segregation and hopefully provide a shortlist of genes that 

when functionally impaired may incrementally increase the risk of chromosome 

missegregation and aneuploidy in humans. 
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Addendum and Erratum 
The following information should be added to, and/or considered with, the indicated thesis sections. 

 

Chapter 1: Introduction 
Figures 1.2 (on page 6) and 1.3 (on page 7) insert the following 

after the first sentence of each figure legend:  
The centrosome, indicated as a black dot, is the microtubule 

organising centre of animal cells and also replicates during cell 

division to form the spindle poles.    

Figure 1.5 on page 16; insert the following after the third 

sentence of the figure legend:  
 Posterior is to the left and anterior to the right. 

Chapter 2: Materials and Methods 
Section 2.6.5: Screening for genetic interactors.  On page 55, 

insert the following after the first complete sentence on this 

page: 
When comparing the effect of halving the dose of one or a number of 

genes by comparing affected and control siblings it was necessary to 

compare flies of the same sex.  This is necessary as the male flies are 

smaller than the females, and therefore have smaller eyes. 

 

Chapter 3: Generation and analysis of a dominant Drad21 

allele 
Sections 3.2.4.3 and 3.2.5.2:  On pages 77 (section 3.2.4.3) and 82 

(section 3.2.5.2) the following needs to be added after the final 

sentence of each section: 

The observed and/or predicted apoptosis may not be directly due to 

the expression of Drad21DM, but a secondary effect due the inability 

to efficiently segregate chromosomes at anaphase.  Irrespective of 

the direct apoptotic trigger, it is indisputable that the dominant 

phenotypes observed are at least in part due to an increase in the 

level of apoptosis. 

Table 3.2 on page 67, the following should replace the descriptor 

“none” in the table: 

WT 

Figures 3.9 (page 76) and 3.10 (page 78), insert the following after the 

final sentence of each figure legend: 

 Anterior is to the left and posterior to the right. 

Figure 3.11 on page 80, insert the following  before the final sentence 

of the figure legend: 

Overexpression of cyclinE using the GMR driver induces additional 

S-phases and subsequent mitoses which ultimately results in the 

differentiation of extra-numerary ommatidia and an enlarged, 

roughened and disorganised eye phenotype (see also sections 1.2.2.1 

and 1.2.2.2). 

Section 3.2.5.1: Ectopic expression of cleavage-resistant DRAD21 

isoforms in the asynchronously cycling cells of the eye imaginal disc. 

On page 81, replace paragraph two, sentence four with: 

In contrast, overexpression of one copy of the Drad21RA474AG or of 

Drad21DM transgenes in this pattern resulted in a reduction in the 

amount of adult eye tissue but did not appear to affect the 

organisation of the ommatidia to anywhere near the same extent as 

GMR driven expression. 

Section 3.2.2: A role for DRAD21 in apoptosis? On page 85, replace 

paragraph one, sentence three with:  

Cleavage of human RAD21 by caspases 3 and 7 has been shown to 

occur before the condensation of apoptotic chromatin and the 

resultant ~65kDa protein is required to amplify the cell death signal 

within the cell (Chen et al.,2002, Pati et al., 2002).  Whether 

caspases are capable of cleaving Drosophila RAD21 could be 

assayed using commercially available enzymes and immuno-purified 

DRAD21 as a substrate.  Additional investigations into the role of 

DRAD21 in apoptosis could also involve in silico analyses of the 

protein sequence to identify likely caspase cleavage sites and 

overexpression of the predicted cleavage products in flies and cell 

culture to see if they were capable of inducing apoptosis. 

 

 

 

Chapter 4: Genome-wide modifier screen to identify novel 

regulators of metazoan chromosome segregation 
 

Table 4.1 on page 92; insert the following columns after column 

titled “Gene Name”: 

 

Function Page reference 

Cohesin 22-24, 27-28, 30, 35-36, 

137, 173 and 183 

DNA replication 

(PCNA) 

160 

Proteolysis 116 

DNA helicase  

Chromosome 

segregation 

27-33, 35-36, 43, 57-59, 61, 

63, 70, 72-75, 84, 90-92, 

114-115, 176-177, 181-183, 

189-90 

Mitotic kinase 29 

DNA damage 

checkpoint 

 

Proteolysis 116 

Mitotic kinase 181 and 183 

separase 27-33, 35-36, 43, 57-59, 61, 

63, 70, 72-75, 84, 90-92, 

114-115, 176-177, 181-183, 

189-90 

DNA helicase  

Mitotic checkpoint  

DNA damage 

response 

 

Proteasome subunit  

Proteolysis 116 

Proteolysis  

Mitotic exit  

Condensation and 

cell proliferation 

147-148, 150-151, 180-181 

Cell cycle 

progression 

 

Sister chromatid 

cohesion 

 

Mitotic kinase 27, 29, 163, 181, 183 

Mitotic kinase 27, 29, 163, 181, 183 

Proteasome   

securin 27,32-33,35,126-127, 176 

Mitotic progression, 

anaphase entry 

126-127, 154-155, 190 

development  

Transcription, 

cohesion loading 

21, 24-25, 35, 90-91,114-

115, 140-141, 183 and 194 

coheisn 22, 24,27-28, 30, 35-36, 

137, 173 and 183 

Centromeric 

cohesion 

31, 35 and 114 

 



Chapter 5: Identification of genetic modifier loci at the 

molecular level 
Section 5.2.2.1: S122 Region overview.  On page 123 replace paragraph 

one sentence two with: 

This phenotype is characterised by a weak suppression of both the 

size and organisation defects of the GMR>DRAD21DM eye 

phenotype (Figure 4.9, Table 4.5). 

Section 5.2.2.2: Genetic dissection of region S122.  On page 124 

replace paragraph two sentence two with: 

Both CycA alleles tested were capable of suppressing the reduced and 

roughened GMR>DRAD21DM eye phenotype to similar extents 

(Figure 5.2). 

Section 5.2.3.1: S107 Region overview.  On page 128 insert the 

following after the final sentence of paragraph two: 

PTEN is an important cell growth regulator and plays an essential 

role in the regulation of both cell growth and cell division (Gao et al., 

2000) through suppression of PI3K-dependent signaling (Maehama et 

al., 2004). 

Section 5.2.5.2: Genetic dissection of region S67.  On pages 140-141, 

replace the sentence that spans these pages with the following: 

All four were shown to modulate the GMR>DRAD21DM phenotype, 

primarily by increasing the organisation of the eye (Figure 5.10). 

Section 5.2.6.2: Genetic dissection of region S81.  On page 145 replace 

paragraph two with the following: 

LILLIPUTIAN is a protein involved in the regulation of cell size and 

cytokinesis (Maehama et al 2004, Tepass et al 2001) and is encoded 

by lilli located at 23B7-23C2. lilli genetically interacts with the Pten 

tumour suppressor gene (Maehama et al 2004), further supporting its 

role in the correct execution of the cell cycle, however, the lillik05431 

insertion allele failed to significantly modify the GMR>DRAD21DM 

phenotype. 

Section 5.2.10.2: Genetic dissection of region E60.  On page 164 

replace the final sentence of the last paragraph with the following: 

Src42AKG02515 suppresses both the size and organisation defects to a 

moderate extent, whilst Scr42Amyriand Src42AE1 mildly suppress the 

size and organization defects.  This difference in the level of 

suppression is most likely to be due to the different strengths of the 

alleles tested, with the Src42AKG02515 insertion allele retaining the 

least amount of wild-type function. 

5.2.10.3.3 Proposed mechanism of suppression by Src42A.  On page 

123 replace the fourth sentence of this section with the following: 

Drosophila C-terminal SRC kinase, CSK, negatively regulates 

SRC42A mediated signaling, and SRC42a has been demonstrated to 

signal through JNK and JAK/STAT pathways to promote 

proliferation, and through the JAK/STAT pathway to trigger 

apoptosis (Read et al 2004, Laberge et al., 2005). 
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