
 
Provided by the author(s) and University of Galway in accordance with publisher policies. Please cite the

published version when available.

Downloaded 2023-05-19T14:40:53Z

 

Some rights reserved. For more information, please see the item record link above.
 

Title ATR mediated regulation of the abscission checkpoint

Author(s) Okowa, Chituru

Publication
Date 2018-05-30

Publisher NUI Galway

Item record http://hdl.handle.net/10379/7386

https://aran.library.nuigalway.ie
http://creativecommons.org/licenses/by-nc-nd/3.0/ie/


   

 

 

  

 

 

 

ATR mediated regulation of the abscission 

checkpoint 
 

Chituru Carol Okowa 

 

Genome Stability Laboratory  
Centre for Chromosome Biology, 

Department of Biochemistry, School of Natural Sciences, 
National University of Ireland Galway 

 

 

A thesis submitted to the National University of Ireland, Galway for the 

degree of Doctor of philosophy 

 

Supervisor: Prof. Noel F. Lowndes 

 

March 2018 

 

 



  Table of contents 

 I 

   

Table of Contents 
 

Table of Contents...................................................................................................... I	
List of Figures ........................................................................................................ IV	
List of Tables .......................................................................................................... V	
Abbreviations......................................................................................................... VI	
Acknowledgements ................................................................................................ IX	
Thesis Declaration and Contributions .................................................................. XI	
Abstract.................................................................................................................... 1	
1	 General Introduction ........................................................................................ 3	

1.1	 Overview .............................................................................................................. 4	
1.2	 Cell cycle progression .......................................................................................... 4	

1.2.1	 The G1/S transition ........................................................................................ 4	
1.2.2	 The S phase progression................................................................................. 5	
1.2.3	 The G2/M transition....................................................................................... 6	

1.3	 Cell cycle and DNA damage checkpoints ............................................................ 8	
1.3.1	 G1/S Checkpoint............................................................................................ 8	
1.3.2	 Intra S Checkpoint ......................................................................................... 9	
1.3.3	 G2/M Checkpoint .......................................................................................... 9	

1.4	 Chromosome segregation during mitosis .......................................................... 11	
1.4.1	 Prophase ...................................................................................................... 11	
1.4.2	 Prometaphase............................................................................................... 11	
1.4.3	 Metaphase ................................................................................................... 12	
1.4.4	 Anaphase ..................................................................................................... 12	
1.4.5	 Telophase and Cytokinesis ........................................................................... 13	
1.4.6	 Mitosis exit and septum initiation networks .................................................. 14	

1.5	 Mitosis regulation and checkpoints ................................................................... 16	
1.5.1	 The S-M checkpoint..................................................................................... 16	
1.5.2	 The Spindle assembly checkpoint................................................................. 17	
1.5.3	 Ultra-fine bridges: formation and resolution ................................................. 18	
1.5.4	 The Abscission checkpoint ........................................................................... 20	

1.6	 ESCRT III-mediated scission events and the abscission checkpoint................ 22	
1.6.1	 ESCRT III complex protein structure ........................................................... 22	
1.6.2	 ESCRT complexes form intralumenal vesicles for protein transport to the 
lysosome 25	
1.6.3	 ESCRT III regulate the release of enveloped viruses from host cells ............. 25	
1.6.4	 ESCRT III-mediated abscission during cytokinesis ...................................... 26	
1.6.5	 ESCRT III regulate nuclear envelope reformation ........................................ 28	
1.6.6	 Mechanisms for activation of the abscission checkpoint ............................... 29	
1.6.7	 Aurora B activation and mechanistic framework for the abscission checkpoint
 30	

1.7	 Essential roles for ATR: a PI3-kinase-like kinase required for genome stability
 34	

1.7.1	 ATR is recruited to ssDNA structures to initiate a DNA repair cascade ........ 34	
1.7.2	 ATR regulates DNA replication in S phase .................................................. 36	
1.7.3	 ATR regulates stability of common fragile sites ........................................... 37	

1.8	 Emerging ‘non-canonical’ roles for ATR ......................................................... 38	
1.8.1	 ATR activity at the nuclear envelope ensures fork progression and mediates 
cellular response to mechanical stress .......................................................................... 38	
1.8.2	 ATR is required for faithful chromosome segregation in mitosis .................. 39	
1.8.3	 ATR in the abscission checkpoint ................................................................ 40	



  Table of contents 

 II 

   

2	 ATR is a negative regulator of abscission ...................................................... 41	
2.1	 Summary............................................................................................................ 42	
2.2	 Highlights ........................................................................................................... 42	
2.3	 Introduction ....................................................................................................... 43	
2.4	 Materials and Methods ...................................................................................... 45	

2.4.1	 Cell culture .................................................................................................. 45	
2.4.2	 Drug treatments ........................................................................................... 45	
2.4.3	 siRNA transfections ..................................................................................... 45	
2.4.4	 Live cell imaging ......................................................................................... 45	
2.4.5	 Immunofluorescence .................................................................................... 46	
2.4.6	 Statistical analysis and imaging experimental design .................................... 46	
2.4.7	 SDS PAGE and western blot ........................................................................ 47	

2.5	 Results ................................................................................................................ 50	
2.5.1	 ATR inhibition reduces the duration of cytokinesis ...................................... 50	
2.5.2	 Loss of ATR activity results in fewer cytokinetic cells ................................. 52	
2.5.3	 ATR depletion increases the number of binucleated cells ............................. 54	
2.5.4	 ATR regulates the abscission checkpoint ...................................................... 55	
2.5.5	 ATR is localised to the cytoplasmic canal during cytokinesis ....................... 57	
2.5.6	 ATR localises to the midbody arms during cytokinesis in a unique manner 
distinct from Aurora B ................................................................................................ 59	
2.5.7	 ATR localisation during cytokinesis is dependent on its kinase activity ........ 60	
2.5.8	 Inhibition of Aurora B or CHK1 has no effect on ATR localisation during 
cytokinesis .................................................................................................................. 62	
2.5.9	 CHK1 regulates the localisation of pAurora B Thr232 to the cytoplasmic canal 
independent of ATR .................................................................................................... 64	

2.6	 Supplementary data .......................................................................................... 66	
2.6.1	 ATR is also localised to the midbody arms in hTERT-RPE1 and U2OS cells 66	
2.6.2	 Validation of ATR antibody for immunofluorescence .................................. 67	
2.6.3	 Validation of the ATR inhibitor ................................................................... 69	

2.7	 Discussion .......................................................................................................... 71	
3	 ATR interacts with CHMP4B and negatively regulates its recruitment to the 
midbody ................................................................................................................. 76	

3.1	 Summary............................................................................................................ 77	
3.2	 Highlights ........................................................................................................... 77	
3.3	 Introduction ....................................................................................................... 78	
3.4	 Materials and Methods ...................................................................................... 80	

3.4.1	 Cell culture .................................................................................................. 80	
3.4.2	 Plasmid DNA transfection ........................................................................... 80	
3.4.3	 siRNA transfection ...................................................................................... 80	
3.4.4	 Immunofluorescence .................................................................................... 81	
3.4.5	 Cytokinesis enrichment using nocodazole .................................................... 81	
3.4.6	 Immunoprecipitation .................................................................................... 81	
3.4.7	 SDS PAGE and western blot ........................................................................ 82	

3.5	 Results ................................................................................................................ 83	
3.5.1	 Identification of Chmp4b as a novel Atr interacting partner in Chicken DT40 
cells 83	
3.5.2	 Enrichment of HeLa cells in cytokinesis....................................................... 85	
3.5.3	 ATR interacts with CHMP4B during cytokinesis ......................................... 87	
3.5.4	 Inhibition of ATR kinase activity does not obstruct interaction with CHMP4B
 91	
3.5.5	 ATR depletion results in increased CHMP4B recruitment to the cytoplasmic 
canal 92	

3.6	 Discussion .......................................................................................................... 94	
4	 Conclusions and Future Perspectives ............................................................ 97	
Conclusions and future perspectives..................................................................... 98	



  Table of contents 

 III 

   

5	 References ..................................................................................................... 103	
References ............................................................................................................ 104	
6	 Appendices .................................................................................................... 125	

6.1	 Appendix I ....................................................................................................... 126	
6.1.1	 Alignment of CHMP4A, CHMP4B and CHMP4C protein sequences ......... 126	
6.1.2	 Alignment of ATR, VPS4A and VPS4B protein sequences ........................ 127	

6.2	 Appendix II ...................................................................................................... 128	
Laboratory Protocols .................................................................................................. 128	

6.2.1	 siRNA Transfection ................................................................................... 128	
6.2.2	 Plasmid DNA Transfection for transient expression ................................... 129	
6.2.3	 Immunoprecipitation .................................................................................. 130	
6.2.4	 Nocodazole arrest for enrichment of cytokinetic cells ................................. 131	
6.2.5	 Immunofluorescence .................................................................................. 132	
6.2.6	 Site-directed mutagenesis ........................................................................... 133	
6.2.7	 Cell lysis and western blotting.................................................................... 135	

6.3	 Appendix III .................................................................................................... 136	
6.3.1	 Scholarship Funding .................................................................................. 136	
6.3.2	 Poster presentations ................................................................................... 136	

 

 



  List of figures 

 IV 

   

List of Figures 
Figure 1.1 Overview of cell cycle regulation by cyclins .......................................... 7	
Figure 1.2 Overview of the cell cycle checkpoints ................................................ 10	
Figure 1.3 Cytokinesis progression in the absence and presence of a chromatin 
bridge ..................................................................................................................... 21	
Figure 1.4 Dynamic CHMP4B structure showing changes in the conformation of 
ESCRT III subunits ............................................................................................... 24	
Figure 1.5 CHMP4B protein structure ................................................................. 28	
Figure 1.6  The Aurora B-mediated signalling during the abscission checkpoint
 ................................................................................................................................ 33	
Figure 1.7 The ATR structure ............................................................................... 34	
Figure 2.1: ATR is required for prolonged cytokinesis ........................................ 51	
Figure 2.2: Cells complete cytokinesis quicker without ATR .............................. 53	
Figure 2.3: ATR inhibition increases number of cells with abscission failure .... 54	
Figure 2.4: ATR inhibition prevents the accumulation of cells in cytokinesis .... 56	
Figure 2.5: ATR localises to the midbody arms during cytokinesis .................... 58	
Figure 2.6: ATR and Aurora B localisation during cytokinesis .......................... 59	
Figure 2.7: ATR localisation to the cytoplasmic canal is perturbed upon 
inhibition of kinase activity ................................................................................... 61	
Figure 2.8: ATR localisation to the cytoplasmic canal is not dependent on Aurora 
B or CHK1 activity ................................................................................................ 63	
Figure 2.9:  CHK1 regulates pAurora B localisation independent of ATR......... 65	
Figure S2.10: ATR localisation during mitosis in hTERT-RPEI cells ................ 66	
Figure S2.11:  ATR signal is undetectable upon siRNA knockdown ................... 67	
Figure S2.12:  ATR signal is undetectable upon siRNA knockdown ................... 68	
Figure S2.13:  ATR is localised to the nuclear envelope in response to osmotic 
stress ....................................................................................................................... 69	
Figure S2.14: CHK1 phosphorylation after HU is reduced with ATR inhibition
 ................................................................................................................................ 70	
Figure 3.1: Cytokinetic cells are enriched 2hrs after release from nocodazole 
arrest ...................................................................................................................... 86	
Figure 3.2: ATR interacts with endogenous CHMP4B in cytokinesis enriched 
cells ......................................................................................................................... 88	
Figure 3.3: ATR interacts with endogenous CHMP4B during mitosis ............... 89	
Figure 3.4: CHMP4B interacts with endogenous ATR during mitosis ............... 90	
Figure 3.5: ATR interaction with CHMP4B is not dependent on its kinase 
activity .................................................................................................................... 91	
Figure 3.6: CHMP4B recruitment to the cytoplasmic canal is increased upon 
ATR depletion ........................................................................................................ 93	



  List of tables 

 V 

   

List of Tables 
Table 1.1: The ESCRT III complex subunits and their related proteins ............ 23 

Table 3.1: First SILAC proteomic analysis for ATR interacting partners ......... 84 

Table 3.2: Second SILAC proteomic analysis for ATR interacting partners ..... 84	

Table 6.1: PCR reaction set-up for site directed mutagenesis ........................... 133	

Table 6.2: PCR conditions for site directed mutagenesis ................................... 133	



  Abbreviations 

 VI 

   

Abbreviations 
53BP1: p53 Binding protein 1 

9-1-1 complex: Rad9- Rad1-Hus1 complex 

AAD: ATR Activation Domain 

APC/C: Anaphase Promoting Complex/Cyclosome 

ALIX: ALG2- Interacting Protein X 

ANCHR: Abscission and NoCut checkpoint regulator 

ATM: Ataxia Telangiectasia Mutated 

ATR: Ataxia Telangiectasia Mutated and RAD3 related 

ATRIP: ATR Interacting Protein 

BLM: Bloom Syndrome Helicase 

BRCA1: Breast cancer associated gene 1 

BRCA2: Breast cancer associated gene 2 

BS: Bloom Syndrome 

BSA: Bovine Serum Albumin 

CDC25: Cell Division Cycle 25 

CDKs: Cyclin Dependent Kinases 

cDNA: Complementary DNA 

CEP55: Centrosome Protein 55 

CFS: Common Fragile Sites 

CHK1: Checkpoint Kinase 1 

CHK2: Checkpoint Kinase 2 

CHMP4B: Charged Multivesicular Protein 4B 

CLK: CDC-like Kinase 

CPC: Chromosome Passenger Complex 

CSK: Cytoskeletal Buffer 

CYK4: Cytokeratin 4 

DAPI: 4’,6-diamidino-2-phenylindole 

DMEM: Dulbecco’s Modified Eagles Medium 

DNA: Deoxyribonucleic Acid 

DNA-PK: DNA-dependent Protein Kinase  

DSB: Double Strand Break 

EDTA: Ethylenediaminetetraacetic Acid 



  Abbreviations 

 VII 

   

ESCRT: Endosomal Sorting Complex Required for Transport 

G 1/2: Gap phase 1/2 GFP: Green Fluorescent Protein 

HEAT: Huntingtin, Elongation factor 3, Protein Phosphatase 2A and yeast kinase, 

TOR1 

Hrs: Hours 

hTERT: Human Telomerase Reverse Transcriptase 

HU: Hydroxyurea 

ILV: Intralumenal Vesicles 

IF: Immunofluorescence 

IP: Immunoprecipitation 

INCENP: Inner Centromere Protein 

kDa: Kilodaltons 

KMN: Kn11-Mis12-Ndc80 

LAP2: Lamin Associated Protein 2 

MEN: Mitotic exit network 

MIM: MIT Interacting Motif 

MIT: Microtubule Interacting and Trafficking  

MKLP1: Mitotic Kinesin-like Protein 1 

MRN: Mre11-Nbs1-Rad50 

mRNA: messenger RNA 

mTOR: Mammalian target of rapamycin  

MVB: Multivesicular Bodies 

NE: Nuclear Envelope 

NEB: Nuclear Envelope Breakdown 

NES: Nuclear Export Signal 

NUP153: Nucleoporin153 

NPC: Nuclear Pore Complex 

PBS: Phosphate Buffered Saline 

PCR: Polymerase Chain Reaction 

PI3K: Phosphatidylinositol-3 kinase 

PICH: PLK1 Interacting Checkpoint Helicase 

PIKK: PI3-Kinase-like Kinase 

PKCe: Protein Kinase Ce 

PLK1: Polo-like Kinase 1 



  Abbreviations 

 VIII 

   

PP2A: Protein Phosphatase 2A 

PRD: PIKK Regulatory Domain 

RNase: Ribonuclease 

RPA: Replication Protein A 

RPE: Retinal Pigment Epithelium cells 

SAC: Spindle Assembly Checkpoint 

SDS: Sodium Dodecyl Sulphate 

SIN: Septum Initiation Network 

siRNA: Short Interfering RNA 

SPK: S Phase promoting Kinase 

ssDNA: Single-Stranded DNA 

TAE: Tris acetate EDTA 

TEMED: N, N, N‟, N‟-tetramethylethylenediamine 

TG: Tris-Glycine 

TopBP1: Topoisomerase II DNA Binding Protein 1 

Tris: Tris(hydroxymethyl)aminomethane 

TSG101: Tumour susceptibility gene 101 

UFB: Ultrafine Bridge 

ULK3: Unc-51-like Kinase 3 

UV: Ultraviolet  

v/v: Volume per volume 

VPS4: Vacoular Protein Sorting 4 

w/v: Weight per volume 

WT: Wild type 

 

 
 



  Acknowledgements 

 IX 

   

Acknowledgements 
First, I would like to thank Noel for the opportunity to do my PhD and be a member 

of his lab. Your support and direction has been immeasurable throughout the past 4 

years. You allowed us freedom to take responsibility and become better researchers. 

 
I have had the privilege of working with some wonderful people in the Genome 

Stability Lab and the Centre for Chromosome Biology (CCB). To past lab members 

who made feel at home when I first arrived, thank you. In particular, I want to thank 

John who introduced me to the DT40 world and provided initial direction for this 

project. Huge gratitude to Emma for all the support and advice on how to drive this 

project to completion. It was a great experience working with you.  

 
A special thank you to Dr Ronan Bree at Dundalk Institute of Technology who made 

Biochemistry enjoyable and convinced me a PhD at NUI Galway would be worth it. 

Your support throughout my time at DKIT and NUI Galway has been deeply 

appreciated. 

 
My time in Ireland has revolved around two friends; Yetunde Adesanya and Sarah 

Akande. You have both been there through thick and thin from Dundalk to Galway. 

God bless you both abundantly. Yetunde, you have been more than a friend to me and 

words alone cannot express my emotions towards you. From the very first day we met 

in Dundalk until our move to Galway, my journey to success has been lit up by your 

warm heart. Thank you for everything. I feel lucky to have made incredible friends 

throughout my stay in Ireland, especially my amazing lunch partners, Ebtissal and 

Lucretia. Thank you for all the laughs and support for each other during difficult 

times. 

 
Finally, I want to dedicate this thesis to my amazing mum. You believed in me when 

no one else did. You promised to be there for me no matter what and you never failed. 

Thank you so much because none of this would have been possible without you. To 

my uncle, thank you for unwavering support throughout my life, from Bereton 

Montessori up to NUI Galway, Ireland. To my lovely Aunt, who has been my 2nd 

mum, thank you for all the support, advice and assistance you have provided all these 



  Acknowledgements 

 X 

   

years. A special dedication to my wonderful brother, Charles Okowa for being the 

best brother anyone could ask for. To my cousins, Onukwuma and Timi, I appreciate 

all your assistance that has made it possible for me to achieve my dream. To the rest 

of my wonderful family, thank you all for your unconditional love and support. 

 

And finally, all I want to say is Chimenem we! 

 

 

 

 



  Declaration 

 XI 

   

Thesis Declaration and Contributions 
 

I declare that I have not obtained any previous qualifications from NUI Galway or 

elsewhere based on any of the work contained in this thesis. I conducted all the 

experiments and wrote the thesis under the supervision of Professor Noel F. Lowndes. 

There are a few exceptions where experiments where performed by others but 

included in this thesis to complete the story. For clarity, these are indicated clearly in 

the figure legends when appropriate and included below. 

 

Chapter 2 

• The live cell imaging experiments to determine the effect of ATR on 

cytokinesis timing (Figure 2.1) was performed by Dr. Muriel Voisin 

• Analysis of cytokinesis timing experiments was also performed by Dr Muriel 

Voisin 

 

Chapter 3 

• Initial SILAC proteomic screen to identify ATR interactors was carried out by 

Dr John Eykelenboom 

• Second SILAC screen was carried out by Dr Amandine Van Beneden and Dr 

Jose Luis Prieto 

 

 



  Abstract 

 1 

   

Abstract 
Unperturbed mitotic cell division is essential for survival. For cells to complete 

mitosis, genetic material must be distributed equally between the new cells before the 

final abscission. Failure to complete chromosome segregation results in the formation 

of DNA bridges, chromosome instability and cancer. To protect genome integrity, 

cells have developed a highly complex and conserved process which coordinates the 

completion of chromosome segregation with abscission timing. The mechanism 

which ensures the completion of chromosome segregation before abscission is 

referred to as the ‘NoCut’ checkpoint in budding yeast and the abscission checkpoint 

in higher eukaryotes. The mitotic kinase Aurora B is known to be important for the 

successful execution of the abscission checkpoint.  

The ATR kinase is an important mediator of the DNA damage response (DDR) and 

the replication stress response. ATR is activated during S phase to regulate origin 

firing, to prevent collapse of stalled replication forks and to regulate repair of 

collapsed replication forks. The essential downstream target of ATR for these 

processes is CHK1. ATR also has a role in preventing entry into mitosis while DNA 

replication is ongoing, the so-called S-M checkpoint. In addition, to these ‘canonical’ 

DNA synthesis related roles, ATR has recently been shown to locate to R-loops at 

centromeres during pro-metaphase where, together with CHK1, it regulates the 

activation of Aurora B which in turn is required for successful chromosome 

segregation.   

Here we show that during cytokinesis ATR localises to the cytoplasmic canal where it 

regulates abscission timing. Loss of ATR or inhibition of its kinase activity results in 

acceleration through cytokinesis indicating that ATR is a negative regulator of 

abscission. As a consequence of accelerated cytokinesis, there is an increase in the 

formation of binuclear cells. Using a quantitative proteomic screen in chicken DT40 

cells, we identified Chmp4b as a novel interacting partner, an interaction that is 

conserved between human ATR and CHMP4B. CHMP4B is the ‘initiator’ of ESCRT 

III (Endosomal Sorting Complex Required for Transport III) polymerisation at the 

abscission site. The interaction between ATR and CHMP4B is enriched in mitosis and 

persists through cytokinesis. Furthermore, our data suggests that ATR negatively 

regulates the recruitment of CHMP4B to the midbody. Overall, we describe a new 

role for ATR during cytokinesis where it is a negative regulator of abscission timing. 
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1.1 Overview 

 
The cell cycle is a series of coordinated events in which cells replicate their genetic 

material, segregate them and divide to form two new cells. This process is essential 

for cell survival for many generations. The cell cycle consists of four stages, the G1 

(gap) phase, the S (synthesis) phase, the G2 phase and the M (mitosis) phase In 

Eukaryotes, DNA is replicated in the S phase and segregated into the new daughter 

cells in the M phase. The G1 and G2 phases which separate the S and M phases are 

intervals where cells gain mass, assess their environment and prepare for the next 

major stage of the cell cycle (Barnum and O ’connell 2014). There are numerous 

regulatory pathways activated during the S and mitotic phases designed to ensure 

error free DNA replication and segregation. Cells continuously monitor their internal 

and external environment before pledging to proceed into the next stage of the cell 

cycle (Alberts et al. 2008).  

 

1.2 Cell cycle progression  
 

Cell cycle entry, progression and exit are driven by the activities of cyclin/CDK 

(cyclin dependent kinase) complexes (Evans et al. 1983). CDKs are characterised by 

their serine/threonine catalytic core and their partnership with regulatory subunits 

known as cyclins. CDK binding to cyclins activates their catalytic activity and this 

leads to phosphorylation of key targets which promote DNA synthesis in S phase and 

chromosome segregation in mitosis (Malumbres 2014). Oscillations in cyclin levels 

leads to tightly regulated phosphorylation events which determine cell cycle 

progression (Nurse and Thuriaux 1980; Casimiro et al. 2013). Regulation of 

cyclin/CDK kinase activity depends on interaction with CDK inhibitors whose main 

function is to block cell cycle progression when conditions become unfavourable.  

 

1.2.1 The G1/S transition 
 

Cells in G1 have to assess if their internal and external environments are favourable 

before taking the critical decision to enter the cell cycle. The point at which cells 

eventually commit to cell division is referred to as ‘restriction point’ in animal cells 
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and ‘start’ in yeast. Cells unable to go past the restriction point remain in an 

undividing state referred as G0 (Bertoli et al. 2013). As cells enter G1, there is an 

increase in cyclin D levels leading to the activation of cyclin/CDK dependent 

transcription. Cyclin D promotes progression through G1 by activating CDK4/6. 

Cyclin D-CDK4/6 complex phosphorylates the retinoblastoma (Rb) protein thereby 

inhibiting its anti-proliferating activity (Morgan 1997). The Rb protein binds to 

specific transcription factors and subsequently blocks their ability to control 

expression of S phase genes (Bartek et al. 1996). Phosphorylation of the Rb by cyclin 

D-CDK4/6 activity in mid G1 releases transcription factors such as E2F bound to Rb. 

This allows for expression of RNA polymerase II (Bartek et al. 1996). Another 

downstream effect of Rb phosphorylation is the expression of cyclins A/E in late G1. 

Cyclins A/E along with their interacting partner, CDK2 regulate the G1 to S transition 

(Bartek et al. 1996; Lukas et al. 1997). 

 

1.2.2 The S phase progression 
 

Transition from G1 to S phase is controlled by the cyclin A/E-CDK2 complex. CDK2 

binds cyclin E initially in late G1 to initiate the expression of genes required for DNA 

synthesis. CDK2 subsequently binds cyclin A in mid S phase to facilitate S phase 

progression (Morgan 1997; Bertoli et al. 2013; Bresnahan et al. 1996). In late G1, 

CDC25A activates the cyclin A/E-CDK2 complex by dephosphorylation to facilitate 

entry into S phase (Boutros et al. 2006). Suppression of Rb activity is maintained by 

the cyclin E-CDK2 complex to ensure S phase progression (Bresnahan et al. 1996). 

The cyclin E/CDK2 complex also phosphorylates the CDK inhibitor, P27Kip1. This 

phosphorylation event leads to P27Kip1 ubiquitination and subsequent degradation 

(Sheaff et al. 1997; Bartek and Lukas 2001b). Cyclin E-CDK2 complex dependent 

phosphorylation of P220NPAT in association with Cajal bodies promotes the expression 

of histone genes on chromosome 1 and 6. This phosphorylation ensures S phase 

progression and persists until prophase (Ma et al. 2000). Cyclin A activity in S phase 

promotes transition into the G2/M by triggering CDK1 activity (Morgan 1997). 
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1.2.3 The G2/M transition 
 

The G2/M transition is coordinated by the cyclin B/CDK1 complex. Cyclin B levels 

continuously increases until late G2 when it reaches the threshold required for mitosis 

to proceed (Nurse 1990; Morgan 1997; Johnson and Kornbluth 2012). Cyclin B 

activity in S phase is regulated by its localisation within the cytoplasm thanks to its 

nuclear export signal (NES). Cyclin B relocalisation to the nucleus in late G2 

indicates the onset of mitosis (Moore et al. 2003). Alternatively, cyclin B-CDK1 

activity is controlled through phosphorylation of CDK1 on Tyr15 and Thr14 by the 

kinases, Wee1-like protein kinase and Myt1 respectively. Phosphorylation of CDK1 

at Tyr15 and Thr14 only occurs after it has been coupled to cyclin B and is required to 

ensure the dimeric complex remains in an inactive state until activation prior to 

mitosis (Booher et al. 1997; Takizawa and Morgan 2000). In late G2, cyclin A/CDK2 

activity promotes Polo-like kinase (PLK1) dependent phosphorylation of the 

CDC25C phosphatase at Ser75 (Furuno et al. 1999; Pagano et al. 1992; Gheghiani et 

al. 2017; Jackman et al. 2003). Active CDC25C then activates the cyclin B/CDK1 

complex by dephosphorylation at Thr14 and Tyr15 to facilitate entry into mitosis 

(Gheghiani et al. 2017; Gavet and Pines 2010; Johnson and Kornbluth 2012; Mochida 

et al. 2016; Lindqvist et al. 2007). Activation of cyclin B/CDK1 complex guarantees 

mitosis progression by phosphorylating downstream targets known to drive nuclear 

reorganisation, chromosome condensation, nuclear envelope breakdown (NEBD), 

chromosome segregation and cytokinesis. For example, CDK1 dependent 

phosphorylation of the condensin II complex drives chromosome condensation in 

prophase (Adhikari et al. 2012; Abe et al. 2011; Kimura et al. 1998) while the 

phosphorylation of nuclear lamins promotes their dissociation and nuclear envelope 

breakdown (Taylor and Grabovich 2009). Through a negative feedback mechanism, 

decrease in CDK1 levels stimulates chromosome segregation in anaphase and 

eventually cell division in cytokinesis (Bazile et al. 2010; Johnson and Kornbluth 

2012). 
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Figure 1.1 Overview of cell cycle regulation by cyclins 

(A) The four stages of the cell cycle; G1, S, G2 and M phases. Cells overcome the ‘restriction 

point’ point and commit to the cell cycle. (B) Oscillations in cyclin levels and association 

with cyclin dependent kinases (CDKs) drive the cell cycle. Different classes of cyclins 

associate with specific CDKs to form complexes which target mitotic substrates for 

phosphorylation.  
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1.3 Cell cycle and DNA damage checkpoints 
 

Cells have developed a plethora of coordinated biochemical pathways known as 

checkpoints designed to arrest cell cycle progression in the event of DNA damage or 

incomplete DNA replication. These checkpoints exist as gatekeepers to ensure 

genome integrity is preserved by preventing potentially lethal damage  (Lowndes and 

Murgia 2000; Li and Zou 2005). DNA damage at any stage of the cell cycle activates 

a checkpoint which halts cell cycle progression and allow for DNA repair before 

resumption or undergo apoptosis. The sensing of DNA damage and activation of 

specific repair pathways are regulated by two phosphatidylinoslitol-3-kinase-like 

kinases (PIKKs), Ataxia Telangiectasia Mutated (ATM) and Ataxia Telangiectasia 

Mutated and RAD3-related (ATR) (Ciccia and Elledge 2010; Cimprich and Cortez 

2008; Li and Zou 2005). 

 

1.3.1 G1/S Checkpoint 
 

The G1/S is regulated by the cyclin/CDK2 complex. However, when DNA damage 

occurs, the G1/S checkpoint is rapidly activated to halt entry into S phase. The G1/S 

checkpoint is regulated by both ATM and ATR (Canman et al. 1998). When DNA 

damage occurs, ATM and ATR activate their downstream effector proteins, CHK2 

(Checkpoint protein 2) and CHK1 (Checkpoint protein 1) respectively through 

phosphorylation (Abraham 2001). Separately, ATM also phosphorylates the tumour 

suppressor protein p53 (Canman et al. 1998). ATM and ATR can both trigger a rapid 

DNA repair response by stimulating the degradation of CDC25A or a more measured 

repair pathway involving the activation of p53. Phosphorylation of CDC25A also 

prevents activation of the cyclin/CDK2 complex thereby preventing entry into S 

phase (Bartek and Lukas 2001b). Phosphorylation of p53 by ATR, ATM and CHK2 

causes it to dissociate from the inhibitory E3 ubiquitin ligase, MDM2 (murine double 

minute 2). p53 upregulates the transcription of the CDK inhibitor, p21. p21 binds and 

inhibits cyclin/CDK activity in G1 to halt progression into S phase (Li and Zou 2005; 

Bartek and Lukas 2001).  
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1.3.2 Intra S Checkpoint 
 

DNA damage or nucleotide deficiency during S phase triggers a checkpoint 

mechanism known as the intra S phase checkpoint. This checkpoint is characterised 

by reduced origin firing, activation of the DNA repair pathway and cell cycle arrest 

(Early et al. 2003; Santocanale and Diffley 1998; Grallert and Boye 2008). Activation 

of the S phase checkpoint is dependent on an ATR and ATM mediated 

phosphorylation of their downstream targets, CHK1 and CHK2 respectively (Buisson 

et al. 2015). This results in stabilisation of replication forks (Segurado and Tercero 

2009), inhibition of replication initiation (Feijoo et al. 2001) and DNA elongation  

(Conti et al. 2007; Seiler et al. 2007; Sugimoto et al. 2000; Zegerman and Diffley 

2010).  

CHK1 regulates the S phase checkpoint via two distinct pathways. Firstly, CHK1 

slows the rate of origin firing through phosphorylation of the CDC7/DBF4 complex. 

CDC7 kinase and its regulatory subunit, DBF4 activates DNA replication by 

facilitating the loading of CDC45 onto origins of replication (Jiang et al. 1999; 

Petermann et al. 2006; Petermann et al. 2010; Liu et al. 2006). Secondly, CDC25A 

phosphorylation by CHK1 stimulates its degradation thereby inhibiting cyclin/CDK2 

activity in S phase. Decreased cyclin/CDK2 activity prevents cell cycle progression 

into mitosis  (Petermann et al. 2010; Zhao et al. 2002). 

Stabilisation of replication forks is mediated by the phosphorylation of Claspin by 

ATR. CHK2, also activated by ATR dependent phosphorylation binds Claspin and 

ensures stabilisation of the stalled replisome through phosphorylation of downstream 

targets such as the MCM helicase (Segurado and Tercero 2009; Stead et al. 2012). 

ATM targets in the S phase checkpoint also include BRCA1 (Breast cancer associated 

gene 1) and NBS1 (Nijmegen breakage syndrome 1), a component of the MRN 

complex (MRE11-NBS1- RAD50) (Bartek and Lukas 2001a; Barnum and O ’connell 

2014; Kondratova et al. 2015).   

 

1.3.3 G2/M Checkpoint 
 

The G2/M checkpoint is activated to prevent entry into mitosis when DNA damage is 

present. This checkpoint is dependent on inhibition of cyclin-CDK2 activity which 
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regulates the G2/M transition (Stark and Taylor 2006). The G2/M checkpoint is 

activated by ATR and ATM dependent phosphorylation of CHK1 and CHK2 

respectively (Zhao et al. 2002). CDC25C is phosphorylated by either CHK1 or CHK2 

to facilitate its binding to 14-3-3 proteins. This blocks the ability of CDC25C to 

dephosphorylate and activate the cyclin/CDK1 complex required for entry into 

mitosis (Stark and Taylor 2004). p53 is required to maintain the G2/M checkpoint 

arrest in the presence of DNA damage until repair is complete. p53 inhibits 

cyclin/CDK1 activity by promoting transcription of GADD45 and 14-3-3 proteins 

(Löbrich and Jeggo 2007; Taylor and Stark 2001). In a separate pathway from 

transcriptional activation of 14-3-3 proteins, p53 also promotes  G2/M cell cycle 

arrest by activating transcription of p21, a known inhibitor of CDK2 (Chan et al. 

2000). 

 

 

Figure 1.2 Overview of the cell cycle checkpoints 

Cells continuously monitor their environment and DNA integrity before committing to the 

next stage of the cell cycle. Checkpoints are activated to prevent cell cycle progression 

whenever conditions become unfavourable.  

S phase 
G1 phase

G2 phase
M phase

G1/S checkpoint

Intra-S checkpoint 

G2/M checkpoint 

S/M checkpoint 
Spindle assembly 
checkpoint 

Abscission checkpoint 

Checkpoints monitoring cell cycle progression 

Checkpoints monitoring threats to DNA integrity 
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1.4 Chromosome segregation during mitosis 
 

Our understanding of the chromosome segregation process came from Walther 

Flemming’s ground breaking work in 1882. For mitosis to occur, cells must 

successfully replicate their genetic material. During mitosis, cells must completely 

separate their DNA so that each daughter cell inherits an identical copy of DNA. 

Mitosis is organised into five stages; prophase, prometaphase, metaphase, anaphase 

and telophase/cytokinesis (Alberts et al. 2008). CDK1 mediated phosphorylation of 

mitotic substrates is required to ensure the timely progression of mitotic events such 

as chromosome condensation, nuclear envelope breakdown, chromosome segregation 

and cytokinesis (Sullivan and Morgan 2007; Enserink and Kolodner 2010).  

 

1.4.1 Prophase 
 
After DNA replication, the next major sequence of events in the cell cycle include 

chromosome condensation, dissociation of sister chromatids and accurate segregation. 

After duplication, sister chromatids are held together by the cohesion complex until 

anaphase (Alberts et al. 2008). In prophase, the chromosomes are compressed into 

small thread-like structures ready for separation. The condensin complex is the 

principal driver of chromosome condensation (Bazile et al. 2010). Condensin I is 

cytoplasmic and can only access the DNA after nuclear envelope breakdown. 

Condensin II which is localised in the nucleus is the main trigger for chromosome 

condensation in prophase (Hirota et al. 2004). Cyclin B-CDK1 complex 

phosphorylates the condensin II subunit, CAP-D3 at Thr1415 to promote 

chromosome compaction (Abe et al. 2011).  

 

1.4.2 Prometaphase 
 

In prometaphase, nuclear envelope breakdown (NEBD) is completed thus allowing 

for interaction between spindle poles emanating from the centrosomes and the 

kinetochore for subsequent chromosome alignment and segregation (Silkworth et al. 

2012). Centrosomes are separated in prophase so that they occupy opposite ends of 

the cells. Therefore centrosome separation must be completed before anaphase to 
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prevent defective chromosome segregation (Silkworth et al. 2012; Uzbekov et al. 

2002). Kinetochores are DNA and protein complexes located at the centromeric 

region of sister chromatids (Tanaka and Desai 2008). The spindles poles are bipolar 

so that each kinetochore binds opposite ends of the spindle. This will ensure each 

sister chromatid will be pulled and compartmentalised to opposite ends of the cell 

(Cleveland et al. 2003; Magidson et al. 2011). Stability of the kinetochore attachment 

to microtubules is important to prevent erroneous chromatin segregation. In 

prometaphase, the cyclin A/CDK1 associates with PLK1 to ensure stable interaction 

between kinetochores and microtubules. This is essential for normal chromosome 

segregation (Dumitru et al. 2017). 

 

1.4.3 Metaphase 
 

Microtubule capture of chromosomes at the kinetochore continues until all of the 

sister chromatids pairs have been correctly attached. Incorrect kinetochore attachment 

to the microtubules can result in aberrant chromosome segregation in anaphase 

(Westermann et al. 2005). Kinetochore attachment to spindle poles creates a 

biorientation and reorganisation of chromosomes to the equatorial plate of the spindle 

poles also referred to as metaphase plate. Aurora B dependent phosphorylation of 

downstream targets at the kinetochore activates the spindle assembly checkpoint to 

ensure optimal kinetochore attachment to the microtubule and biorientation (Andrew 

and He 2002; Jin et al. 2017; Kelly and Funabiki 2009; Shimogawa et al. 2006) . 

 

1.4.4 Anaphase 
 

CDK activity is downregulated in the metaphase-anaphase transition (Qian et al. 

2015). For cell cycle progression and chromosome segregation in anaphase, a mitotic 

degradation pathway which targets key regulators of anaphase is activated. For 

example, proteolysis of cyclin B and securin via ubiquitination occurs before the 

onset of anaphase and is facilitated by an E3 ubiquitin-protein ligase known as the 

anaphase promoting complex (APC) or cyclosome (Fang et al. 1999).  APC is 

activated upon association with its co-factor, CDC20 in prometaphase and together 

they regulate the degradation of mitotic substrates through the 26S proteasome (Baker 
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et al. 2007; van Leuken et al. 2008). Degradation of cyclin B by APC leads to 

activation of the enzyme, separase which subsequently targets the protein, securin for 

degradation. Securin is required to hold the sister chromatids together and its 

degradation promotes segregation (Sullivan and Morgan 2007; Fang et al. 1999). 

Separation of sister chromatids during anaphase occurs in two stages, anaphase A and 

anaphase B. In anaphase A, the microtubule fibres are shortened, and the chromosome 

is moved towards the spindle while in anaphase B, the spindle move away from each 

other thereby separating sister chromatids. Chromatid movement towards the spindle 

pole is facilitated by Kinesin mediated depolymerisation of microtubules (Asbury 

2017; Kraft et al. 2003; Rogers et al. 2004). 

 

1.4.5 Telophase and Cytokinesis 
 

In telophase, the nuclear envelope (NE) is reformed around the newly segregated 

chromosomes so that it is separated from cytoplasmic contents (Ghosh et al. 1988). 

The newly formed nuclear envelope originates from the endoplasmic reticulum to 

coat the genetic material (Burke 2001; Prunuske and Ullman 2006). The nuclear pore 

complex (NPC) is assembled around the newly formed NE and acts a barrier to 

regulate protein movement between the nucleus and cytoplasm. In addition to NE and 

NPC reassembly, chromatin decondensation also occurs in telophase (Burke 2001; Lu 

et al. 2011; Schooley et al. 2012). A contractile ring composed of actin and myosin 

narrows to separate cytoplasmic contents between two daughter cells connected by a 

cytoplasmic canal (Pelham and Chang 2002; Tuma 2006). Cytokinesis begins with 

furrow ingression to form the intercellular bridge with a region of dense microtubule 

bundle known as the midbody or Flemming body. The intercellular canal and 

midbody region contains proteins known to regulate the completion of abscission. 

Protein subunits of the ESCRT III (Endosomal Sorting Complex Required for 

Transport III) complex are essential for the completion of cytokinesis (Barr and 

Gruneberg 2007; Steigemann and Gerlich 2009). 
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1.4.6 Mitosis exit and septum initiation networks 
 

Prior to final abscission, new daughter cells prepare to transition from mitosis to G1. 

A signalling cascade which regulates exit from mitosis was originally described in 

yeast. It is referred to as the mitotic exit network (MEN) in budding yeast and 

septation initiation network (SIN) in fission yeast (Bardin and Amon 2001). The 

mechanisms which promote mitotic exit (chromosome decondensation, spindle 

disassembly and abscission) is activated as soon as chromosome segregation is 

complete. MEN and SIN coordinate the completion of anaphase with the onset of 

cytokinesis. In addition, MEN also function as a checkpoint mechanism which 

maintains cyclin B activity until spindle orientation is correct. Another similarity 

between MEN and SIN is their dependence on GTPase activity (Simanis 2003). 

  

The mitotic exit network is mediated by a network of proteins; Tem1, Bfa1, Bub2, 

Lte1, Cdc15, Cdc14, Cdc5 Dbf2, Dbf20 and Nud1 (Geymonat et al. 2002). Mitotic 

exit is activated only when the spindle checkpoint signal is satisfied with kinetochore-

microtubule attachment (Valerio-Santiago et al. 2013). Downregulation of the spindle 

assembly checkpoint pathway activates the GTPase, Tem1. Tem1 stimulates the 

release of Cdc14 from the nucleolus into the cytoplasm. Cdc14 promotes the 

inactivation and degradation of mitotic cyclins and their substrates by 

dephosphorylation (Caydasi et al. 2017). Separately, Tem1 activates Cdc15 and this 

allows for the phosphorylation of Dbf2 by Cdc15. Upon activation, the Dfb2 kinase 

phosphorylates Cdc14 at sites around its NLS region to retain it in the cytoplasm and 

initiate cytokinesis  (Bardin and Amon 2001; Hotz and Barral 2014; König et al. 

2010). A separate mechanism for activation of the mitosis exit network in budding 

yeast is through downregulation of the phosphatase, PP2A-Cdc55 (Baro et al. 2013). 

 

In fission yeast, the SIN controls septum formation. The SIN is mediated by a 

network of proteins which include; Plo1, Spg1, Cdc7, Sid1, Sid2, Cdc14, Mob1 and 

Cdc16. The SIN is activated by the kinase Plop1 and through phosphorylation of its 

downstream targets mediates the localisation of Cdc14 from the nucleolus to the 

cytoplasm. Cdc14 mediates the downregulation of mitotic cyclins and septum 

formation (Bardin and Amon 2001; Simanis 2003). 
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In higher eukaryotes, the mechanisms which govern mitosis exit is not very well 

understood. Genetic studies of the human Cdc14 homologues did not identify any 

mitosis exit related phenotypes. However, studies have identified mechanisms for 

CDK inactivation in mammalian cells (Hegarat et al. 2016). The phosphatase, PP2A-

B55 is required for CDK1 inactivation in mitosis by dephosphorylation although the 

mechanism for its activation is not known. Depletion of the phosphatase, PP2A-B55 

did not affect mitosis exit (Hegarat et al. 2016). Another potential regulator of mitosis 

exit in higher eukaryotes is the serine/threonine protein kinase, LATS1 (Large tumour 

suppressor). Interaction with conserved human homologues of proteins known to 

regulate mitosis exit in yeast and prolonged telophase following siRNA depletion 

suggests it might have a role in regulating mitotic exit (Bothos et al. 2005). 
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1.5 Mitosis regulation and checkpoints 
 

Protecting genome integrity is essential for cell survival. Therefore, delaying the onset 

of mitosis in the event of DNA damage or incomplete DNA replication is one of the 

main objectives of S phase checkpoints. S phase checkpoints can be categorised into 

three; replication checkpoint which slows the rate of origin firing in response to 

nucleotide depletion or stalled replication forks, Intra S checkpoint in which the repair 

pathway is activated upon detection of DNA damage and the S-M checkpoint which 

delays progression into mitosis (Bartek et al. 2004; Karnani and Dutta 2011; Wang et 

al. 1999; Zachos et al. 2005). To ensure unperturbed mitosis, cells have adopted 

checkpoint pathways such as the S-M and spindle assembly checkpoints to detect and 

counter potential disruptions to mitotic events. The S-M checkpoint prevents cells 

from entering mitosis with elevated levels of unreplicated DNA (Eykelenboom et al. 

2013) while the spindle assembly checkpoint (SAC) prevents aberrant chromosome 

segregation (Musacchio and Salmon 2007). 

 

1.5.1 The S-M checkpoint 
 

The G2/M transition exists to ensure cells with incomplete chromosome replication 

do not enter mitosis. This checkpoint was identified in yeast as the S-M checkpoint 

because it describes a link between the monitoring of DNA synthesis and onset of 

mitosis (Enoch and Nurse 1990; Enoch et al. 1992; Wang et al. 1999). In 

Schizosaccharomyces pombe, Cds1 (checking DNA synthesis 1) was identified as the 

chief regulator of a DNA replication monitoring checkpoint. Cds1 interacts with DNA 

polymerase a to monitor replication and activate a checkpoint mechanism which 

ensures mitosis is delayed while DNA synthesis is in progress (Murakami and 

Okayama 1995). Cds1 activation in response to DNA damage or replication arrest 

blocks the dephosphorylation of Cdc2, preventing its activation and subsequently 

delaying entry into mitosis (Enoch and Nurse 1990; Lindsay et al. 1998). In vertebrate 

cells, a similar checkpoint mechanism exists, however it is regulated by Chk1 and not 

Cds1 (Zachos et al. 2003). Contrary to observations in yeast, the delay in mitotic entry 

in vertebrate cells was not dependent on the inhibitory phosphorylation of Cdc2 

(Zachos et al. 2005; Barnum and O ’connell 2014). A recent publication from 
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Eykelenboom et al. (2013) has shown that Atr deficient DT40 cells begin mitosis with 

DNA synthesis still ongoing. This suggests Atr is important regulator of the S-M 

transition. 

 

1.5.2 The Spindle assembly checkpoint 
 

DNA segregation in anaphase is regulated by the spindle checkpoint machinery to 

ensure the genetic material is equally distributed between the daughter cells. This 

prevents chromosome missegregation, aneuploidy and cancer (Sacristan and Kops 

2015). The spindle assembly checkpoint (SAC) specifically monitors the connection 

between kinetochores and microtubules and ensures they are stably attached before 

chromosome segregation in anaphase (Varetti and Musacchio 2008). Proteins which 

control the spindle assembly checkpoint are active in prometaphase to ensure 

biorientation of replicated chromosomes. Errors in kinetochore attachment to 

microtubules results in delayed metaphase to anaphase transition (Musacchio and 

Salmon 2007). The spindle assembly checkpoint originally identified in yeast is 

comprised of a network of proteins connected to the kinetochore. They include Mad1, 

Mad2, Mad3/BubR1, Bub1 and Bub3 (Sacristan and Kops 2015; Lara-Gonzalez et al. 

2012).  

Metaphase to anaphase transition is mediated by the E3 ubiquitin ligase known as the 

anaphase promoting complex or cyclosome (APC/C). The APC promotes anaphase 

transition by targeting cyclin B and Securin for degradation. Therefore in the event of 

incorrect kinetochore attachment to microtubules, SAC proteins initiate cell cycle 

arrest by inhibiting APC activity (Musacchio 2015; Sacristan and Kops 2015; 

Sullivan and Morgan 2007). 

The chromosome passenger complex (CPC) is also known to regulate the spindle 

assembly checkpoint by correcting erroneously attached kinetochores to microtubules 

(Jin et al. 2017). Aurora B, upon activation by other components of the passenger 

complex phosphorylates the KMN (Knl1, Mis12 and Ndc80) network (Van Der Waal 

et al. 2012).  This results in diminished binding of the KMN network to microtubules 

thereby releasing erroneously attached kinetochore (Varetti and Musacchio 2008; Van 

Der Waal et al. 2012). 
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1.5.3 Ultra-fine bridges: formation and resolution 

During mitosis, especially in anaphase, the genetic material is vulnerable to factors 

and modifications which could threaten its integrity. Incomplete chromosome 

segregation results in defects such as lagging chromosomes and anaphase bridges. 

Failure to resolve these defects can lead to chromosome instability, aneuploidy and 

cancer (Mankouri et al. 2013; Moreno et al. 2016). A new class of anaphase 

segregation defect was recently described as thread-like DNA structures known as 

ultra-fine bridges (UFBs) (Chan et al. 2007). Ultra-fine bridges were discovered as 

BLM (Bloom syndrome protein) coated DNA structures not visible with standard 

DNA staining. PICH (PLK1 interacting checkpoint helicase), a member of the SNF2 

ATPase family is also known to coat ultra-fine bridges along with BLM during 

anaphase (Baumann et al. 2007). Depletion of the BLM protein results in increased 

chromosome missegregation and accumulation of UFBs, suggesting a role in the 

resolution of these DNA structures (Chan et al. 2007). Other markers for the presence 

of UFBs include BLM interacting proteins, Topoisomerase IIIa and RMI 1/2 (RecQ-

mediated genome instability protein) (Chan and Hickson 2011). 

 

UFBs are more frequently observed during anaphase compared to DAPI-positive 

bulky DNA bridges but cells with visible UFBs decrease significantly by telophase. 

This suggests there is a tolerance for these structures and there exists a well-

developed mechanism for their recognition and resolution before abscission (Chan 

and Hickson 2011). The presence of UFBs in nearly all cells with unperturbed 

anaphase and the absence of any gH2AX foci at UFBs is further evidence that the 

presence of these structures are not considered significant threats to genome integrity 

(Liu et al. 2014). UFBs are classified into three groups depending on their origin. The 

bulk of UFBs originate from the centromere and these are referred to as C-UFBs, the 

second group which originate from fragile sites are termed FS-UFBs. The third group, 

called T-UFBs were very recently identified as originating from telomeres (Liu et al. 

2014; Nera et al. 2015). UFBs are formed from unresolved DNA catenanes produced 

during DNA replication. Inhibition of the DNA catenase, Topoisomerase IIa 

(TOPIIa) prevents resolution of DNA catenanes and this results in the accumulation 

of UFBs beyond anaphase (Chan and Hickson 2011; Liu et al. 2014).  
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Localisation of the RecQ helicase, BLM and its interacting partners to UFBs is 

dependent on PICH. This suggests a major role for PICH in regulating the resolution 

of UFBs. BLM helicase along with its interacting partners, Topoisomerase IIIa 

(TOPIIIa) and RMI 1/2 localise specifically to anaphase UFBs. The BLM, TOPIIIa 

and RMI1/2 complex promote the resolution of DNA intermediates containing 

Holliday junctions and entwined DNA both of which arise during replication. Failure 

to resolve these DNA structures by homologous recombination before chromosome 

segregation in anaphase results in UFBs (Chan et al. 2007; Raynard et al. 2006; Wu 

and Hickson 2003). 

 

Unlike BLM which is visualised on UFBs only during anaphase, PICH is recruited to 

UFBs in earlier stages of mitosis. These suggests BLM is recruited to UFBs solely for 

the resolution of DNA catenanes in anaphase while PICH plays a more prominent role 

in prometaphase, metaphase and anaphase (Nielsen et al. 2015). PICH functions as a 

DNA dependent ATPase and a sensor of DNA tension similar to that observed at 

mitotic spindles. PICH co-localises with Topoisomerase IIa on UFBs and together 

they prevent chromosome missegregation by promoting resolution of DNA catenanes 

at the metaphase-anaphase transition. Loss of PICH and TOPIIa results in DNA 

catenation defects, chromosome missegregation and chromosome instability 

(Baumann et al. 2007; Biebricher et al. 2013; Nielsen et al. 2015). The ability of 

PICH and TOPIIa to resolve DNA catenanes is dependent on the removal of cohesin 

from sister chromatids by separase. This explains why a large proportion of UFBs in 

anaphase originates from centromeric DNA (Wang et al. 2009). 

 

Recent studies have provided more understanding on the formation of ultrafine 

bridges and identified new players in their resolution. RIF1 (Rap1-interacting factor 

1), a protein known to regulate DNA damage repair downstream of ATM and 53BP1 

has been shown to localise to UFBs in anaphase and promote their resolution. RIF1 

functions in the resolution of UFBs in the PICH-mediated pathway independent of 

ATM and 53BP1 (Hengeveld et al. 2015). Elevated levels of TRF2, a member of the 

shelterin complex has been implicated in the formation of telomeric UFBs observed 

during anaphase. Detected using a telomeric DNA FISH probe, the increased levels of 
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T-UFBs observed during anaphase is attributed to stalled replication of telomeric 

regions (Nera et al. 2015). 

 

1.5.4 The Abscission checkpoint  
 

For cells to complete mitosis, the cytoplasmic bridge must be severed to produce two 

new cells. Incomplete chromosome segregation during anaphase can result in DNA 

being trapped within the cytoplasmic bridge. The presence of DNA within the 

cytoplasmic bridge activates an evolutionary conserved checkpoint, which delays the 

final membrane scission step (Steigemann et al. 2009). A delay in abscission is 

essential to allow for complete resolution of the DNA bridge and subsequently protect 

the genome from abscission-induced damage. This delay mechanism is referred to as 

the ‘NoCut’ checkpoint in yeast (Norden et al. 2006) and the abscission checkpoint in 

human cells (Steigemann et al. 2009).  

The NoCut checkpoint, first identified in budding yeast provided significant insight 

into the regulation of cytokinesis. This checkpoint delays the completion of 

cytokinesis in cells with spindle midzone defects. The mitotic kinase Ipl1 together 

with the Anillin-related proteins Boi1 and Boi2, prevent abscission until complete 

resolution of DNA trapped in the cleavage site (Norden et al., 2006).  

 

In human cells, a similar checkpoint mechanism which also delays abscission in 

response to DNA bridges has been described (Steigemann et al., 2009). This pathway 

relies on prolonged activity of the Ipl1 homolog, Aurora B and subsequent 

phosphorylation of MKLP1 to delay to abscission until complete resolution of DNA 

bridges in late cytokinesis (Steigemann et al., 2009).  
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Figure 1.3 Cytokinesis progression in the absence and presence of a chromatin 

bridge 

Membrane ingression during cytokinesis forms the intercellular canal or bridge. In the 

absence of a DNA bridge, abscission occurs, and two new daughter cells are formed. In the 

presence of a DNA bridge present, the Aurora B-mediated abscission checkpoint ensures a 

delay in abscission. A defective checkpoint will result in furrow regression and a binuclear 

cell is formed. 
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1.6 ESCRT III-mediated scission events and the abscission 
checkpoint 

 
Recent advances in the field have provided insights into the complex process through 

which cells are able to complete abscission. The Flemming body or midbody region 

acts as a docking site for proteins specifically required for abscission, one of which is 

the endosomal sorting complex required for transport (ESCRT) III complex (Caballe 

and Martin-Serrano 2011). The ESCRT III complex controls the final abscission 

event to produce two new cells through a series of ATP driven conformational 

changes within the structure of the cell membrane (Carlton & Martin-serrano, 2007; 

Morita et al. 2007). 

 

1.6.1 ESCRT III complex protein structure 

  
Five different protein complexes make up the ESCRT machinery; Bro1 family, 

ESCRT I, ESCRT II, ESCRT III and VPS4 complexes (Henne et al., 2011). The 

ESCRTs are primarily localised to the cytoplasm and are known to regulate cellular 

events including protein sorting into multivesicular bodies (MVB), release of 

enveloped retroviruses from infected cells (Hurley and Emr 2006), and cytokinesis 

(Neto and Gould 2011). These ESCRT complexes were originally identified in yeast 

and can be functionally placed into two categories; Bro1 family, ESCRT I and 

ESCRT II are required for ESCRT assembly and protein sorting into vesicles, ESCRT 

III and VPS4 are required for ESCRT disassembly and membrane scission (Henne et 

al. 2011). ESCRT III complex and VPS4 (vacoular protein sorting-associated protein 

4) constitute the abscission machinery and are predominantly involved in the 

regulation of several topologically related membrane scission events within the cell 

(Neto and Gould 2011).  

 

The ESCRT III complex consists of twelve conserved homologs capable of forming 

spiral filaments within the cellular membranes (Table 1.1) (McCullough et al., 2013). 

There are eight subfamilies expressed in human cells and they are characterised by a 
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long helical N-terminal core and an auto-inhibitory C-terminal tail (Figure 1.4) 

(Williams and Urbé 2007).   

 

 

 ESCRT III subunit Subunit role 

ESCRT III subunit 

 CHMP1 A/B Recruits Spastin and VPS4 to the midbody 

 CHMP2 A/B Initiates ESCRT III disassembly via 

recruitment of VPS4 

 CHMP3 Completes scission 

 CHMP4 A/B/C Drives membrane scission 

 CHMP6 Required for ESCRT III assembly 

ESCRT III-related 

 IST1 Binds VPS4 and ESCRT I 

 VPS4 A/B AAA-ATPase required for ESCRT III 

disassembly 

 ALIX  Recruits CHMPs to the intercellular canal 

Table 1.1: The ESCRT III complex subunits and their related proteins 

ESCRT III subunits and their specific roles in membrane scission during cytokinesis 

(Adapted from Neto and Gould, 2011). 

 

The ESCRT III complex differ from other ESCRTs in that they do not form a stable 

complex. X-ray crystallography shows they have a conserved architecture between all 

members (Bajorek et al. 2009). ESCRT III subunits exist within the cytoplasm as 

monomers in a ‘closed state’ in which the auto-inhibitory region folds back against 

the N-terminal end until activation by regulatory proteins. Upon activation, they exist 

in an ‘open state’ with their N-terminal core exposed for polymerisation (Williams 

and Urbé 2007). Active ESCRT III subunits are recruited by regulatory proteins to 

membranes where they polymerise to induce membrane remodelling (Bajorek et al. 

2009). 
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Figure 1.4 Dynamic CHMP4B structure showing changes in the conformation of 

ESCRT III subunits 

CHMP4B as with all other ESCRT III subunits have a bipolar structure; a basic N-terminal 

tail required for polymerisation and abscission as well as an acidic C-terminal tail for 

autoregulation. (A) CHMP4B in a closed and inactive state incapable of polymerisation (B) 

CHMP4B in an open and active conformation with N-terminal capable of interaction with 

other ESCRT III subunits for polymerisation (Adapted from Christ et al, 2017). 

 

Crystallized structure of CHMP3 shows the N-terminal core contains four a-helices 

and beyond this helical core is the auto-inhibitory region within the C-terminal which 

prevents untimely assembly (Figure 1.4) (Bajorek et al. 2009). ESCRT III subunits 

have an MIM (MIT interacting motif) domain within their C terminal core which 

binds MIT (microtubule interacting and trafficking) domains of effector proteins such 

as VPS4 (McCullough et al. 2013). At sites of action, ESCRT III monomers 

polymerise to form an active spiral complex. VPS4 is recruited to active ESCRT III 

complexes where it catalyses ESCRT III disassembly culminating in membrane 

deformation and scission (Bajorek et al. 2009).  
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1.6.2 ESCRT complexes form intralumenal vesicles for protein 

transport to the lysosome 

 

The ESCRT III subunits are essential for the internalisation and delivery of 

transmembrane proteins such as surface receptors to the lysosome for degradation 

(Babst et al., 2002). The downregulation of ubiquitinated proteins occurs via 

degradation by proteasome or the lysosome. The ESCRT III subunits participate in 

the degradation process through the formation of multivesicular bodies (MVBs) or 

endosomes and the selective internalisation of the ubiquitinated proteins into 

intralumenal vesicles (ILV) within the MVBs (Frankel et al. 2017; Piper and Luzio 

2001; Raiborg et al. 2003). The ESCRT complexes (0, I, II, III) are recruited 

sequentially for sorting of ubiquinated proteins into cargoes and their internalisation 

into newly formed ILVs (Gruenberg and Stenmark 2004). ESCRT 0 subunits are 

recruited first to the endosomal membrane via their FYVE domain. FYVE domains 

binds the endosomal lipid, phosphatidylinositol-3-phosphate (PI3P) to facilitate 

recruitment of FYVE containing ESCRT subunits to the endosomes. ESCRT 0 

subunits bind ubiquinated proteins via their VHS domain and subsequently recruit the 

ESCRT I complex (Piper and Luzio 2001; Piper and Katzmann 2007). Recruitment of 

ESCRT I and II complexes to the endosomal membrane results in the formation of 

ILVs and the sequential passage of protein cargo into the ILVs (Piper and Luzio 

2001; Piper and Katzmann 2007). The ESCRT III complex is recruited to the 

endosome by ESCRT II to facilitate membrane scission and dissociation of the 

ESCRTs.  ESCRT III subunit, CHMP2A recruits the AAA-ATPase, VPS4 to the 

endosomal membrane for disassembly of the ESCRT complexes and release from the 

endosome (Hurley 2008; Teis et al. 2010; Teis et al. 2008; Wollert and Hurley 2010). 

 

1.6.3 ESCRT III regulate the release of enveloped viruses from host 

cells  

 
The ESCRT III complex were implicated in the release of viruses such as HIV-1 and 

Ebola from host cells after RNAi depletion analyses showed enveloped viruses 

remained attached to membranes of host cells. Viruses recruit ESCRT III components 
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to the cytoplasmic region of host cells where they catalyse the release of enveloped 

viruses to facilitate infection of neighbouring cells (McDonald and Martin-Serrano 

2009). As observed with HIV-1, viral budding requires only a subset of ESCRT III 

components, CHMP2 and CHMP4. The viral protein, Gag binds and recruits CHMP4 

monomers to the plasma membrane where they polymerise to form the ESCRT III 

complex (Strack et al. 2003). As with the formation of ILVs, ESCRT III disassembly 

at the plasma membrane results in dissolution and release of attached viral vesicles. 

The AAA ATPases, VPS4A and VPS4B play a redundant role in ESCRT III 

disassembly in HIV-1 budding (Adell et al. 2016; Morita 2012).  

 

1.6.4 ESCRT III-mediated abscission during cytokinesis  
 

For cell division to be completed, cytokinetic cells must be separated to give two new 

daughter cells. Using the same membrane scission process employed in viral budding 

and formation of ILVs, the ESCRT III complex plays a central role in membrane 

remodelling and final abscission (Barr and Gruneberg 2007).  

In the final stages of mitosis, a cytoplasmic canal is established by contraction of the 

actomyosin ring partitioning cytoplasmic contents. Formation of a cytoplasmic bridge 

with a protein dense region known as the Flemming body is driven by the 

centralspindilin complex. Two molecules of the mitotic kinesin, MKLP1 and two 

molecules of the Rho-family GTPase activating protein (MgcRacGAP) together make 

up the tetrameric centralspindilin complex (Scourfield and Martin-Serrano 2017; 

McDonald and Martin-Serrano 2009). MgcRacGAP facilitates MKLP1 binding to 

microtubules via its motor domain to organise the central spindle and the midbody. 

Localisation of the centralspindilin to the contractile ring facilitates activation of the 

small GTPase, RhoA and the subsequent actomyosin dependent contraction of the 

contractile ring. RhoA activity is stimulated by the centralspindilin-dependent 

recruitment of the guanine nucleotide exchange factor, ECT2 (epithelial cell-

transforming sequence 2) (Cheffings et al. 2016; White and Glotzer 2012; Zhao and 

Fang 2005). RhoA promotes the assembly and activation of F-actin and myosin II 

respectively, both of which interact to induce contraction of the contractile ring 

(Basant and Glotzer 2017; Zhao and Fang 2005). 
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The chromosome passenger complex regulates centralspindilin activity to promote 

actomyosin contraction and stabilisation of the cytoplasmic canal (Mishima et al. 

2004; Hümmer and Mayer 2009). Phosphorylation by 14-3-3 proteins inhibits 

premature MKLP1 interaction with MgcRacGAP. However, during anaphase, 

MKLP1 is activated by an Aurora B-dependent phosphorylation at Ser708 (Severson 

et al. 2000; Guse et al., 2005). Actomyosin disassembly by the activity of Protein 

kinase Ce (PKCe) is initiated as soon as the midbody is formed (Saurin et al. 2008).  

 

The final process of cytokinesis is the physical separation of cells by the ESCRT III 

complex and associated proteins. The recruitment of ESCRT and VPS4 complexes to 

the intercellular canal occurs sequentially and is regulated by the centrosome protein 

55 (CEP55). In late anaphase, CEP55 is recruited to the midbody by the 

centralspindilin complex (Zhao et al. 2006). PLK1 dependent phosphorylation of 

CEP55 in early mitosis inhibits the CEP55-centralspindilin interaction thus preventing 

premature activation until anaphase. Therefore, as PLK1 levels decrease in late 

anaphase, CEP55 is dephosphorylated and localised to the midbody (Fabbro et al. 

2005; Bastos and Barr 2010). CEP55 is analogous to the viral protein Gag and they 

both recruit the ESCRT III subunits to their sites of action. In mammalian cells, the 

breast cancer susceptibility protein, BRCA2 also plays an important role in the 

completion of cytokinesis by regulating CEP55 localisation to the midbody and the 

subsequent recruitment of ALIX (ALG-2-interacting protein X) and TSG101 (tumour 

susceptibility gene 101) to the midbody (Mondal et al. 2012). CEP55 binding to 

ALIX and TSG101 cooperate to recruit ESCRT III components to the midbody in late 

cytokinesis (Carlton and Martin-serrano 2007; Carlton et al. 2008; Mondal et al. 

2012; Morita et al. 2007).  

As cytokinesis progresses, the intensity of microtubules within the cytoplasmic bridge 

is significantly reduced. Shortly before abscission, there is sequential constriction of 

microtubules on either side of the midbody to form ingression zones. These zones 

correlate with sites of abscission and have been observed to contain a distinct pool of 

ESCRT III filaments (CHMP4A and B) by electron microscopy (Elia et al. 2011; Elia 

et al. 2012).  ESCRT III localisation to the abscission zone precedes VPS4B, 

suggesting a downstream function of VPS4B in promoting abscission. This is 
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consistent with VPS4B function in ESCRT III disassembly in viral budding and ILV 

formation. Upon recruitment to the primary abscission site, ESCRT III proteins 

nucleate to form a spiral shaped structure resulting in membrane deformation and 

constriction. Timing of VPS4 recruitment to the primary abscission site, correlates 

with membrane scission, ESCRT III disassembly and relocalisation to the second 

abscission site (Carlson et al. 2015; Christ et al. 2017; Elia et al. 2012; Guizetti and 

Gerlich 2011). Depletion of the AAA-ATPase, Spastin, required for microtubule 

severing results in an abscission delay. This observation highlights the importance of 

microtubule severing in the completion of abscission. ESCRT III subunits contain 

MIM (MIT interacting motif) domains which allows for interaction with proteins with 

MIT (microtubule-interacting and trafficking) domains. One of such MIT domain 

containing protein is Spastin, which is also recruited to the abscission zones. A 

combination of Spastin interaction with ESCRT III, its recruitment to sites of 

abscission and its indispensability in the completion of abscission suggests a 

mechanism in which ESCRT III mediated abscission is coordinated with microtubule 

severing (Connell et al. 2009; Guizetti et al. 2011). 

 

 
 

Figure 1.5 CHMP4B protein structure 

Structural domains of CHMP4B include the conserved SNF7 domain present in all ESCRT 

III subunits, the MIM domain for interaction with VPS4 and the ALIX binding region which 

permits interaction with ALIX and recruitment to the midbody. 

1.6.5 ESCRT III regulate nuclear envelope reformation 
 

A new role has been identified for the ESCRT III complex in nuclear envelope (NE) 

reassembly. In late anaphase, membrane derived from the endoplasmic reticulum is 

reassembled around each chromatin to ensure segregation is completed and a new 

nucleus is formed in each new daughter cell (Vietri et al. 2015). ESCRT III subunits 

and their associated proteins localise within the reassembled nuclear envelope where 
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they facilitate NE sealing using a similar fusion mechanism employed in viral 

budding and cytokinesis (Olmos et al. 2015).  

 

1.6.6 Mechanisms for activation of the abscission checkpoint 
 

Early studies described the abscission checkpoint as a regulatory pathway designed to 

prevent premature abscission in the presence of DNA bridges. Several pathways not 

involving DNA at the intercellular bridge have recently been identified for activating 

the Aurora B-dependent abscission delay (Nähse et al., 2017).  

DNA lesions originating from replication stress during S phase have been implicated 

in the activation of the abscission checkpoint (Mackay & Ullman, 2015). Cells enter 

mitosis with low levels of under-replicated DNA regions marked with the DNA 

damage response mediator protein 53BP1 (Lukas et al., 2011). These regions are 

compartmentalised until the next GI/S phase with 53BP1 providing protection for the 

DNA until repair can be initiated (Harrigan et al., 2011). Cells with increased 53BP1 

nuclear bodies have been shown to exhibit an Aurora B-dependent delay in 

abscission. The pathway for abscission delay in cells with increased 53BP1 foci has 

been linked to the ATR kinase and its downstream target; checkpoint kinase 1 

(CHK1) (Mackay and Ullman, 2015). CHK1 activity in late mitosis is essential for 

Aurora B autophosphorylation at the T232 residue which is known to be required for 

a delay in abscission (Mackay & Ullman, 2015). 

Defects in the nuclear pore assembly was very recently identified as a trigger 

mechanism for abscission delay in late cytokinesis (Mackay et al., 2010). Abrogation 

of the nuclear pore component; NUP153 not only disrupts the nuclear pore basket 

reassembly in midbody stage cells but also causes an aberrant Aurora B localisation in 

the cytoplasm and an Aurora B-dependent delay in abscission (Mackay et al, 2010). It 

has been suggested that the abscission delay observed with disruption in the nuclear 

pore complex reassembly underlines the need for protection of the nuclear DNA from 

potential damage that may arise during the abscission process.   

In the absence of DNA bridges, the degree of tension at the intercellular bridge (ICB) 

has been identified as a mechanism for the abscission checkpoint activation (Lafaurie-

Janvore et al. 2013). Cells connected by an intercellular bridge often exert some 

tension as a result of their motility, the degree of tension exerted has been showed to 
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influence abscission timing (Lafaurie-Janvore et al. 2013). Sparsely grown cells took 

longer to complete cytokinesis when compared to cells grown at relatively high 

densities (Caballe et al. 2015). Restriction of cell movement was shown to 

considerably reduce abscission timing (Lafaurie-Janvore et al. 2013) and also promote 

the recruitment of the ESCRT III components to the secondary ingression site 

otherwise known as the abscission site (Caballe et al. 2015). 

 

1.6.7 Aurora B activation and mechanistic framework for the 

abscission checkpoint 

 

Abscission delay is dependent on persistent Aurora B activity in late cytokinesis, so 

inactivation of Aurora B usually results in abscission (Steigemann et al. 2009). Two 

phosphorylated forms of Aurora B have been implicated in the abscission checkpoint, 

pThr232  (Steigemann et al. 2009) and pSer331 (Petsalaki and Zachos, 2016).  

Aurora B is activated in early mitosis through autophosphorylation of its T-loop 

region and this is dependent on the its interacting partners within the chromosomal 

passenger complex (CPC); Survivin, Inner centromere protein (INCENP) and 

Borealin (Carmena et al, 2012). The CPC is active throughout mitosis where it 

regulates several events, one of which is the control of the contractile ring required for 

initiating cytokinesis (Carmena et al. 2012). Aurora B binds to the IN box of INCENP 

to facilitate autophosphorylation of T232 residue within the kinase domain as well as 

phosphorylation of the TSS residues of INCENP (Sessa et al. 2005). Aurora B 

phosphorylation at Thr232 is essential for activating the abscission checkpoint 

(Steigemann et al. 2009). 

A CHK1-dependent mechanism for Aurora B activation in early mitosis has been 

recently identified (Petsalaki et al., 2011). Aurora B is phosphorylated by CHK1 at 

serine 331 in early mitosis and is localised to the kinetochores in prometaphase and 

the midbody in cytokinesis (Petsalaki et al. 2011). Interestingly, localisation of 

pAurora B Ser331 to the midbody during cytokinesis is not dependent on CHK1 but 

is required for phosphorylation of the TSS residues of INCENP (Petsalaki et al. 

2011). Aurora B phosphorylation at Ser331 and localisation to the intercellular canal 

during cytokinesis is regulated by the CDC-like kinases 1, 2 and 4 (CLKs) (Petsalaki 

and Zachos 2016). CLKs are a conserved group of dual specificity kinases known to 
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phosphorylate serine, threonine and tyrosine residues (Moeslein et al., 1999) as well 

as serine/arginine rich regions of splicing factors (Nayler et al., 1998). The CLKs (1, 

2 and 4) are localised to the midbody during cytokinesis where they phosphorylate 

Aurora B to activate the abscission checkpoint cascade (Petsalaki and Zachos 2016).  

  

The ESCRT III complex subunits are indispensable for abscission and are therefore 

targets for the proteins identified as mediators of the abscission checkpoint (Nähse et 

al., 2017). The identification of an Aurora B dependent phosphorylation of MKLP1 

(Steigemann et al. 2009) and a unique INS region on CHMP4C provided the first 

mechanistic insight into how Aurora B was able to delay abscission. So far, three 

mechanisms for the Aurora B -mediated abscission delay in response to DNA bridges 

have been described but the mechanism in which the trapped DNA is sensed remains 

unclear. It has been suggested that Aurora B functions as part of a sensor which 

detects unsegregated chromatin in the cytoplasmic canal to activate the abscission 

checkpoint (Steigemann et al. 2009). The exact link between sensing chromatin 

bridges and activation of the abscission checkpoint is not fully understood and 

remains an area of interest within the field. 

 

The first suggested mechanism for the Aurora B-mediated abscission delay was 

through the stabilisation of MKLP1 at the midbody in late cytokinesis. MKLP1 is 

known to be phosphorylated by Aurora B at Ser911 during cytokinesis (Guse et al. 

2005) to promote proper localisation of MKLP1 to the midbody and ensure the 

completion of cytokinesis (Neef et al, 2006). MKLP1 as part of the centralspindilin is 

required for stability of the cytoplasmic canal during cytokinesis (Guse et al. 2005).  

Steigmann et al, (2009) observed that phosphorylated MKLP1 (Ser911) was present 

at the midbody in cells with chromatin bridges post-telophase, therefore they 

speculated that this Aurora B dependent phosphorylation ensures stabilisation of the 

cytoplasmic canal when there is a delay in abscission. 

 

The second mechanism for an Aurora B-mediated abscission delay is through the 

phosphorylation of CHMP4C at Ser210 within the INS motif (Carlton et al. 2012). A 

recent report which identified ANCHR (Abscission and NoCut checkpoint regulator; 
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ZFYVE19) as a novel regulator of the abscission checkpoint provided a much needed 

understanding on the events following CHMP4C phosphorylation by Aurora B 

(Thoresen et al. 2014). In cells with chromatin bridges, ANCHR associates with 

VPS4 through its MIM1 domain and CHMP4C to form a heterotrimeric complex in 

an Aurora B-dependent manner (Thoresen et al. 2014). The association of ANCHR 

and CHMP4C with VPS4 guarantees abscission delay by retaining VPS4 away from 

the primary abscission site (Thoresen et al. 2014).  

 

A third pathway for the Aurora B-mediated abscission delay was recently reported by 

Caballe et al., (2015). The Unc-51-like kinase 3 (ULK 3) activates the abscission 

checkpoint by through phosphorylation of the ESCRT III-related protein, IST1 

(Increased sodium tolerance 1) in a CHMP4C dependent manner (Caballe et al. 

2015). IST1 is a VPS4 binding protein and a positive regulator of abscission. ULK3 

colocalises with CHMP4C at the midbody in late cytokinesis independently which 

suggest separate pathways for their activation. Interestingly, ULK3 and Aurora B both 

phosphorylate different residues on CHMP4C. The MIM2 region of CHMP4C was 

required for the ULK3-dependent phosphorylation while Aurora B targets the INS 

region within the C-terminal (Caballe et al. 2015). CHMP4C phosphorylation is 

diminished as cells progress towards abscission suggesting dephosphorylation by a 

yet to be identified phosphatase. Together, the data presents a model in which ULK3 

promotes abscission delay by phosphorylating two ESCRT III components, IST1 and 

CHMP4C. For abscission delay to occur, CHMP4C activity must be sustained 

posttelophase and this is achieved through phosphorylation by Aurora B and ULK3 

(Caballe et al. 2015). 

 



  Chapter 1 

 33 

   

 

 

Figure 1.6  The Aurora B-mediated signalling during the abscission checkpoint 

Activation of the abscission checkpoint results in an Aurora B mediated cascade which 

culminates in suppression of ESCRT III and VPS4 activity and a subsequent delay in the 

completion of cytokinesis (Adapted from Nahse et al. 2017). 
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1.7 Essential roles for ATR: a PI3-kinase-like kinase required for 

genome stability 

 

Ataxia Telangiectasia Mutated and RAD3-related (ATR) is a serine/threonine kinase 

which belongs to the phosphatidylinositol 3-kinase-related protein kinase family 

(PIKK) along with its homologs, Rad3 in S. pombe and Mec1 in S. cerevisiae 

(Cimprich and Cortez 2008a). The PI3-like kinase family also includes Ataxia 

Telangiectasia Mutated (ATM), DNA-dependent protein kinase (DNA PK) and 

mammalian target of rapamycin (mTOR). ATR is the central player in several 

checkpoint pathways aimed at safeguarding genome integrity during the cell cycle 

(Friedel et al., 2009) (Cimprich and Cortez 2008a).  

 

 
 

Figure 1.7 The ATR structure 

Structural domains of the ATR protein include the HEAT repeats present in all PIKK kinases, 

the FAT, kinase and FATC domains. The N-terminal contains the ATRIP binding region 

while the C terminal contains the PRD domain for interaction with TOPBP1. 

 

1.7.1 ATR is recruited to ssDNA structures to initiate a DNA repair 

cascade 

 

During the course of a lifespan, mammalian cells are in regular contact with stress 

factors which threaten the integrity of their genome. To preserve their genetic material 

and ensure survival, cells have developed highly conserved and co-ordinated 

mechanisms in other to deal with all forms of genotoxic stress (Shiotani and Zou 

2009). ATR and ATM are master regulators of the DNA damage response (DDR) 

through phosphorylation of specific downstream targets; CHK1 and CHK2 

respectively (Maréchal and Zou 2013).  

1 2 3 4 5 9 10 11 1213 14 1516 17 18 1920 21 22 23 242526 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45

ATR-specific

Atr:

HEATs:
6 7 8

ATRIP BD FAT domain Kinase

PRD

FATC

1

Exons:
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1718 19 2021 22 23 24 2526 27 28 29 3031 32 33 34 35 36 37 38 39 40 41 4743 464542 44



  Chapter 1 

 35 

   

ATR is activated in response to a broad range of DNA damaging agents in different 

stages of the cell cycle, whereas ATM is specifically activated in response to double 

strand breaks  (Shiotani and Zou 2009). Upon DNA damage, the replication protein A 

(RPA) complex facilitates the recruitment of ATR to sites of DNA damage as well as 

the ATR-mediated phosphorylation of its downstream target, CHK1 (Zou and Elledge 

2003). ATR is able to form damage induced foci at break sites through recognition of 

the RPA-ssDNA complex (Ball et al., 2005). ssDNA structures are generated 

whenever there is damage to the DNA and aberrant DNA replication (Zou and 

Elledge 2003). Recognition of the RPA-ssDNA by ATR is dependent on association 

with the ATR interacting protein (ATRIP). ATRIP associates directly with the RPA-

ssDNA complex thereby allowing for ATR binding to the complex (Ball et al., 2005; 

Zou and Elledge 2003). 

RPA-ssDNA dependent recruitment of ATR to DNA damage sites on its own is not 

enough to induce DNA repair, activation of ATR kinase activity and recruitment of 

RAD17 and subsequently the trimeric 9-1-1 complex (RAD9, RAD1 and HUS1) is 

required. The recruitment of ATR-ARTIP and RAD17 to damage sites occurs 

independently. However, both are required for the ATR dependent phosphorylation of 

CHK1 and activation of the kinase (Melo et al., 2001; Zou et al., 2002).  To activate 

the ATR cascade, the DNA topoisomerase II binding protein (TopBP1) is recruited to 

damage sites by RAD17 and the 9-1-1 complex. TopBP1 activates ATR through 

binding of its ATR activation domain (AAD) to the PIKK regulatory domain (PRD) 

on ATR (Delacroix et al., 2007)  

Upon activation, ATR phosphorylates several substrates to trigger cell cycle arrest 

and initiate the DNA damage repair cascade. The most prominent substrate for ATR 

phosphorylation after damage is CHK1 (Bartek and Lukas 2003; Cimprich and Cortez 

2008). ATR activates CHK1 kinase activity and dissociation from chromatin. These 

phosphorylation events are mediated and sustained by Claspin. 
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1.7.2 ATR regulates DNA replication in S phase 
 

During replication in S phase, the genetic material is exposed to both intrinsic and 

extrinsic stress which require immediate resolution to prevent chromosome instability 

and cancer. Eukaryotic cells have evolved a sequence of organised checkpoints 

pathways to overcome genotoxic stress and preserve genome integrity for many 

generations (Cimprich and Cortez 2008a). Replication stress in the form of stalled 

replication forks and DNA damage induced accumulation of ssDNA structures both 

activate an ATR dependent checkpoint and repair cascade. Additionally, exposure to 

damaging agents like UV (ultraviolet) irradiation, HU (hydroxyurea) and aphidicolin 

also activate the ATR intra S phase checkpoint (Paulsen and Cimprich 2007; Friedel 

et al. 2009). In response to stalled replication forks, the ATR-ATRIP complex is 

activated by TOPBP1. ATR phosphorylates several downstream targets required to 

induce S phase arrest, reduce origin firing and stabilise replication forks (Maréchal 

and Zou 2013).  

 

Phosphorylation of CHK1 by ATR in response to replication stress results in the 

downregulation of CDC25A and subsequently cell cycle arrest. Upon activation by 

ATR, CHK1 phosphorylates CDC25A, a positive regulator of CDK2. Reduced CDK2 

activity prevents cell cycle progression and cells arrest in S phase (Flynn and Zou 

2010). In addition to cell cycle arrest, CHK1 activity also results in reduced origin 

firing and stabilisation of replication forks (Canman 2001; Shechter et al. 2004b). 

ATR has also been shown to counter the accumulation of ssDNA structures by 

regulating expression of the ribonucleotide reductase enzyme, RRM2. CHK1 

regulates transcription of RRM2 by inhibiting the degradation of its transcription 

activator, E2F1 (Mi Buisson et al. 2015). 

 

Cell exposure to chemical agents which halt replication results in an ATR dependent 

phosphorylation of RPA2. RPA2 is a member of the RPA protein complex known to 

initiate replication by promoting the loading of replication proteins such as CDC45 

and DNA polymerase a onto origins. ATR dependent phosphorylation of RPA2 

inhibits replication by reducing late origin firing (Olson et al. 2006). ATR dependent 
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signalling prevents stalled replication fork breakage by guaranteeing nuclear pool of 

RPA is not exhausted (Ignacio Toledo et al. 2013). 

Studies have shown that ATR is active and regulates the rate of origin firing in 

unperturbed S phase. Origin firing, and initiation of replication is dependent on the S 

phase promoting kinase (SPK). In the absence of DNA damage, ATR regulates SPK 

dependent origin firing by inhibiting CDC7 activity at late origins (Shechter et al. 

2004a) 

 

1.7.3 ATR regulates stability of common fragile sites 

  
Fragile sites are conserved regions of the genome sensitive to formation of gaps and 

breaks on metaphase when exposed to replication stress. Common fragile sites (CFSs) 

are A-T rich regions that are particularly difficult to replicate and so any form of 

replication stress disrupts the normal replication process giving rise to gaps and 

breaks (Ma et al. 2012). In addition to replication stress factors, CFSs are also 

sensitive to DNA translocations, sister chromatid exchanges (SCE) and viral 

integration. The most common used inducer of fragile site instability is the DNA 

polymerase inhibitor, aphidicolin (Casper et al. 2002; Glover et al. 2005).  

Common fragile sites are present in all individuals and are considered a normal part 

of the chromosome architecture while rare fragile sites originate from di or 

trinucleotide repeat mutation. (Casper et al. 2002; Glover et al. 2005) Fragile sites are 

important in cancer development because they are deleted or rearranged in most 

tumours (Glover 2006).  

 

The ATR kinase has been identified as a key regulator of CFS stability. ATR 

inhibition in cells exposed to replication stress results in increased CFS expression 

chromosome fragmentation (Casper et al. 2002). A 5-20 fold increase in CFS 

expression was visualised in metaphase chromosomes upon ATR depletion or 

pharmacological inhibition. Interestingly, loss of ATR increases CFS expression even 

in the absence of replication stress suggesting a prominent role for ATR in ensuring 

CFS stability in normally dividing cells (Casper et al. 2002). Initial studies identified 

ATR but not its related kinase ATM as essential for CFS stability. However, recent 
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studies have shown that ATM can substitute for the absence of ATR in maintaining 

CFS stability. This suggests an interplay between ATR and ATM in the regulation of 

replication stress response and CSF stability (Ozeri-Galai et al. 2008).  

 

1.8 Emerging ‘non-canonical’ roles for ATR  
 

1.8.1 ATR activity at the nuclear envelope ensures fork progression 

and mediates cellular response to mechanical stress  

 

Physiological processes such as chromatin condensation in early mitosis, replication 

in S phase and coupling of newly synthesised mRNA to the nuclear envelope for 

transport through the NPC (Bermejo et al., 2012) create topological barriers which 

must be resolved to preserve genome integrity (Bermejo et al., 2012). The nuclear 

envelope plays an important role in gene gating, a process by which newly transcribed 

genes are tethered to the nuclear envelope for export through the NPC. The process of 

gene gating produces topological stress which must be counteracted to ensure fork 

progression at transcribed genes, ATR/Mec1 has been identified as a regulator of gene 

gating (Bermejo et al. 2011). 

Bermejo et al. (2011) have shown that the replication checkpoint activated by 

ATR/Mec1 ensures coordination between fork progression and transcription. They 

suggest ATR/Mec1 through a yet to be determined mechanism identifies fork pausing 

sites and phosphorylates nucleoporins. Phosphorylation of nucleoporins by 

ATR/Mec1 and CHK2/Rad53 is required to counter the effects of gene gating and 

ensure fork progression (Bermejo et al. 2011).   

A possible mechanism for ATR activation and sensing of chromatin at the nuclear 

envelope has been recently described. Separate from its well characterised role in the 

DNA damage response, ATR responds to topological stress induced by chromosomal 

dynamics by relocalisation to the nuclear envelope (Kumar et al. 2014). 

Experimentally induced stress such as osmotic stress, cell stretching etc all activate an 

ATR mediated response at the nuclear envelope independent of DNA damage (Kumar 

et al. 2014). Interestingly, ATR localisation to the nuclear envelope does not require 

its kinase activity but DDR factors such as CHK1 and ATRIP also co-localise with 
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the nucleoporin NUP153 at the NE in response to mechanical stress. Upon 

recruitment to the nuclear envelope, ATR preserves genome integrity by coordinating 

chromatin condensation with nuclear envelope breakdown during prophase, ensure 

fork progression by regulating gene gating within transcribed regions and modulate 

membrane fluidity (Kumar et al. 2014). 

 

1.8.2 ATR is required for faithful chromosome segregation in 

mitosis  

 

A surprising new role for ATR in early mitosis distinct from its role in DNA damage 

and S phase has been recently described. Chromosome segregation defects such as 

DNA bridges, lagging chromosomes and micronuclei were observed by Eykelenboom 

et al. (2013) in DT40 cells completely lacking ATR. Recently, similar phenotypes 

were observed by Kabeche et al. (2017) in both DT40 and human cells lacking ATR. 

They described a novel pathway for ATR activation at mitotic centromeres thereby 

confirming a direct role ATR in chromosome segregation (Salvidar and Cimprich 

2018).  

ATR is active in early mitosis and localises to the centromere where it regulates 

chromosome segregation in an Aurora A-CENP F dependent manner (Kabeche et al., 

2017). ATR activation at the centromere is independent of ssDNA but rather 

dependent on Aurora A and centromeric R loops. At the centromere, Aurora A 

facilitates interaction between ATR and CENP F and subsequently the recruitment of 

ATR to centromeric R loops (Kabeche et al. 2017). During S phase, ATR is known to 

prevent genome instability caused by R loops, however in mitosis it appears R loop 

functions in ensuring chromosome segregation through ATR activation. ATR 

activates CHK1 locally at the centromere, active CHK1 in turn regulates Aurora B 

auto-phosphorylation at T232 and this is essential for faithful chromosome 

segregation in early mitosis (Kabeche et al. 2017).  
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1.8.3 ATR in the abscission checkpoint 
 

ATR has recently been implicated in the regulation of cytokinesis specifically the 

coordination of post-mitotic surveillance with abscission. Cells enter mitosis with low 

levels of unreplicated genomic regions, however this is very tightly regulated by the 

p53 binding protein 53BP1 (Harrigan et al. 2011; Lukas et al. 2011). 53BP1 coated 

nuclear bodies which contain these unreplicated genomic lesions are formed before 

abscission. Conditions such as exposure to hydroxyurea and aphidicolin which induce 

replication stress have been shown to increase the levels of 53BP1 nuclear bodies 

(Mackay and Ullman 2015). Elevated replication stress results in increased levels of 

53BP1 bodies which then activates the Aurora B-mediated abscission checkpoint 

through an unknown mechanism. Aurora B activity in cells with elevated levels of 

underreplicated DNA is regulated by CHK1.  

 

In this study, we aim to further investigate the role of ATR in regulating the 

abscission checkpoint. We aim to characterise ATR localisation during mitosis 

specifically cytokinesis, observe cytokinesis progression upon the loss of ATR 

activity and finally identify novel ATR targets in the abscission checkpoint pathway. 

Our data show a distinct localisation pattern for ATR in cell in different stages of 

mitosis. ATR is localised to the midbody arms during cytokinesis. Using live cell 

imaging technique and fixed cell immunofluorescence, we show that ATR is a 

negative regulator of abscission and interacts with the ESCRT III subunit, CHMP4B 

during cytokinesis. 
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2 ATR is a negative regulator of abscission 
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2.1 Summary 

ATR has been implicated in several pathways aimed at safeguarding genome integrity. In 

addition to its role in activating cellular responses to DNA damage, ATR is also known to 

regulate the replication stress response and chromosome segregation. Here we provide more 

insights into a newly identified role for ATR in the completion of cytokinesis. 

Our results show that ATR is localised to the cytoplasmic canal and is required for prolonged 

cytokinesis. ATR depletion reduces the proportion of cells in cytokinesis and increases the 

number of binucleated cells. Together, these results indicate a defective abscission 

checkpoint in the absence of ATR. In addition, to abscission timing, abrogation of ATR 

activity rescues cells trapped in NUP153 knockdown-induced cytokinesis arrest. Overall, our 

data show that ATR is a negative regulator of cytokinesis. 

 

 

 

 

 

   

2.2 Highlights 
 

• Cells complete cytokinesis quicker following ATR inhibition 

• ATR depletion reduces the proportion of cytokinetic cells  

• ATR inhibition promotes abscission in the NUP153 knockdown assay 

• ATR is localised to the midbody arms during cytokinesis 
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2.3 Introduction 

Cytokinesis is the last stage of the eukaryotic cell division. It is at this stage of mitosis that 

segregation of the cytoplasmic contents is completed, and the membrane is severed to 

produce two new daughter cells. Incomplete segregation of the genetic material can lead to 

failed abscission, aneuploidy, cancer and cell death (Gordon et al., 2012). To prevent this, 

cells have developed a checkpoint mechanism to ensure that chromosome segregation is 

coordinated with abscission. Therefore, abscission can only occur when the genetic material 

and other cytoplasmic contents have been equally separated between the new daughter cells 

(Steigemann et al. 2009; Schiel and Prekeris 2010). Cytokinesis begins with the formation of 

a cytoplasmic canal which allows for localisation of proteins required for cytokinesis and 

ends with the final membrane scission (Steigemann and Gerlich 2009). The last step in 

cytokinesis requires severing of the microtubules and membrane by the AAA-ATPases, 

Spastin and VPS4 respectively (Caballe and Martin-Serrano 2011).  

 

The abscission checkpoint is an evolutionary conserved pathway designed to regulate the 

onset of abscission and ensure orderly completion of cell division. The mitotic kinase, Aurora 

B has been identified as the main regulator of the abscission checkpoint (Norden et al. 2006; 

Steigemann et al. 2009). Aurora B dependent phosphorylation of downstream targets such as 

CHMP4C initiates a signalling cascade which delays the completion of cytokinesis until the 

environment becomes favourable for abscission (Nahse et al. 2017). The abscission 

checkpoint is activated by more than just the presence of DNA bridges. Intercellular bridge 

tension, disruption in nuclear envelope reassembly and replication stress have all been shown 

to activate the Aurora B-mediated abscission delay.  

 

The ATR kinase is an essential protein and is required for the regulation of the DNA damage 

response (DDR) along with its closely related PIKK family member, ATM. ATR is recruited 

to single stranded DNA structures (ssDNA) by RPA for activation while ATM is recruited to 

double stranded DNA (dsDNA) breaks (Maréchal and Zou 2013; Shiloh 2003). Mutations in 

the ATR gene results in an autosomal recessive disorder known as Seckel syndrome 

characterised by low levels of the ATR protein, dwarfism and microcephaly (Cimprich and 

Cortez 2008).  
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ATR is active during S phase where it plays a prominent role in regulating origin firing and 

stabilisation of replication forks through the phosphorylation of CHK1 (Cimprich and Cortez 

2008). Separate from its role in S phase, ATR is localised to the nuclear envelope where it 

mediates a cellular response in response to osmotic stress (Kumar et al. 2014).   

Recently ATR has been shown to influence the completion of cytokinesis in cells with 

elevated levels of unreplicated DNA in a CHK1 dependent manner (Mackay and Ullman 

2015). CHK1 regulates pAurora B Thr232 localisation to the cytoplasmic canal during 

cytokinesis and the loss of ATR results in a defective abscission checkpoint. Although ATR 

is important for CHK1 activation in late cytokinesis, there appears to be other unknown 

signalling pathways independent of ATR which contribute to sustained CHK1 activity in the 

abscission checkpoint (Mackay and Ullman 2015). Although it has been established that ATR 

regulates cytokinesis timing (Mackay and Ullman 2015) and reduces the incidence of 

abscission failure (Eykelenboom et al. 2013), the mechanism for an ATR dependent 

regulation of the abscission checkpoint is still very much unexplored. 

 

For this study, we characterised for the first time ATR localisation in different stages of 

mitosis focusing on its localisation in cytokinetic cells. Our data show that ATR is active and 

is localised to the cytoplasmic canal during cytokinesis. We also show that ATR is a negative 

regulator of abscission. 
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2.4 Materials and Methods 

2.4.1 Cell culture 
 

HeLa cells obtained from the European Collection of Authenticated Cell Cultures (ECACC) 

(cat no. 93021013) and U2OS both obtained from ATCC (American Type Cell Culture) were 

grown in DMEM (Lonza or Sigma) supplemented with 10% FBS (Sigma or Gibco) and 1% 

penicillin/streptomycin mixture (Sigma Aldrich). hTERT-RPE1 obtained from ATCC 

(American Type Cell Culture Collection) was cultured in DMEM F-12 (Lonza) supplemented 

with 10% FBS (Sigma or Gibco) and 1% penicillin/streptomycin mixture (Sigma Aldrich). 

All cells were cultured in a humidified 370C incubator with 5% CO2.  

 

2.4.2 Drug treatments 
 

For fixed cell immunofluorescence experiments, cells were treated with inhibitors and 

harvested after 2hrs except for the Aurora B and CHK1 inhibitor experiments where cells 

were treated for 45mins. For live cell imaging experiments, cells were treated with 10𝜇M 

VE-821 (ATRi) immediately prior to the start of an 18hr live cell imaging. 

 

2.4.3 siRNA transfections 
 

HeLa cells were seeded at a density of 4x105 cells per 6cm dish. Cells were transfected with 

40mM non-targeting siCTRL (Ambion) or targeting siRNA (Dharmacon) mixed with 356𝜇L 

OptiMEM (Invitrogen) and 12𝜇L oligofectamine reagent (Invitrogen) mixed with 28𝜇L of 

OptiMEM. DMEM containing 30% FBS and 4mM L-glutamine was added to cells 3 hours 

after transfection. 1mL of DMEM containing 10% FBS and 1% penicillin/streptomycin was 

added to cells 24hrs post transfection. Cells were harvested at 48 or 72hrs post transfection. 

 

2.4.4 Live cell imaging 
 

For cytokinesis timing experiments, HeLa cells stably expressing pGFP-H2B and pmCherry-

Tubulin (a kind gift from Prof. Kevin Sullivan’s Lab) were seeded in ibiTreat 2 well Ph+ glass 

bottom 𝜇-slides (ibidi) at a density of 8x104 cells/mL (1.5mL cell suspension per well) 48hrs 
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before ATRi treatment and imaging. Cells were imaged in DMEM media (no phenol red) 

(Gibco) supplemented with 10% FBS (Gibco or Sigma), 1% penicillin/streptomycin mixture 

(Sigma Aldrich) and 25mM HEPES (pH 7.5). Time lapse images were collected every 

10mins for 18hrs on a DeltaVision microscope using the Applied Precision SoftWoRx 

imaging software (Imsol). Imaging was done on the 40x oil objective within a chamber 

maintained at 370C and supplied with 5% CO2 (Precision Control). Images were 

deconvolved using the Huygens software and analysed using the ImageJ (FIJI) software. 

 

2.4.5 Immunofluorescence 
 

HeLa or hTERT-RPE1 cells were grown on sterile coverslips in DMEM or DMEM-F12 

containing 10% FBS (Gibco or Sigma) and 1% penicillin/streptomycin mixture (Sigma). 

Cells were fixed with either 100% methanol for 10mins at -200C or 4% PFA in PBS for 

10min, permeabilised with 0.125% TritonX-100 in PBS for 2min and washed three times 

with 1x PBS. Cells were then incubated in blocking solution (1% BSA in PBS) at for 1hr at 

room temperature before incubation in primary antibody diluted in the blocking solution for 

1hr at room temperature. Cells were washed three times with 1x PBS followed by a 45mins 

incubation in secondary antibody diluted in blocking solution. Finally, cells were washed 

three times with 1x PBS and mounted on vectashield containing 1mg/mL DAPI. For ATR 

immunofluorescence experiments, primary and secondary antibodies were diluted in blocking 

solution containing 3% BSA and 0.1% Triton X-100. 

Images were acquired on the DeltaVision microscope using the Applied Precision SoftWorx 

software. Images were deconvolved using the Huygens software and analysed using the 

Image J (FIJI) software. 10𝜇M 

 

2.4.6 Statistical analysis and imaging experimental design 
 

For the dot plot showing abscission timing, each dot represents abscission timing for each 

cell and the red line represents the average abscission timing for all cells in the population. 

Statistical significance was determined using the Mann-Whitney U-test. For cytokinesis 

quantification experiments, statistical significance of before and after treatments was 

measured using the students t-test. For immunofluorescence intensity measurements, 
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statistical significance was determined using the Mann-Whitney U-test. Statistical analysis 

was performed using Graphpad Prism 5. 

For all microscopy experiments, the field of view of the objective was set to the middle of the 

slide and images acquired moving in a snaking pattern. 

 

2.4.7 SDS PAGE and western blot 
 

Cells were harvested and lysed in lysis buffer (50mM Tris-HCL pH 7.5, 150mM NaCl, 0.5% 

Triton X-100, 1x protease and phosphatase inhibitors and 10% glycerol). Protein 

concentration in lysates was determined using Bradford reagent. Samples were loaded on an 

acrylamide gel and separated using a sodium dodecyl sulphate polyacrylamide gel 

electrophoresis apparatus (SDS-PAGE). Proteins were transferred onto a nitrocellulose 

membrane for 90mins at 350mA or 80mins at 120V (depending on the size of the proteins to 

be probed). Membrane was first incubated in blocking solution (5% milk in 1x TBS + 0.1% 

Tween20) for 1hr at room temperature and then incubated overnight in primary antibody 

diluted in blocking solution at 40C. After a 1hr incubation in secondary antibody diluted in 

blocking solution. 

 

Antibody target Dilution 

used  

Species Supplier Catalogue 

number 

Primary antibodies 

ANCHR (ZFYVE19) 1:200 Mouse Sigma Aldrich WH0084936M1 

ANCHR (ZFYVE19) 1:200 Rabbit Bethyl A301-808A 

ATR (C1) 1:100 Mouse Santa Cruz sc-515173 

ATR 1:200 Rabbit Bethyl A300-138A 

Aurora B 1:200 Mouse BD Biosciences 611082 

Aurora B 1:400 Rabbit Abcam ab2254 

pAurora B T232 1:400 Rabbit Rockland 600-401-677S 

CHMP4B (C12) 1:200 Rabbit Santa Cruz sc-82556 
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CHMP4C 1:200 Rabbit Abcam ab155668 

Lamin B1 1:200 Rabbit Abcam ab16048 

LAP2 1:200 Mouse BD Biosciences 611000 

LAP2 1:200 Rabbit Millipore 06-1002 

MKLP1 (N-19) 1:500 Rabbit Santa Cruz sc-867 

a-Tubulin  

clone B-5-1-2 

1:500 Mouse Sigma Aldrich T5168 

a-Tubulin 1:500 Rabbit Abcam ab18251 

Secondary antibodies 

Anti-mouse IgG-FITC 1:200  Jackson 

Immunoresearch 

 

Anti-mouse IgG-

TRITC 

1:200  Jackson 

Immunoresearch 

 

Anti-rabbit IgG-FITC 1:200  Jackson 

Immunoresearch 

 

Anti-rabbit IgG-

TRITC 

1:200  Jackson 

Immunoresearch 

 

Anti-rabbit IgG-HRP 1:200  Bethyl  

Table 0.1: List of antibodies used for immunofluorescence  

 

Antibody target Dilution 

used 

Species Supplier Catalogue 

number 

Primary antibodies 

ANCHR (ZFYVE19) 1:1000 Mouse Sigma Aldrich WH0084936M1 

ATR (C-1) 1:1000 Mouse Santa Cruz sc-515173 

ATR (N-19) 1:1000 Goat Santa Cruz sc-1887 

ATRIP  1:1000 Rabbit Bethyl A300-095A 
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Aurora B 1:500 Mouse BD 

Biosciences 

611082 

CHK1 (FL-476) 1:1000 Rabbit Santa Cruz sc-7898 

CHMP4B (C12) 1:1000 Rabbit Santa sc-82556 

DNA-PK 1:10000 Mouse Thermo 

Scientific 

MS-423-P1 

GFP 1:1000 Mouse Sigma Aldrich 

(Roche) 

11814460001 

GFP 1:1000 Mouse Santa Cruz sc-9996 

NUP153 1:1000 Rabbit Bethyl A301-788A 

NUP153 1:1000 Mouse BioLegend 906201 

a-Tubulin  

clone B-5-1-2 

1:10000 Mouse Sigma Aldrich T5168 

VPS4 1:5000 Rabbit Sigma Aldrich SAB4200025 

Secondary antibodies 

Anti-goat IgG-HRP 1:5000 Donkey Santa Cruz sc-2020 

Anti-mouse IgG-HRP  1:5000 Goat Bethyl A90-116P 

Anti-rabbit IgG-HRP 1:5000 Goat Bethyl A120-101P 

Protein G-HRP 1:1000  Abcam ab7460 

Table 0.2: List of antibodies used for immunoprecipitation and western blot  
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2.5 Results 
 

2.5.1 ATR inhibition reduces the duration of cytokinesis 
 

Previous work by Eykelenboom et al (2013) show that the loss of ATR results in 

chromosome segregation defects and failed abscission. These observations piqued our 

interest because it suggests ATR was required for the successful abscission. To the best of 

our knowledge at that time, it was the first time ATR was implicated in regulating the 

completion of mitosis. Studies have shown that the decision to undergo abscission is 

regulated by a conserved mechanism referred to as the abscission checkpoint. Abscission 

failure in the form of binuclear cells has been observed upon the loss of proteins known to 

regulate the abscission checkpoint. We hypothesised that in addition to its role in replication 

stress and the DNA damage response, ATR also safeguards genome integrity by regulating 

abscission timing. To support this hypothesis, we monitored cytokinesis progression and 

microtubule disassembly in HeLa cells following ATR inhibition.  

 

Live cell imaging experiments were performed on HeLa cells stably expressing mCherry-

Tubulin and GFP-H2B using time-lapse microscopy for 18hrs. mCherry Tubulin was used to 

monitor duration from anaphase until complete microtubule disassembly from the 

cytoplasmic canal. GFP-H2B allowed for visualisation of chromosome condensation and 

segregation. Live cell imaging experiments were optimised on ibiTreat 2 well Ph+ glass 

bottom 𝜇-slides and were performed in parallel. Cytokinesis timing was measured as average 

time taken (in minutes) from chromosome segregation in anaphase until complete 

microtubule disassembly from the cytoplasmic canal. 

 

In control cells, cytokinesis was completed within an average time of 110 mins compared to 

85 mins in ATRi treated cells (Figure 2.1). This observation indicates in a 32% reduction in 

cytokinesis timing following ATR inhibition and is consistent with observations made by 

Mackay & Ullman, (2015). For majority of cells, membrane ingression occurred promptly 

after chromosome segregation. The intercellular canal persists for ≥ 100 mins until 

microtubule visualised along the cytoplasmic canal was no longer visible and the new 

daughter cells moved away from each other. Our data indicates ATR is required for 



  Chapter 2 

 51 

   

prolonged cytokinesis and cells with deficient ATR kinase activity are able to progress 

through cytokinesis albeit more rapidly.  

 

 

 

Figure 2.1: ATR is required for prolonged cytokinesis  

(A) Still images obtained from time-lapse microscopy showing cytokinesis timing in asynchronous 

HeLa cells stably expressing moderate levels of GFP-H2B and mCherry-a-Tubulin. Cells were 

treated with 10𝜇M ATRi immediately prior to 18hrs imaging. Duration of cytokinesis was measured 

from anaphase to microtubule disassembly (abscission). Arrowheads indicate abscission completed 

(B) Quantification shows a reduction in average duration of cytokinesis after ATR inhibition. Number 

of cells analysed = 131 and 156 for control and ATRi respectively. ***P<0.001 (Mann-Whitney U-

test). 
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2.5.2 Loss of ATR activity results in fewer cytokinetic cells 
 

Live cell imaging data from Figure 2.1 show cytokinesis is completed quicker upon ATR 

inhibition. This indicates ATR is required for a delay in abscission. To further support this 

conclusion, we performed a cytokinesis profile assay to determine the frequency of 

cytokinetic cells in asynchronous HeLa cells upon the loss of ATR.  

 

Experiments were performed with pharmacological inhibition of ATR activity and depletion 

by siRNA. HeLa cells were treated with the ATR inhibitor, VE-821 for 2hrs, fixed with 

methanol and stained with antibodies for 𝛼-Tubulin (Sigma) and MKLP1 (Santa Cruz). Cells 

in cytokinesis were identified by their intense microtubules bundles along the cytoplasmic 

canal and localisation of MKLP1 to the midbody region (Figure 2.2A). Number of cells in 

early and late cytokinesis were scored manually.  

 

Tubulin intensity along the cytoplasmic canal and extent of chromosome decondensation 

were used to categorise cells into early and late cytokinesis. Figure 2.2B shows that about 

>6% of control cells were in various stages of cytokinesis. Loss of ATR activity resulted in 

fewer cells in cytokinesis. This result indicates midbody resolution is completed more rapidly 

in the absence of ATR and validates our data from the live cell imaging experiments. Figure 

2.2C confirms ATR depletion by siRNA.  

 

 



  Chapter 2 

 53 

   

 

Figure 2.2: Cells complete cytokinesis quicker without ATR  

(A) Representative images of HeLa cells showing different stages of cytokinesis. Cells were fixed 

with 100% ice cold methanol and stained with antibodies for 𝛼-Tubulin (Sigma) and MKLP1 (Santa 

Cruz). DNA was visualised with DAPI. Scale bar, 20𝜇m. (B) Cells with treated with 10𝜇M ATRi for 

2hrs or 40nM siRNA as indicated. Cells in cytokinesis were scored manually, bar chart shows average 

number of cytokinetic cells from four independent experiments and number of cells per experiment 

³200. **P<0.01 compared with untreated (Student’s t-test). (C) Western blot confirms ATR 

depletion by siRNA.  
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2.5.3 ATR depletion increases the number of binucleated cells 

  
Eykelenboom et al. (2013) reported an increase in binuclear cells in DT40 cells upon 

complete loss of Atr. This is reminiscent of phenotypes observed with the loss of Aurora B 

(Norden et al. 2006; Steigemann et al. 2009) and several of its downstream targets known to 

regulate the abscission checkpoint, we therefore concluded that ATR is a regulator of the 

abscission checkpoint. To determine the effect of the loss of ATR activity on abscission, we 

performed immunofluorescence analysis to determine the binuclear profile for asynchronous 

HeLa cells. 2hrs after treatment with 10𝜇M ATRi, the number of binucleated cells were 

quantified manually. 

 

Consistent with previous observations in DT40 cells, we observed a significant increase in 

the number of binuclear cells following ATR inhibition (Figure 2.3). This phenotype is 

indicative of failed abscission and further confirms ATR as an important regulator of 

abscission. 

 

Figure 2.3: ATR inhibition increases number of cells with abscission failure  

(A) Representative image of a binuclear HeLa cell. Cells were treated with 10𝜇M ATRi for 2hrs, 

fixed with 100% ice cold methanol and stained with antibody for 𝛼-Tubulin (Sigma). DNA was 

visualised with (DAPI). (B) Binuclear cells were scored manually; bar chart shows average 

percentage of binuclear cells from four independent experiments, number of cells per experiment ³50. 

**P<0.01 compared to untreated (Student’s t-test). Scale bar, 10𝜇m. 
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2.5.4 ATR regulates the abscission checkpoint  
 

Higher eukaryotic cells undergo open mitosis in which the nuclear envelope is disassembled 

before chromosomes segregation to release nuclear contents into the cytoplasm (Boettcher 

and Barral 2013). The most common example of closed mitosis is seen with budding yeast. 

Closed mitosis in budding yeast allows for the compartmentalisation of nuclear and 

cytoplasmic factors to remain intact. Therefore, the nuclear envelope remains undisrupted 

throughout the duration of mitosis. Chromosome segregation occurs within the nucleus with 

the spindle pole formed within the confines of the nuclear membrane (De Souza and Osmani 

2007; Sazer et al. 2014). On the other hand, as seen with human cells, chromosome 

segregation is co-ordinated with the completion of nuclear envelope breakdown (NEBD) and 

the spindle poles are formed within the cytoplasm (Sazer et al. 2014). During telophase, the 

nuclear envelope is reformed so that it envelopes the newly segregated chromosomes thereby 

separating it from the cytoplasm (Olmos et al. 2015). Recent studies have implicated the 

reassembly of the nuclear pore complex with cell progression through cytokinesis. 

Interference in the reassembly of the nuclear pore complex in telophase results in the 

activation of the Aurora B abscission delay. Therefore depletion of the nuclear pore complex 

component, NUP153 results in the accumulation of cells in cytokinesis unable to complete 

abscission (Mackay et al. 2010). 

 

To determine if ATR is required for the abscission checkpoint, we performed a NUP153 

depletion assay and quantified the number of cells in cytokinesis. HeLa cells were treated 

with ATRi for final 2hrs following a 48hrs incubation with NUP153 siRNA. Cells were fixed 

with 100% ice cold methanol and stained with antibodies for 𝛼-Tubulin (Sigma) and MKLP1 

(Santa Cruz). Cells in cytokinesis were scored manually.  

 

NUP153 depletion by siRNA results in a 3-fold increase in the number of cells in cytokinesis 

(Figure 2.4). ATR inhibition prevented the accumulation of cells in cytokinesis despite 

activation of the abscission checkpoint. This observation along with previous results indicate 

ATR is required for a proficient abscission checkpoint.  
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Figure 2.4: ATR inhibition prevents the accumulation of cells in cytokinesis  

(A) Representative images showing HeLa cells in cytokinesis following NUP153 depletion by 

siRNA. Cells transfected with non-targeting or NUP153 siRNA and then treated with 10𝜇M ATRi for 

1hr before fixation (100% ice cold methanol) and staining with antibodies for 𝛼-Tubulin (Sigma) and 

MKLP1 (Santa Cruz). DNA was visualised with DAPI staining. (B) Cells in cytokinesis were scored 

manually. Bar chart shows average percentage of cytokinetic cells from four independent experiments 

and total number of cells per experiment ³150. **P<0.01 (Students t-test) (C) Western blots confirm 

NUP153 depletion by siRNA. Scale bar, 20𝜇m. 
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2.5.5 ATR is localised to the cytoplasmic canal during cytokinesis 
 

The cytoplasmic canal acts a platform for localisation of proteins required for cytokinesis and 

final abscission. Studies have shown that proteins known to regulate cytokinesis form distinct 

localisation patterns either to the midbody region or to the midbody arms. Our data show that 

ATR regulates abscission timing. To further investigate the role of ATR in cytokinesis, we 

visualised the localisation of endogenous ATR during cytokinesis. HeLa cells were seeded 

and grown on coverslips until 70% confluent before fixation and staining with antibodies for 

ATR (Bethyl) and 𝛼-Tubulin (Sigma). Using a mouse monoclonal antibody against ATR 

(Santa Cruz), we also performed ATR immunofluorescence experiment to validate our 

observations.  

 

Cleavage furrow ingression and midbody stage cells are characterised by the appearance of a 

distinctive microtubule signal along the cytoplasmic canal. ATR was consistently visible in 

the nucleus in all stages of cytokinesis. Interestingly, we observed a clear difference in ATR 

localisation pattern in early and late cytokinesis (Figure 2.5A). In early cytokinesis, ATR is 

distributed along the length of the cytoplasmic canal in such a way that it aligns with the 

Tubulin signal. However, in late cytokinesis, it is localised exclusively to specific regions on 

either side of the midbody (Figure 2.5A). To validate our observations, a different ATR 

antibody was used to visualise ATR localisation during cytokinesis. As seen in Figure 2.5B, 

ATR is localised to the cytoplasmic canal using a different ATR antibody from the one used 

in Figure 2.5A.  
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Figure 2.5: ATR localises to the midbody arms during cytokinesis 

Representative images of HeLa cells showing ATR localisation during cytokinesis.  (A) Cells were 

fixed with 4% PFA and stained with antibodies for ATR (Bethyl) and 𝛼-Tubulin (Sigma). ATR is 

observed within the nucleus and along the cytoplasmic canal during cytokinesis. In early cytokinesis, 

ATR is accumulated on either side of the cytoplasmic bridge along with 𝛼  Tubulin. In late 

cytokinesis, ATR is exclusively localised within close proximity to the midbody but on either side of 

central region. Images are representative of ≥90% of cells in cytokinesis. Number of cells in 

cytokinesis = 30. Scale bar, 20𝜇m. (B) ATR is also detectable at the cytoplasmic bridge during 

cytokinesis using a different ATR antibody. Cells were fixed with 100% ice cold methanol and 

stained with antibodies for ATR (Santa Cruz) and 𝛼-Tubulin (Abcam). Number of cells in cytokinesis 

= 25. Scale bar, 10𝜇m. 
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2.5.6 ATR localises to the midbody arms during cytokinesis in a unique 
manner distinct from Aurora B 

 

Aurora B is a relatively well characterised mitotic kinase. It is activated in early mitosis 

through its association with its partners in the chromosome passenger complex (Carmena et 

al. 2012). Steigemann et al., (2009) described an Aurora B dependent delay in abscission in 

response to chromatin bridges. This pathway for the regulation of abscission timing is 

referred to as the abscission checkpoint. Aurora B is localised solely to either side of the 

midbody region throughout cytokinesis. Following our earlier observation of the localisation 

pattern of ATR during cytokinesis, we were curious to see if there was any overlap between 

ATR and Aurora B localisation. To do this, we performed immunofluorescence imaging on 

HeLa cells and observed ATR and Aurora B localisation patterns during cytokinesis. 

As expected, Aurora B is recruited specifically to the midbody arms as soon as the midbody 

is formed in telophase and early cytokinesis. This was curiously different from ATR which is 

distributed along the cytoplasmic canal. In late cytokinesis, there appears to be some overlap 

between ATR and Aurora B (Figure 2.6).  

 

 
 
Figure 2.6: ATR and Aurora B localisation during cytokinesis 

Representative images of HeLa cells showing ATR and Aurora B localisation in early and late 

cytokinesis. Asynchronous HeLa cells were fixed with 4% PFA and stained with antibodies for ATR 

(Bethyl) and Aurora B (BD Biosciences). Scale bar, 20𝜇m. Although ATR and Aurora B form 

distinct localisation patterns in early cytokinesis, there is however some overlap within the region in 

close proximity to the midbody. Images are representative of ≥90% of cells in cytokinesis. Total 

number of cells in cytokinesis = 25. 
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2.5.7 ATR localisation during cytokinesis is dependent on its kinase 
activity  

 

ATR functions in the DNA damage response and replication stress as an activator of CHK1 

activity through phosphorylation. Therefore, its kinase activity is essential for its function in 

the DNA damage response, S phase and prometaphase. Our data show that inhibition of ATR 

kinase activity results in quicker abscission and an overall reduction in the number of 

cytokinetic cells. This suggests ATR kinase activity is required for its role in the regulation of 

abscission.  

 

To investigate if ATR localisation to the cytoplasmic canal is dependent on its kinase 

activity, we performed immunofluorescence imaging on HeLa cells to observe ATR 

localisation upon inhibition of its kinase activity. Hela cells were incubated with 10𝜇M ATRi 

for 2hrs, fixed with 4% PFA and stained with antibodies for ATR (Bethyl) and 𝛼-Tubulin 

(Sigma). 

 

As observed earlier, ATR is localised along either side of the midbody region in control cells. 

Upon treatment with an ATP competitive inhibitor of ATR (VE-821), and rather 

unsurprisingly, we observed that ATR was barely detectable at the midbody arms (Figure 

2.7). This confirms that ATR kinase activity is required for its localisation to the cytoplasmic 

canal and also supports our earlier observation that it is required for the regulation of 

abscission checkpoint. 
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Figure 2.7: ATR localisation to the cytoplasmic canal is perturbed upon inhibition of 

kinase activity 

(A) Representative images of HeLa cells showing the effect of ATRi on ATR localisation to the 

cytoplasmic bridge. Cells treated with 10𝜇M ATRi for 2hrs before fixation (4% PFA) and stained 

with antibodies for ATR (Bethyl) and 𝛼-Tubulin (Sigma). DNA was visualised with DAPI staining. 

Scale bar, 20𝜇m. (B) Bar chart shows average intensity of ATR at the cytoplasmic canal. Data 

obtained from three independent experiments and number of cells analysed per experiment ³30. 

***P<0.001 (Mann-Whitney U-test). 
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2.5.8 Inhibition of Aurora B or CHK1 has no effect on ATR localisation 

during cytokinesis 

Aurora B is known to be the chief regulator of the abscission checkpoint. In other words, all 

of the pathways identified so far known to regulate abscission timing all involve Aurora B. It 

has been proposed that ATR probably regulates abscission timing upstream of CHK1 and 

Aurora B (Mackay and Ullman 2015).  

 

To eliminate the probability that ATR functions in the abscission checkpoint downstream of 

Aurora B, we performed immunofluorescence imaging on HeLa cells to observe the effect of 

Aurora B or CHK1 inhibition on ATR localisation during cytokinesis. HeLa cells were 

treated with Aurora B or CHK1 inhibitors for 1hr, fixed with 4% PFA and stained with 

antibodies for ATR (Bethyl) and 𝛼-Tubulin (Sigma). 

 

We observed earlier that ATR is localised to the cytoplasmic canal in normally segregating 

cells. Following a short exposure to Aurora B or CHK1 inhibitors, ATR localisation to the 

cytoplasmic canal remained unaltered (Figure 2.8). This indicates ATR localisation curing 

cytokinesis is not dependent on Aurora B or CHK1 activity. In addition, ATR does not 

function downstream of Aurora B or CHK1 in this pathway. 
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Figure 2.8: ATR localisation to the cytoplasmic canal is not dependent on Aurora B or 

CHK1 activity 

(A) Microscopic images of HeLa cells following treatment with Aurora B and CHK1 inhibitors. Cells 

treated with 1𝜇M AurBi (AZD1152) or 10𝜇M CHK1i (MK8776) for 1hr. Cells were fixed with 4% 

PFA and stained with antibodies for 𝛼-Tubulin (Sigma) and ATR (Bethyl). DNA was visualised with 

DAPI staining. (B) Bar chart showing average intensity of ATR within the cytoplasmic canal. Data 

from three independent experiments and total number of cytokinetic cells analysed per experiment 

³25. Scale Bar, 10𝜇m. 
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2.5.9  CHK1 regulates the localisation of pAurora B Thr232 to the 
cytoplasmic canal independent of ATR 

 

Several pathways have been identified for Aurora B activation in mitosis, one of which 

involves the Checkpoint kinase 1 (CHK1). Aurora B is activated during mitosis through 

phosphorylation of its Thr232 and Ser331 residues. Phosphorylation of both residues are 

required for its role in the abscission checkpoint (Petsalaki et al. 2011; Steigemann et al. 

2009). In prometaphase, CHK1 regulates Aurora B autophosphorylation on the Thr232 

residue and subsequent activation of its kinase activity. The CHK1 mediated activation of 

Aurora B in prometaphase is dependent on the ATR kinase(Kabeche et al. 2017). The Thr232 

phosphorylated form of Aurora B persists from prometaphase until cytokinesis and 

interestingly the localisation of pAurora B to the cytoplasmic canal during cytokinesis is also 

regulated by CHK1 (Mackay and Ullman 2015).  

 

We were curious to see if the regulation of pAurora B by CHK1 in cytokinesis was 

dependent on ATR as it is in prometaphase. To do this, we performed immunofluorescence 

imaging on HeLa cells to observe pAurora B localisation to the midbody arms following a 

short exposure to ATR and CHK1 inhibitors. HeLa cells were treated with ATR and CHK1 

inhibitors for 45mins, fixed with 100% ice cold methanol and stained with antibodies for 

pAurora B Thr232 (Rockland) and 𝛼-Tubulin (Sigma). 

 

As expected, we observed pAurora B Thr232 was localised to the midbody arms in control 

cells during cytokinesis. Following incubation with CHK1i, pAurora B signal the 

cytoplasmic canal was barely detectable while treatment with ATRi produced no significant 

effect (Figure 2.9). These results suggest that CHK1 regulates pAurora B recruitment to the 

midbody arms independent of the ATR kinase. 
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Figure 2.9:  CHK1 regulates pAurora B localisation independent of ATR 

(A) Representative images of HeLa cells showing pAurora B Thr232 localisation to the midbody arms 

following a short exposure to 10𝜇M ATRi (VE-821) or 10𝜇M CHK1i (MK8776). Cells were fixed 

with 100% ice cold methanol and stained with antibodies for pAurora B Thr232 (Rockland) and 𝛼-

Tubulin (Sigma). DNA was visualised with DAPI staining. Localisation of pAurora B to the 

cytoplasmic canal was significantly reduced with CHK1i but not ATRi. (B) Bar chart shows average 

intensity of pAurora B at the cytoplasmic canal is reduced by CHK1 inhibition but not ATR. Data was 

obtained from three independent experiments and number of cytokinetic cells analysed per 

experiment ³30. ***P<0.001 (Mann-Whitney U-test). Scale bar, 20𝜇m. 
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2.6 Supplementary data 
 

2.6.1 ATR is also localised to the midbody arms in hTERT-RPE1 and 
U2OS cells 

 

We have shown ATR is localised to the midbody arms in HeLa cells. To show that this 

observation is not cell specific, we performed immunofluorescence imaging with hTERT-

RPE1 and U2OS cells and observed ATR localisation during cytokinesis. RPE1 and U2OS 

cells were fixed with 4% PFA and stained with antibodies for ATR (Bethyl) and 𝛼-Tubulin 

(Sigma). 

Similar to our observations in HeLa cells, ATR was the localised to the cytoplasmic canal 

during cytokinesis in in both hTER-RPE1 (Figure 2.10A) and U2OS cells (Figure 2.10B). 

 

 

Figure S2.10: ATR localisation during mitosis in hTERT-RPEI cells 

Microscopic images of hTERT-RPE1 cells (A) and U20S cells (B) showing ATR localisation during 

mitosis. Cells were fixed with 4% PFA and stained with antibodies for ATR (Bethyl) and 𝛼-Tubulin 

(Sigma). DNA was visualised with DAPI staining. ATR is localised to the spindle poles during 

metaphase and anaphase. In cytokinesis, ATR is localised to either side of the midbody arms. Images 

are representative of ≥90% of cells in cytokinesis. Total number of cells in cytokinesis per 

experiment = >20. Scale bar, 10𝜇m. 
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2.6.2 Validation of ATR antibody for immunofluorescence 
 

To validate all our data showing ATR localisation during cytokinesis, it was important to 

confirm the specificity of the ATR antibody. To do this, we performed immunofluorescence 

on HeLa cells following ATR siRNA knockdown and observed for loss of ATR signal. 

Secondly, we reproduced the osmotic stress assay which show ATR localisation to the 

nuclear envelope following osmotic stress (Kumar et al. 2014). 

Figure 2.11 (ATR polyclonal – Bethyl) and 2.12 (ATR monoclonal – Santa Cruz) show that 

the ATR signal observed using both ATR antibodies were undetectable upon ATR depletion. 

In the osmotic stress assay, ATR is colocalised with the Nucleoporin153 following 

incubation with 500mM Sorbitol (Figure S2.13). Together these data confirm the specificity 

of ATR antibody for immunofluorescence staining.  

 

 
 
Figure S2.11:  ATR signal is undetectable upon siRNA knockdown 

(A) Representative images of HeLa cells showing ATR localisation in interphase cells following ATR 

depletion by siRNA. HeLa cells were treated with 40nM siRNA for 48hrs, fixed with 4% PFA and 

stained with antibodies for ATR (Bethyl) and 𝛼-Tubulin (Sigma). DNA was visualised with DAPI 

staining. Images are representative of ≥80% of cells. Total number of cells = 35. Scale bar, 20𝜇m (B) 

Western blot confirms ATR depletion by siRNA 
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Figure S2.12:  ATR signal is undetectable upon siRNA knockdown 

(A) Representative images of HeLa cells showing ATR localisation following depletion by siRNA. 

HeLa cells were treated with 40nM siRNA for 48hrs, fixed with 100% ice cold methanol and stained 

with antibodies for ATR (Santa Cruz) and 𝛼-Tubulin (Abcam). DNA was visualised with DAPI 

staining. Images are representative of ≥80% of cells. Total number of cells = 52. Scale bar, 20𝜇m (B) 

Western blot confirms ATR depletion by siRNA. 
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Figure S2.13:  ATR is localised to the nuclear envelope in response to osmotic stress 

(A) Microscopic images of HeLa cells showing ATR localisation to the nuclear envelope following 

incubation with 500mM Sorbitol to induce osmotic stress. Cells were fixed with 4% PFA and stained 

for NUP153 (BioLegend) and ATR (Bethyl). DNA was visualised with DAPI staining. As expected, 

ATR is localised within the nucleus in control cells and to the nuclear envelope upon osmotic stress. 

Images are representative of ≥90% of all interphase cells. Total number of cells = 30. Scale bar, 

10𝜇m.  

 

2.6.3 Validation of the ATR inhibitor  
 

Our data show that treatment with the ATR inhibitor, VE-821 results in loss of ATR 

recruitment to the cytoplasmic canal and a significant reduction in abscission timing. To 

validate these observations and confirm specificity of the ATR inhibitor used, we performed 

a replication stress assay to detect the ATR dependent phosphorylation of CHK1. To do this, 

we treated HeLa cells with ATRi (VE-821) for 1hr followed by 4mM hydroxyurea (HU) for 

an additional 2hrs. 

 

An increase in CHK1 phosphorylation at Ser345 was observed in the HU treated cells. As 

expected, treatment with ATRi reduced CHK1 phosphorylation at Ser345 (Figure S2.14) 

Results confirm specificity of the ATR inhibitor used in this study. 
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Figure S2.14: CHK1 phosphorylation after HU is reduced with ATR inhibition 

Western blots analysis of HeLa cell lysates showing CHK1 phosphorylation at S345 upon treatment 

with the replication stress inducing reagent, Hydroxyurea (HU). Cells were treated with 10𝜇M ATRi 

(VE-821) for 1hr prior to treatment with 4mM HU for 2hrs. Treatment with the ATR inhibitor results 

in reduced CHK1 phosphorylation on Ser245 following replication stress.  
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2.7 Discussion 
 

The successful completion of mitosis is critical for cell survival. Cells undergoing open 

mitosis means their chromosome integrity is potentially under threat, especially during 

segregation. Cytokinesis is co-ordinated with chromosome segregation and nuclear envelope 

reassembly. This is essential to prevent premature abscission in cells with DNA bridges 

arising from incomplete segregation (Gordon et al. 2012). To overcome the threat posed by 

DNA bridges, cells have developed a well-regulated pathway for detecting the presence of 

these DNA structures and enforce a delay in abscission. This mechanism is called the 

abscission checkpoint in human cells (Steigemann et al. 2009). In addition to DNA bridges, 

several factors such as nuclear pore complex defects, elevated levels of DNA lesions from 

replication stress and intercellular bridge tension can disrupt the completion of mitosis and 

subsequently activate the abscission checkpoint (Nähse et al. 2017). 

 

ATR is an essential kinase previously known to regulate S phase progression and cellular 

responses to DNA damage and replication stress. However, recent studies have shown that it 

plays a very significant role in early mitosis (Kabeche et al. 2017). ATR is recruited to the 

centromeres in prometaphase through an Aurora A dependent association with the 

centromeric protein, CENP-F. At the centromere, ATR binds RPA-coated centromeric R-

loops and upon activation, phosphorylates its downstream effector kinase, CHK1. CHK1 

regulates Aurora B autophosphorylation at Thr232 which is required for efficient 

chromosome segregation (Kabeche et al. 2017).   

ATR is known to be active in late mitosis where it regulates abscission timing in cells with 

elevated levels of replication stress (Mackay and Ullman 2015). The exact mechanism for 

this ATR dependent delay in abscission has not been fully explored. However, it has been 

proposed that the presence of phosphorylated forms of CHK1 known to be ATR targets in 

mitosis enriched cells might indicate a link between ATR and CHK1 in the regulation of 

cytokinesis. Prior to this reported role for ATR, Eykelenboom et al. (2013) reported an 

increase in the formation of binuclear cells upon the loss of ATR in DT40 cells. This 

observation was of particular interest because it not only implicated ATR in abscission 

failure, but it showed for the first time, that ATR could be involved ATR regulating 

biological processes outside of S phase and DNA damage. Based on these observations, we 

set out to further investigate the role of ATR in the abscission checkpoint.  
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 Live cell imaging of asynchronous HeLa cells allowed us to monitor cytokinesis progression 

under normal conditions and after inhibition of ATR activity. For clarity, we measured 

cytokinesis timing as time taken from the first frame in which the cells are in anaphase until 

the frame where the microtubule along the cytoplasmic canal is no longer visible. Figure 2.1 

show representative images of cytokinesis progression in HeLa cells. We observed that upon 

ATR inhibition, cytokinesis timing was significantly reduced from a mean time of 110 mins 

in control cells to 85 mins in ATRi treated cells. This observation was interestingly similar to 

our fixed cells data which show a reduction in percentage of cytokinetic cells upon the loss of 

ATR (Figure 2.2). Using siRNA silencing of the ATR gene and pharmacological inhibition of 

the ATR kinase activity, we were able to show a reduction in the frequency of cells in 

cytokinesis. Pharmacological inhibition is an acute method of interfering with ATR kinase 

activity and a 2hrs treatment permitted us to analyse cells already in mitosis. The ATR 

inhibitor used in this project (VE-821), is a competitive inhibitor for ATP binding thereby 

interfering with the ability of ATR to phosphorylate its targets. Using both siRNA depletion 

and pharmacological inhibition, we observed similar phenotypes with regards to rate of 

cytokinesis completion. This indicates that ATR kinase activity is exclusively required for its 

role in the abscission checkpoint. Similar to observations in DT40 cells, we were able to 

confirm that the loss of ATR activity in HeLa cells results in an increase in binucleated cells 

(Figure 2.3). Taken together, these data echoes those observed with the loss of Aurora B and 

CHK1 and supports our hypothesis that ATR is a negative regulator of abscission.  

 

To further confirm this conclusion, we investigated the effect of loss of ATR activity on 

activation of the abscission checkpoint. The abscission checkpoint was activated with 

depletion of Nucleoporin153 (NUP153). Depletion of NUP153, a major component of the 

nuclear pore basket, disrupts the overall integrity of the nuclear pore and also prolonged 

Aurora B activity. Accumulation of HeLa cells in cytokinesis observed with NUP153 

depletion was prevented by ATR inhibition (Figure 2.4). This confirms that ATR inhibition 

promotes abscission and is required for the abscission checkpoint. Overall our data endorses 

previously reported phenotypes associated with the loss of ATR and provides further insights 

into the role of ATR in cytokinesis. 

ATR is known to regulate abscission timing specifically in cells with elevated levels of 

replication stress when compared to CHK1 which prolongs cytokinesis in all cytokinetic cells  

(Mackay and Ullman 2015).  This presents an interesting scenario in which CHK1 functions 
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in the abscission checkpoint through unknown pathways independent of ATR. The question 

of whether or not ATR delays abscission specifically in cells with DNA bridges is of 

immediate interest to us. This would confirm the published report that ATR functions only in 

cells with elevated levels of DNA lesions and improve our understanding of ATR function in 

the abscission checkpoint. It would also provide insights into a potential role for ATR as a 

sensor of DNA lesions or bridges during cytokinesis. It is also possible that the loss of ATR 

activity could induce segregation errors which could trigger the abscission checkpoint. This 

scenario can be avoided with the use of short term inhibitor treatments (45mins to 1hr) to 

analyse the effect of ATR on cells already in cytokinesis.  

 

So far, we have shown that ATR is an important regulator of cytokinesis and to the best of 

our knowledge, there has been no reports showing ATR localisation curing cytokinesis. In 

cytokinesis, the cytoplasmic canal is clearly distinguishable by the dense microtubules signal 

along the canal. As shown in Figure 2.5, we observed that ATR is localised to the 

cytoplasmic canal in early cytokinesis and forms a unique pattern on either side of the 

midbody region in late cytokinesis. In early cytokinesis, there appears to be no overlap 

between ATR and Aurora B. However, in late cytokinesis, we observed some overlap 

between ATR and Aurora B (Figure 2.6). The ATR signal along the cytoplasmic canal in late 

cytokinesis also appears diminished when compared to early cytokinesis. This suggests much 

of the ATR is sequestered away from the canal as cells progress through cytokinesis. Our 

observations were further validated using two different ATR antibodies which both show that 

ATR is localised to the cytoplasmic canal during cytokinesis. Overall, we observed that 

although ATR and Aurora B both regulate abscission timing, they form quite distinct 

localisation patterns during cytokinesis. 

 

Our data so far shows that ATR is localised to the cytoplasmic canal during cytokinesis 

where it regulates abscission timing. We were interested in understanding how ATR 

recruitment to the cytoplasmic canal is regulated. ATR activation during DNA damage is 

observed with autophosphorylation at Thr1989 (Liu et al. 2011). It has also been reported that 

pATR Thr1989 is active at centromeres in prometaphase (Kabeche et al. 2017). This then 

raises the question of whether this phosphorylated form of ATR is localised to the midbody 

and active in the abscission checkpoint. Since we now know that ATR kinase activity is 

required for its role in regulating abscission timing, we decided to investigate if ATR 
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localisation the cytoplasmic canal is also dependent on its kinase activity. Figure 2.7 show 

that ATR signal at the midbody was abolished upon inhibition of its kinase activity. It was 

interesting to note that the nuclear localisation of ATR was unaffected by ATR inhibition. 

Results confirms that ATR kinase activity regulates its localisation to the cytoplasmic canal. 

The next logical step will be to examine the localisation of pATR Thr1989 in cytokinetic 

cells. 

 

Aurora B and CHK1 are essential regulators of abscission timing and are both believed to 

function downstream of ATR in the abscission checkpoint pathway (Mackay and Ullman, 

2015). Our observation that ATR kinase activity is required for its localisation and function 

in the abscission checkpoint and CHK1 being an ATR substrate adds credibility to the 

opinion that CHK1 does indeed function downstream of ATR. It was important to rule out 

any possibility that ATR functions downstream of CHK1. A relatively recent proteomic 

screen identified ATR as an Aurora B substrate in mitosis enriched cells (Kettenbach et al. 

2011). Based on this, there is a possibility that ATR activity is regulated by Aurora B during 

mitosis. Examination of ATR localisation during cytokinesis following short term treatment 

with Aurora B and CHK1 inhibitors show that ATR is localised to the cytoplasmic canal 

independent of Aurora B and CHK1 activity (Figure 2.8). This observation confirms that 

ATR functions in the abscission checkpoint upstream of CHK1 and Aurora B or in a separate 

pathway independent of CHK1 or Aurora B. 

 

Aurora B autophosphorylation at Thr232 in prometaphase is regulated by ATR and CHK1 

activity at the centromere (Kabeche et al. 2017). pAurora B T232 is also known to be 

required for its role in the abscission checkpoint (Steigemann et al. 2009). This was of 

particular interest to us because similar to prometaphase, CHK1 also regulates pAurora B 

levels in cytokinesis. CHK1 inhibition results in reduced pAurora B T232 recruitment to the 

cytoplasmic canal (Mackay and Ullman, 2015). We wondered if similar to prometaphase, the 

CHK1 dependent regulation of pAurora B during cytokinesis required ATR. Analysis of 

pT232 localisation to cytoplasmic canal in cytokinetic cells show no effect upon ATR 

inhibition compared to CHK1 inhibition which caused a significant reduction in pAurora B 

T232 levels (Figure 2.9). This data indicates that CHK1 regulates pAurora B T232 in the 

abscission checkpoint independent of ATR. This is different from prometaphase where 

CHK1 activity is ATR dependent. More importantly, it suggests that ATR might function in 
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the abscission checkpoint independent of CHK1 and an alternative pathway for CHK1 

activation in cytokinesis exists. 

 

To validate the ATR antibody used in this study, HeLa cells were incubated with ATR 

siRNA and subjected to immunofluorescence and western blot analysis. As seen in Figure 

2.11 and 2.12, the signal observed using both ATR antibodies were almost completely 

abolished upon ATR depletion by siRNA. Western blots confirm efficiency of ATR 

knockdown. Finally, we further validated the antibody used in this study by showing ATR 

localisation to the nuclear envelope upon osmotic stress. Figure S2.13 show ATR 

colocalisation with NUP153 at the nuclear envelope after a 30mins incubation in 500mM 

Sorbitol. ATR is known to activate a checkpoint at the nuclear envelope to mediate cellular 

response to osmotic stress (Kumar et al. 2014). 

Supplemental data (2.14) shows a representative western blot which validates the ATR 

inhibitor used in this study. Replication stress induced upon treatment with 4mM 

Hydroxyurea for 2 hrs produced an increase in CHK1 phosphorylation at Ser345. Treatment 

with the ATR inhibitor, VE-821 prior to inducing replication stress resulted in diminished 

CHK1 phosphorylation.  
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3 ATR interacts with CHMP4B and negatively 

regulates its recruitment to the midbody 
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3.1 Summary 
 

CHMP4B is a member of the ESCRT III complex known to regulate the final stage of 

cytokinesis. CHMP4B begins the process of abscission by initiating polymerisation of 

the ESCRT III complex at the primary abscission site. Membrane scission is achieved 

with hydrolysis catalysed the ESCRT III-related protein, VPS4. 

ATR is an essential kinase required for unperturbed S phase, replication stress 

response and the DNA damage response (DDR). In addition to these roles, we have 

evidence that suggest ATR also plays an important role in regulating the completion 

of cytokinesis. 

 

 

 

 

 

 

3.2 Highlights 
 

• ATR interacts with CHMP4B in cytokinesis enriched cells 

• ATR kinase activity is not required for interaction with CHMP4B 

• ATR is a negative regulator of CHMP4B recruitment to the cytoplasmic canal 

during cytokinesis 
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3.3 Introduction 
 

Abscission, which is the final process of cell division is dependent on the action of the 

ESCRT III complex at the membrane in late cytokinesis. The ESCRT III complex is 

comprised of 12 evolutionarily conserved homologs known to regulate membrane 

scission events within the cell. The eight subfamilies expressed in human cells are 

structurally similar and exist as monomers within the cell until recruitment to their 

sites of action (Bajorek et al. 2009). They are recruited and activated at their sites of 

action with their N-terminal core bared for interaction. Upon activation, ESCRT III 

subunits polymerise to alter membrane integrity and induce abscission (Bajorek et al. 

2009) (Williams and Urbé 2007). ESCRT III dissociation from the membrane is 

facilitated by the AAA ATPase, VPS4. In other words, VPS4 is essential for the final 

severing of the membrane during abscission.  

CHMP4B plays a prominent role in the regulation of abscission. CHMP4B is 

localised to the cytoplasmic canal in late cytokinesis in a CEP55 dependent manner. 

CEP55 is among the earliest recruited proteins to the cytoplasmic canal during 

cytokinesis. CEP55 then mediates the recruitment of the ESCRT III subunits in 

association with TSG101 and ALIX (Christ et al. 2016) (Morita et al. 2007). ESCRT 

III subunits as shown with CHMP4B polymerise at the abscission zone to initiate 

membrane constriction and undergo abscission (Elia et al. 2011).  

 

The abscission checkpoint is primarily required for abscission delay. Therefore, the 

ESCRT III subunits are targets of the abscission checkpoint machinery. Unlike other 

ESCRT III subunits, CHMP4C functions in the abscission checkpoint as a negative 

regulator of cytokinetic abscission. To enforce the abscission checkpoint, Aurora B 

phosphorylates CHMP4C at S210 (Carlton et al. 2012).   pCHMP4C S210 in turn 

associates with the Z-finger protein, ZFYVE19 (ANCHR) to form a complex which 

keeps VPS4 away from the abscission zone. The exclusion of VPS4 from the cut site 

prevents abscission. ULK3 phosphorylation of CHMP4C provides an alternative 

pathway for CHMP4C activation.  

 

In addition to its role in the regulation of S phase and the DNA damage response, 

ATR is localised to the cytoplasmic canal of cytokinetic cells. At the cytoplasmic 
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canal, through a yet to be described pathway, ATR negatively regulates abscission 

timing. CHK1 activation and regulation of Aurora B during the abscission checkpoint 

is independent of ATR. Therefore, there exists a possibility that ATR regulates 

abscission timing through a separate pathway. To further investigate the mechanism 

for ATR activity in the abscission checkpoint, we identified an ATR interacting 

partner known to function in the regulation of abscission.  

 

Using quantitative SILAC proteomic analysis, we identified Chmp4b as a novel Atr 

interacting partner in Chicken DT40 cells. We were able to confirm this interaction is 

conserved in HeLa cells. We also show that the ATR-CHMP4B interaction was 

enhanced in nocodazole arrested and cytokinesis enriched cells. Analysis of CHMP4B 

localisation to the cytoplasmic canal upon the loss of ATR showed that the intensity 

of CHMP4B was increased. Together this suggests a role for ATR in negatively 

regulating the recruitment of CHMP4B to the cytoplasmic canal in order to delay 

abscission. To the best of our knowledge, there is no reported evidence of an ATR-

CHMP4B pathway in the regulation of abscission. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  Chapter 3 

 80 

   

3.4 Materials and Methods 
 

3.4.1 Cell culture 
 
HeLa cells obtained from ECACC were grown in DMEM (Lonza or Sigma Aldrich) 

supplemented with 10% FBS (Gibco or Sigma) and 1% penicillin/streptomycin 

mixture (Sigma Aldrich). Cells were cultured in a 370C humidified incubator supplied 

with 5% CO2.  

 

3.4.2 Plasmid DNA transfection 
 
HeLa cells were grown in 60mm dishes containing sterile coverslips until 70-90% 

confluency. Cells were then transfected with 1𝜇g of plasmid DNA mixed with 3ul 

lipofectamine 2000 reagent (Life Technologies) and 1mL OptiMEM. 2mL DMEM 

(without penicillin/streptomycin and FBS) was added to cells along with the 

transfection mixture. After 5hrs, transfection mixture was replaced with DMEM 

(Lonza or Sigma Aldrich) supplemented with 10% FBS (Gibco or FBS) and 1% 

penicillin/streptomycin (Sigma Aldrich). 

  

3.4.3 siRNA transfection 
 

HeLa cells were seeded at 4 x 105 and grown on sterile coverslips in 60mm dishes. 

Cells were transfected with 40nM non-targeting control (Ambion) or targeting siRNA 

(Dharmacon) in 356𝜇L OptiMEM (Invitrogen) mixed with 12𝜇L oligofectamine 

(Invitrogen) in 28𝜇L OptiMEM (Invitrogen). 3 hrs post transfection. 1mL DMEM 

supplemented with 30% FBS and 4mM L-glutamine was added to cells. 24hrs post 

transfection, 2mL DMEM (Lonza or Sigma Aldrich) supplemented with 10% FBS 

and 1% penicillin/streptomycin was added to cells. 48hrs post transfection, coverslips 

were harvested and stained with relevant antibodies and the remaining cells were 

harvested for western blotting. 
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3.4.4 Immunofluorescence 
 

HeLa cells were grown on sterile coverslips in 6 well dishes containing DMEM 

(Lonza or Sigma Aldrich) supplemented with 10% FBS (Gibco or Sigma Aldrich) and 

1% penicillin/streptomycin (Sigma Aldrich). For CHMP4B staining, cells were fixed 

with 4% PFA diluted in cytoskeletal (CSK) buffer (100mM NaCl, 300mM Sucrose, 

10mM PIPES (pH 6.8), 3mM MgCl2 0.2% Triton) incubated in primary antibody for 

16hrs at 40C. For all other staining, cells were fixed with 4% PFA or ice cold 100% 

methanol for 20mins at -200C or 4% PFA for 10mins and permeabilised with 0.125% 

Triton X-100 for 2mins. Cells were incubated in blocking solution (1% BSA in PBS) 

for 30mins at room temperature followed by incubation in primary antibody diluted in 

blocking solution for 1hr at room temperature. After a 3x wash with 1x PBS, cells 

were incubated in secondary antibody diluted in blocking solution for 45mins at room 

temperature. Cells were washed 3 times and coverslips mounted on microscope slides 

with vectashield containing 1mg/mL DAPI. Images were acquired on the DeltaVision 

microscope system using SoftWorx software (Applied Precision). Z-stacks of 0.25𝜇m 

was obtained and deconvolved on the Huygens software. Images were analysed using 

the ImageJ FIJI software. 

 

3.4.5 Cytokinesis enrichment using nocodazole 
 

HeLa cells were seeded in 10cm dishes and cultured until 90% confluent. Cells were 

then grown in DMEM media containing different concentrations of nocodazole for 

16hrs. Nocodazole arrested cells were harvested by mitotic shake-off and washed 4 

times with 1x PBS (prewarmed at 370C). Cells were then released into fresh DMEM 

media and harvested after 2hrs for western blot and immunofluorescence. 

 

3.4.6 Immunoprecipitation 
 

HeLa cells were grown until 80-90% confluency and harvested. Cell pellets were 

washed twice with sterile 1x PBS and then lysed with lysis buffer (10% glycerol, 

0.5% NP-40, 50mM Tris-HCl pH 7.5, 1x protease/phosphatase inhibitors, 150mM 

NaCl) containing 1:1000 Benzonase nuclease dilution (Sigma Aldrich) for 1hr at 40C 

on a rotating wheel. Cell debris were pelleted with centrifugation at 14,000rpm for 
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15mins at 40C. Protein concentration was determined using Bradford reagent (Sigma 

Aldrich). 5mg of protein lysate was incubated with 5𝜇g antibody in a low adhesion 

tube for 80mins on a rotating wheel at 40C. Protein G sepharose beads (GE 

Healthcare) or protein G magnetic agarose beads (Invitrogen) were washed 3 times 

with lysis buffer and then 30𝜇L was transferred into each immunoprecipitation tube 

containing the lysate and antibody. Tubes were incubated for a second time at 40C on 

a rotating wheel. After 80mins, beads were washed 3 times with lysis buffer and 

resuspended in 30𝜇L 1x Laemmli buffer containing 15% ß-mercaptoethanol. Beads 

were boiled at 950C for 5mins and centrifuged at 14,000rpm for 2min. Supernatant 

was loaded onto a 6-12% gradient gel for electrophoresis and western blot. 

 

3.4.7 SDS PAGE and western blot 
 

Following separation on a polyacrylamide gel, samples were transferred onto a 

nitrocellulose membrane using a wet transfer method (at constant current, 0.35 mA) 

for 90mins at 40C. Membrane was blocked with 5% milk in PBST (0.1% Tween20) 

for 30mins at room temperature and incubated with relevant primary antibody (diluted 

in 5% milk or 5% BSA) overnight at 40C. Next day, membrane was washed 3x 

washes with PBST followed by incubation in secondary antibody diluted in 5% milk 

for 1hr at room temperature.  
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3.5 Results 

3.5.1 Identification of Chmp4b as a novel Atr interacting partner in 
Chicken DT40 cells 

 

We have been studying the role of the Atr kinase in several biological processes. To 

gain more insight into Atr function, we set out to identify novel Atr interactors by 

mass spectrometry. To do this, we purified Atr from chicken DT40 cells stably 

expressing HFSC-Atr (HA, FLAG, STREP-TAG and Calmodulin binding protein, 

CBP). Stable DT40 clones were obtained by randomly integrating the HFSC-Atr into 

DT40 cells. Cells were grown in SILAC medium and Atr purified from control and 

UV (2 J/m2 or 10 J/m2) or IR (10Gy) treated cells. Atr purification was achieved using 

a streptavidin column and novel Atr interactors were identified using SILAC 

quantitative proteomic analysis. SILAC scores represents relative peptide enrichment 

compared to control. 

 

Two independent SILAC experiments identified Chmp4b as a novel Atr interactor in 

Chicken DT40 cells. Table 3.3 and 3.4 show SILAC scores from each proteomic 

screen and Chmp4b as an Atr interacting partner. Chmp4b was especially interesting 

to us because it not only had a relatively high score compared to other known Atr 

interactors, but it also provides, for the first time a potential pathway by which Atr is 

able to regulate abscission. Interestingly, our first SILAC analysis show that Atr 

interaction with Chmp4b was abolished after UV treatment. CHMP4B along with 

other ESCRT III subunits are known to be positive regulators of abscission in human 

cells.  
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Protein ID Protein name Untreated +UV Reference 

IPI10000099 ATR 32.743 34.518  

IPI00586576 LEO1 0 1.918 Poli et al. (2016) 

IPI00604115 MCM3 1.229 0.957 Cortez et al. (2004) 

IPI00582041 CHMP4B 1.774 0  

Table 3.1: First SILAC proteomic analysis for ATR interacting partners  

A table showing SILAC analysis for identification of ATR interacting partners purified from 

HFSC-tagged chicken DT40 cells. Cells were grown in SILAC media with heavy, medium or 

light isotope. Control and cells treated with UV (2 J/m2 for 1hr) were harvested. Relative 

abundance indicates fold-enrichment of identified peptides compared to negative (untagged) 

control.  

 

 

Accession Protein name Untreated +UV +IR Reference 

971409945 ATR 18.013 23.267 0  

513201377 LEO1 1.464 1.048 1.681 Poli et al. (2016) 

371877365 ATRIP 17.060 21.246 0 Cortez et al. (2001) 

57529355 CHMP4B 1.413 1.033 0  

Table 3.2: Second SILAC proteomic analysis for ATR interacting partners  

Table showing a second SILAC analysis for identification of ATR interacting partners. Cells 

were grown in SILAC media with heavy, medium or light isotope. 1hr prior to harvesting, 

cells were treated with either IR (10Gy) or UV (10 J/m2).  
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3.5.2 Enrichment of HeLa cells in cytokinesis 

ATR has been implicated in the regulation of chromosome segregation in 

prometaphase, therefore enrichment of cells in cytokinesis will allow us to study the 

significance of ATR interaction with CHMP4B specifically during cytokinesis. To do 

this we optimised a nocodazole arrest and release synchronisation protocol. HeLa 

cells were treated with three different doses of nocodazole (12.5, 25 and 50ng/mL) for 

16hrs. Cells were then washed with 1x PBS before being released into fresh media for 

2hrs before harvesting for western blot and immunofluorescence analysis. Cells were 

harvested by mitotic shake-off. For immunofluorescence imaging, cells were fixed 

and stained with antibodies for 𝛼-Tubulin (Sigma) and MKLP1 (Santa Cruz). 

 

Western blot analysis in Figure 3.1 shows a decrease in pH3S10 levels after 2hr 

release from nocodazole arrest for all three doses. 12.5ng/mL which was the lowest 

dose, showed the biggest decrease of pH3S10 levels. pH3S10 levels alone is not an 

ideal indicator for determining the frequency of cytokinetic cells in a population, 

therefore immunofluorescence imaging was used to quantify the number of cells in 

cytokinesis after release. Cytokinesis profile in Figure 3.1 show an increase in the 

number of cell in cytokinesis after release. Number of cells in cytokinesis increased 

from 5% in a typical asynchronous population to 76% after a 2hr release from 

25ng/mL nocodazole arrest. This was a significant increase and is much higher than 

the 43% observed with lowest dose, 12.5ng/mL and 60% observed with the highest 

dose, 50ng/mL. 
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Figure 3.1: Cytokinetic cells are enriched 2hrs after release from nocodazole 

arrest 

(A) Timeline for nocodazole arrest and release protocol. (B) Representative images showing 

HeLa cells treated with 25ng/mL nocodazole for 16hrs and released into fresh media for 2hrs. 

(C) Quantification showing percentage of cells in cytokinesis after a 2hr release. Data was 

obtained from four independent experiments and number of cytokinetic cells analysed per 

experiment ³35. ***P<0.001 (Student’s t-test). Scale bar, 20𝜇m. (D) Western blot analysis 

for nocodazole arrest and release showing accumulation of the mitotic marker, pH3S10. 
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3.5.3 ATR interacts with CHMP4B during cytokinesis 

CHMP4B is an essential component of the abscission machinery. The identification 

of CHMP4B as an ATR interacting partner in DT40 cells was significant, not only 

because the SILAC score was high indicating a strong interaction but provided a 

possible mechanism for an ATR-mediated regulation of abscission. Our data show 

that ATR is a negative regulator of abscission, therefore we hypothesised that ATR 

delayed abscission in human cells via interaction with CHMP4B. Our SILAC 

experiments were done using Atr purified from DT40 cells and so we set out to first 

confirm that ATR interacts with CHMP4B in human cells.  

ATR is required for unperturbed chromosome segregation in early mitosis (Kabeche 

et al. 2017). Therefore, we employed our optimised protocol for cytokinesis 

enrichment to allow us probe for the ATR-CHMP4B interaction in cytokinesis 

enriched cells.  

 

To see if ATR interacts with CHMP4B during cytokinesis, we enriched for cells in 

cytokinesis and performed ATR immunoprecipitation from HeLa cell extracts. 

Asynchronous HeLa cells were treated with 25ng/mL nocodazole for 16hrs, washed 

and then released into fresh media for 2hrs before harvesting for 

immunoprecipitation. Aurora B is not only required for the phosphorylation of 

Histone3 (H3) at Ser10 during mitosis, it is  essential for prolonged cytokinesis 

(Steigemann et al. 2009). Therefore, Aurora B inhibition in cells enriched in 

cytokinesis radically accelerates abscission and significantly reduces the number of 

cells in cytokinesis. IgG control immunoprecipitation were from the 2hrs release 

fraction. 1𝜇M of the Aurora B inhibitor was added to the 2hr release fraction 1hr 

before harvesting.  Cell pellets were harvested after indicated times and subjected to 

co-immunoprecipitation protocol. All immunoprecipitation experiments were carried 

out using the lysis buffer described on page 86. 

 

Using two different ATR antibodies, a mouse monoclonal antibody (Santa Cruz) and 

a goat polyclonal antibody (Santa Cruz), we were able to show that ATR interacts 

with endogenous CHMP4B in both the nocodazole arrested and cytokinesis enriched 

fractions (Figure 3.2 and 3.3). As expected, ATR interaction with CHMP4B was 

reduced in the AurBi fraction. The ATR-interacting protein (ATRIP) was also co-
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immunoprecipitated with ATR in all fractions unlike CHK1 which was undetectable 

in any of the fractions. 

 

 

 
Figure 3.2: ATR interacts with endogenous CHMP4B in cytokinesis enriched 

cells 

(A) ATR immunoprecipitation from HeLa cells after a nocodazole arrest and release protocol. 

0.4ug of the ATR antibody (Santa Cruz) was incubated with 400ug lysate from each fraction. 

Goat IgG (Santa Cruz) was used as negative control and protein complexes captured with 

protein G sepharose beads (GE Healthcare). Endogenous CHMP4B co-immunoprecipitated 

with ATR in both nocodazole arrested and release fractions. Interaction was reduced after a 

1hr treatment with an Aurora B inhibitor (AZD1152) (B) Western blot confirms nocodazole 

arrest and release with the mitotic marker pH3S10. 
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Figure 3.3: ATR interacts with endogenous CHMP4B during mitosis 

ATR immunoprecipitation from HeLa cells enriched in cytokinesis (same cell lysates as the 

Figure 3.2) using a mouse monoclonal antibody against ATR (Santa Cruz). 5ug of the ATR 

antibody was incubated with 1.5mg cell lysate. Mouse IgG was used as negative control and 

protein complexes captured with protein G L-agarose beads (Santa Cruz). Endogenous 

CHMP4B co-immunoprecipitated with ATR in both the nocodazole and cytokinesis enriched 

fractions. 
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Results from Figure 3.3 indicates ATR interacts with CHMP4B in cytokinesis 

enriched cells. To further validate results, we performed a reciprocal 

immunoprecipitation. CHMP4B immunoprecipitation was performed using a 

polyclonal CHMP4B antibody (Santa Cruz) and rabbit IgG as a negative control.  

 

 

 

Figure 3.4: CHMP4B interacts with endogenous ATR during mitosis 

(A) CHMP4B immunoprecipitation from asynchronous HeLa cells and cells enriched in 

cytokinesis. 2ug of the CHMP4B was incubated with 2mg of HeLa cell lysate. CHMP4B and 

its interacting partners were captured with protein G magnetic agarose beads (Invitrogen). 

Endogenous ATR co-immunoprecipitated with CHMP4B (B) Western blot confirms 

nocodazole arrest and release with the mitotic marker pH3S10. 
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3.5.4 Inhibition of ATR kinase activity does not obstruct interaction 

with CHMP4B 

 

ATR kinase activity is required for its localisation to the cytoplasmic canal as well its 

ability to regulate abscission timing. CHMP4B has no SQ/TQ residues for ATR 

phosphorylation. However, ATR is known to phosphorylate non SQ/TQ residues in 

rare occasions and so we were curious see if inhibition of ATR kinase activity is 

required for its interaction with CHMP4B in cytokinesis enriched cells. To investigate 

the effect of ATR kinase activity on its interaction with CHMP4B during cytokinesis, 

we performed immunoprecipitation on synchronised HeLa cells enriched in 

cytokinesis using the nocodazole arrest and release protocol from Figure 3.5.  

 

 

Figure 3.5: ATR interaction with CHMP4B is not dependent on its kinase 

activity 

Western blot analysis of CHMP4B immunoprecipitation from HeLa cells enriched in 

cytokinesis. 2ug of the CHMP4B antibody (Santa Cruz) was incubated with 2mg of each 

fraction. CHMP4B and its interacting partners were captured using protein G sepharose beads 

(GE Healthcare). Loss of ATR kinase activity does not prevent interaction with CHMP4B. 
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3.5.5 ATR depletion results in increased CHMP4B recruitment to 

the cytoplasmic canal 

 

ATR is a negative regulator of abscission and interacts with CHMP4B, a protein 

known to promote abscission by initiating ESCRT III polymerisation at the abscission 

zone. Based on this, we theorised that ATR delays abscission by negatively regulating 

CHMP4B localisation to the cytoplasmic canal. To test this theory, we analysed the 

effect of ATR depletion on CHMP4B localisation in cytokinetic cells. 

 

HeLa cells were transfected with 40nM siRNA targeting ATR. After 72hrs, cells were 

fixed with 4% PFA diluted in cytoskeletal (CSK) buffer and then stained with 

antibodies against CHMP4B and tubulin. Treatment with CSK buffer provided 

optimum conditions for the CHMP4B antibody visualisation. Prior to use, CHMP4B 

antibody specificity was confirmed with siRNA knockdown. 

 

CHMP4B is the most abundant and well-studied ESCRT III subunit. It is also the first 

protein localised to the abscission zone prior to abscission (Elia et al. 2012). During 

cytokinesis, a pool of CHMP4B appears on either side of the midbody region. As the 

microtubule diameter reduces, a second pool of CHMP4B appears at the primary 

constriction site. This is then followed by the sequential recruitment of other ESCRT 

III subunits to the abscission zone (Elia et al. 2012). We had difficulty observing 

CHMP4B as separate pools on either side of the midbody region during cytokinesis. 

This is due to the relatively low resolution of our DeltaVision microscope. We 

encountered the same problems when visualising our GFP-CHMP4B fusion protein at 

the cytoplasmic canal (Figure S3.1). Despite this limitation, we observed an overall 

increase in CHMP4B intensity at the cytoplasmic canal upon ATR depletion (Figure 

3.6). This suggest ATR negatively regulates CHMP4B recruitment to the cytoplasmic 

canal and supports our hypothesis that ATR delays abscission by regulating CHMP4B 

levels at the cytoplasmic canal prior to abscission. 
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Figure 3.6: CHMP4B recruitment to the cytoplasmic canal is increased upon 

ATR depletion 

(A) Representative images of Hela cells showing CHMP4B localisation to the cytoplasmic 

canal following ATR depletion by siRNA. Cells were treated with 40nM ATR siRNA for 

48hrs before CSK buffer treatment and fixation (4% PFA). Cells were then stained with 

antibodies for CHMP4B (Santa Cruz) and 𝛼-Tubulin (Sigma). Intensity of CHMP4B at the 

midbody is increased upon ATR depletion. DNA was visualised with DAPI staining. (B) Bar 

chart shows an increase in intensity of CHMP4B upon ATR depletion. Data was obtained 

from three independent experiments and number of cytokinetic cells analysed per experiment 

³30. ***P<0.01 (Mann-Whitney U-test). Scale bar, 10𝜇m (C) Western blot confirms ATR 

depletion by siRNA. 
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3.6 Discussion 

The abscission checkpoint is essential normal for cell division. This is because the 

detection of DNA bridges or other conditions known to affect abscission can have 

devastating effects on the cell integrity. The pathways which come together to ensure 

activation of a proficient abscission checkpoint is still being explored and with time 

our understanding of this process will become more advanced. Describing a pathway 

for ATR in the abscission checkpoint remains a fascinating area of study. So far, we 

have shown that ATR is a negative regulator of abscission and interestingly none of 

the abscission checkpoint pathways reported have targeted CHMP4B.  

For this study we focused on characterising a role for ATR in the abscission 

checkpoint as well as identifying potential targets. Using SILAC proteomic analysis, 

we identified CHMP4B as a novel ATR interacting partner. CHMP4B is particularly 

interesting because several reports have characterised its role in the abscission process 

in late cytokinesis. The ESCRT III subunits are recruited sequentially to the primary 

cut site to start their polymerisation process. CHMP4B forms a ring like structure on 

either side of the midbody and is recruited to narrow constriction zones that are 2µm 

apart (Elia et al. 2011).  Unlike other non ESCRT III proteins like CEP55 and 

TSG101, CHMP4B exhibits a unique kinetic profile in late cytokinesis.  

 

Our co-immunoprecipitation data confirm our SILAC analysis that ATR interacts 

CHMP4B. This was the first time CHMP4B was identified as an ATR interacting 

partner, therefore we were interested in exploring the biological relevance of this 

interaction especially as it relates to the abscission checkpoint. To do this we 

optimised the nocodazole arrest and release protocol to significantly increase the 

percentage of cytokinetic cells from 4-8% observed in a typical asynchronous HeLa 

cell population. We were able to increase the percentage of cell in cytokinesis from 

5% in asynchronous to 76% (Figure 3.1). This marked a 15-fold increase and allowed 

us to examine if ATR interacts with CHMP4B in cytokinesis. 
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Analysis of ATR immunoprecipitation from HeLa cells arrested in prometaphase with 

nocodazole and enriched in cytokinesis showed that ATR interacts with CHMP4B 

more prominently in both mitotic fractions when compared to asynchronous fraction 

(Figure 3.2 and 3.3). Interestingly, ATR interacts with CHMP4B more strongly in the 

nocodazole arrest fraction compared to the cytokinesis enriched fraction. This 

suggests ATR and CHMP4B could both be involved in a yet to be identified 

molecular mechanism in early mitosis. ATR is known to function in early mitosis and 

a role for CHMP4B in early mitosis has not been described. The increased ATR-

CHMP4B interaction upon nocodazole arrest could also be a consequence of 

microtubule depolymerisation brought about by the nocodazole treatment. To rule this 

out, an alternative method for synchronisation will have to be employed. ATR 

interaction with CHMP4B was observed in the cytokinesis enriched fraction although 

it was reduced when compared to the nocodazole arrest fraction. This suggest an 

ATR-CHMP4B mediated mechanism exists in cytokinesis and could justify a 

pathway for an ATR dependent regulation of CHMP4B in the delay of abscission. We 

were able to further validate our interaction assays using two independent ATR 

antibodies. The nocodazole arrest fraction contained ~100% arrested cells because 

only arrested cells were harvested by mitotic shake off following 16hrs incubation 

with nocodazole. On the other hand, the cytokinesis enriched faction has ~76% 

cytokinetic cells and this may account for the observed reduction between ATR and 

CHMP4B in the cytokinesis fraction. 

 

ATR kinase activity is required for abscission delay and its localisation to the 

cytoplasmic canal. Once again, we performed immunoprecipitation experiments to 

analyse the effect of the loss of ATR kinase activity on its interaction with CHMP4B 

during cytokinesis. We observed that loss of ATR kinase activity did not obstruct 

interaction with CHMP4B in cytokinesis enriched HeLa cells (Figure 3.5). This was 

not surprising because the CHMP4B protein does not contain any SQ/TQ sites which 

are the conserved motifs for ATR phosphorylation. Curiously, inhibition of ATR 

nearly abolished localisation of ATR to the cytoplasmic canal but did not abolish 

interaction with CHMP4B. This raises the question of whether ATR interacts with 

CHMP4B away from the cytoplasmic canal during cytokinesis considering they are 

both visualised within the nucleus. 
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CHMP4B localisation to the cytoplasmic canal during cytokinesis is dependent on the 

cooperation between ALIX and TSG101. We were curious to see the effect if any the 

loss of ATR had on CHMP4B recruitment to the cytoplasmic canal. To do this, we 

analysed CHMP4B localisation pattern at the cytoplasmic canal and observed for any 

defects. Figure 3.6 shows that the levels of CHMP4B at the cytoplasmic canal was 

significantly increased upon ATR depletion by siRNA. This suggests ATR is a 

negative regulator of CHMP4B recruitment to the cytoplasmic canal during 

cytokinesis. An increase in CHMP4B levels at the abscission zone corelates with 

abscission so therefore, it is possible to speculate that ATR delays abscission by 

preventing the accumulation of CHMP4B at the cytoplasmic canal.  

About 20mins prior to abscission, CHMP4B levels peak at one of the constriction 

zones with a corresponding reduction in microtubule diameter and severing of the 

membrane. This process is repeated on the 2nd constriction zone and confirms that 

abscission to be a two-step process carried out sequentially on both sides of the 

midbody (Elia et al. 2011). We are interested in exploring the possibility that ATR 

regulates CHMP4B recruitment to the abscission zone. For this, we would have to 

perform live cell imaging to observe CHMP4B kinetics immediately prior to 

abscission. 
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4 Conclusions and Future Perspectives 
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Conclusions and future perspectives 
The aim of this project was to describe a role for ATR in the abscission checkpoint. 

Originally described in yeast as the NoCut checkpoint (Norden et al. 2006), it has 

been further characterised in human cells as the abscission checkpoint (Steigmann et 

al. 2009). Recent studies have identified new players and provided further insights 

into the regulation of the abscission checkpoint. However, the exact mechanisms 

which modulate the activation of this checkpoint is still being explored. ATR is a 

relatively well characterised kinase and is known to activate a pathway for DNA 

damage repair. ATR activates the serine/threonine kinase, CHK1 though 

phosphorylation to trigger a cascade which culminates in DNA repair. It also 

regulates origin firing and S phase progression. Until recently, ATR was generally 

considered a DDR protein, but recent studies have shown that it has diverse roles 

outside of S phase. 

 

Aurora B kinase activates a delay in abscission in response to chromatin bridges. The 

mechanism for detecting the presence of chromatin bridges is still relatively 

unknown, although there is a suggestion that Aurora B is responsible for sensing 

DNA bridges. It would be interesting to investigate if the same mechanism for 

sensing ssDNA in the DDR is also employed in the abscission checkpoint. In the 

DDR, ATR binds RPA coated ssDNA, so it would be logical to observe for the 

localisation of phosphorylated RPA to the cytoplasmic canal and examine the effect 

of ATR on RPA phosphorylation during cytokinesis.  

 

Exploring a role for ATR outside of the DDR, we performed a proteomic screen to 

identify novel ATR interactors (unpublished data). Analysis of our proteomic screen 

revealed some interesting interacting partners for Atr particularly in the untreated 

cells. Chmp4b was identified as an Atr interacting partner but only in the untreated 

sample. We also confirmed ATR interacts with CHMP4B in HeLa cells. We were 

also able to show this interaction is present during cytokinesis. CHMP4B has been 

described as an ESCRT III subunit required for the initiation of abscission, we were 

intrigued by the possibility that ATR could be a regulator of abscission. Our first 

insight into a possible role for ATR outside of the DDR came in 2013 when a report 

showed that the loss of Atr in DT40 cells increased the number of binuclear cells. 
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This is an indication of failed cytokinesis and suggests a role for ATR in the 

regulation of cytokinesis. Based on these observations, we hypothesised that ATR 

protects genome integrity by regulating abscission timing in cells with DNA bridges. 

 

ATR inhibition significantly reduced abscission timing. This particular phenotype has 

been observed with proteins known to function as positive regulators of the abscission 

checkpoint. It has been reported that ATR delays abscission specifically in cells with 

elevated levels of unreplicated DNA (Mackay and Ullman, 2015), live cell imaging 

on cells stably expressing RFP-LAP2 and GFP-H2B would test hypothesis that ATR 

also delays abscission in response to DNA bridges. This would also add credibility to 

the suggestion that ATR might be involved in sensing DNA at the cytoplasmic canal 

to trigger the abscission checkpoint. 

 

ATM and DNA-PK, two proteins closely related to ATR have been shown to localise 

to the cytoplasmic canal during cytokinesis. ATM is phosphorylated by Aurora B on 

Ser1403 for the spindle checkpoint. pATM Ser1403 is also localised to the midbody 

during cytokinesis (Yang et al. 2011). Several phosphorylated forms of DNA-PK, 

Thr3950, Ser3205 (Douglas et al. 2014) and Thr2609 (Huang et al. 2014) all localise 

to the cytoplasmic canal during cytokinesis. Curiously, ATR localisation in 

cytokinetic cells has not yet been reported. We were able to show that ATR like its 

related kinases; ATM and DNA-PK, is localised to the cytoplasmic canal during 

cytokinesis. CHK1, a known ATR substrate has been shown to be present in mitotic 

fractions. It would be interesting to investigate if ATR plays any role in CHK1 

phosphorylation and localisation during cytokinesis. 

 

CHK1 regulates Aurora B activation in prometaphase and cytokinesis. In 

prometaphase ATR functions upstream of CHK1 in the regulation of Aurora B. Our 

data show that this is not the case in cytokinesis. CHK1 regulates Aurora B 

localisation to the cytoplasmic canal independent of ATR. In other words, CHK1 can 

be activated during cytokinesis in the absence of ATR. This indicates an alternative 

pathway for CHK1 phosphorylation. A key area of interest would be to ascertain if 

other PIKK kinases play a redundant role with ATR in the activation of CHK1 and 

Aurora B during cytokinesis. DNA-PK phosphorylates CHK2 during cytokinesis 
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(Douglas et al. 2014). CHK2 is a known substrate for ATM in the DNA damage 

response. This begs the question, does DNA-PK regulate CHK1 phosphorylation 

during cytokinesis as it does for CHK2? PLK1 is required for DNA-PK 

phosphorylation and recruitment to the cytoplasmic canal during cytokinesis. It would 

be relevant to see the effect of PLK1 inhibition on ATR and CHK1 localisation 

during cytokinesis. The CDC-like kinases (CLKs) 1, 2 and 4 are required for the 

phosphorylation of Aurora B at Ser331 at the midbody (Petsalaki and Zachos, 2016). 

 

ATR is activated by autophosphorylation at Thr1989 in response to DNA damage. A 

similar phosphorylation is observed with ATM at S1981 (Kondratova et al. 2015). 

Unlike ATR, ATM has been reported to have no significant effect on abscission 

timing. However, we have observed pATM Ser1981 at the cytoplasmic canal in 

cytokinetic cells (data not shown) but its exact role in this stage of the cell cycle is yet 

to be identified. ATR is activated by autophosphorylation of its Thr1989 residue and 

this is required for its role in prometaphase. It would be interesting to see if this is 

also the case in the abscission checkpoint. Our data show that ATR kinase activity 

regulates its localisation to the cytoplasmic canal and is required for its role in the 

abscission checkpoint. Analysis of pATR Thr1989 localisation during cytokinesis 

would provide further insights on the ATR-dependent regulation of the abscission 

checkpoint.  

 

CHMP4B is the most studied subunit of the ESCRT III complex due to its relative 

abundance. Here we show for the first time that it is a relatively strong ATR 

interacting partner. CHMP4B is known to regulate ESCRT III polymerisation and 

membrane constriction at the abscission zone (Elia et al. 2011). It has very recently 

been implicated in nuclear envelope reformation along other ESCRT III subunits 

(Olmos et al. 2015). Considering our observation that ATR interacts with CHMP4B 

more strongly in nocodazole arrested cells than in the cytokinesis enriched fraction, it 

could suggest a mechanism for an ATR-CHMP4B co-operation in early mitosis. 

CHMP4B is recruited to the midbody is facilitated by ALIX and TSG101, we are 

interested in determining if ATR also negatively regulates these proteins upstream of 

CHMP4B. Sequence alignment show that ATR contains some conserved microtubule 

interacting and trafficking motif MIT) residues (Appendix 6.1.2). This suggest a 
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possible ATR binding to the MIM domain within CHMP4B. To confirm this, 

mapping of CHMP4B to determine region required for interaction with ATR will be 

important for this study. In addition, it could also suggest ATR to be a microtubule 

binding protein considering we observed ATR align with tubulin along the 

cytoplasmic canal. We have shown that ATR does not function downstream of CHK1 

or Aurora B during cytokinesis, and to reaffirm this, we are hoping to perform 

immunofluorescence to show that CHK1 or Aurora B inhibition on CHMP4B 

localisation to the cytoplasmic canal.  

 

CHMP4B does not have a consensus site for ATR phosphorylation (SQ/TQ) and ATR 

kinase activity is required for its role in the abscission checkpoint. This made it 

difficult to ascertain if CHMP4B is an ATR substrate for phosphorylation. Our 

immunoprecipitation experiments show that the loss of ATR kinase activity did not 

inhibit interaction with CHMP4B. Although this indicates CHMP4B is not 

phosphorylated by ATR, it still does not rule out the possibility. Another area of 

importance is CHMP4B recruitment to the abscission zone prior to abscission. We 

have observed an increase in CHMP4B recruitment to the cytoplasmic canal in the 

absence of ATR. CHMP4B accumulation at the abscission zone correlates with 

abscission. We are interested in investigating if ATR regulates the timing of 

CHMP4B recruitment from the cytoplasmic canal to the abscission zone. This would 

give a better understanding of how ATR is able to negatively regulate abscission. We 

were limited by the lack of access to a high-resolution microscope for live cell 

imaging and that makes it difficult to monitor CHMP4B dynamics during cytokinesis 

in live cells. An alternative will be to observe the effect of the loss of ATR on 

CHMP4B localisation at the abscission zone in fixed cells.  

 

CHMP4C, unlike other members of the ESCRT III complex is a negative regulator of 

abscission whenever DNA becomes trapped within the cytoplasmic canal. CHMP4C 

activity in the abscission checkpoint is dependent on phosphorylation by Aurora B at 

Ser210 (Carlton et al. 2012). The INS region found within CHMP4C which contains 

the S210 residue is absent in both CHMP4A and CHMP4B. This explains why 

CHMP4C is functionally different from other CHMP4 proteins. Interestingly, the INS 

region contains two ATR phosphorylation consensus sites (Ser210 and 215). This 
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suggests CHMP4C could be a substrate for phosphorylation by ATR or other related 

PIKK kinases. We also observed some CHMP4C mislocalisation in some HeLa cells 

following ATR inhibition (data not shown). Our observations were reminiscent of 

those observed upon treatment with the CLK inhibitors. Treatment with the CLK 

inhibitor results in the loss of CHMP4C phosphorylation at Ser210 and its 

mislocalisation during cytokinesis (Petsalaki and Zachos 2016). Mutation of 

CHMP4C Ser215 residue also caused its mislocalisation during cytokinesis (Petsalaki 

and Zachos 2016). This is intriguing because Ser205 and 215 are likely sites for 

phosphorylation by ATR. Rather disappointingly, we could not detect CHMP4C 

interaction with ATR even after cytokinesis enrichment. We could only detect 

CHMP4C mislocalisation in a small proportion of cytokinetic cells after a 2hr 

treatment with ATRi. It would however be interesting to investigate CHMP4C or the 

CLKs as ATM or DNA-PK substrates.  

 

Using a combination of live cell imaging and fixed cell analysis, we have shown that 

ATR is active in late mitosis. ATR is localised to the cytoplasmic canal where it 

regulates abscission timing. ATR interacts with CHMP4B during cytokinesis and 

negatively regulates its recruitment to the midbody. With these observations, we have 

provided significant insights into the regulation of the abscission checkpoint by the 

PIKK kinase, ATR.  

ATR is essential for genome stability. Recent studies including ours have shown that 

this role extends beyond S phase and DNA damage. ATR plays a multitude of roles 

throughout the cell cycle to monitor genome integrity and ensure timely progression. 

ATR has a lot of potential in the future development of new cancer therapies. This is 

especially significant because ATR is required by cancer cells to overcome replication 

stress and prevent abscission failure. 
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6.1 Appendix I  

6.1.1 Alignment of CHMP4A, CHMP4B and CHMP4C protein 

sequences 

 

Clustal multiple sequence alignment of the CHMP4 proteins. Asterisks (*) denote conserved 

residues, amino acids with strongly similar characteristics are denoted by a colon (:) while 

residues with weakly similar properties are denoted by a full stop (.). CHMP4C contains four 

PIKK kinases recognition sites (T59, T80, S147, S215). 
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6.1.2 Alignment of ATR, VPS4A and VPS4B protein sequences 

 

 

 
Clustal multiple sequence alignment of ATR, VPS4A and VPS4B. Sequences are in the 

mview format with colour coded residues for easy visualisation of 100% conserved residues. 

VPSS4A and VPS4B have MIT (microtubule interacting and trafficking motif) domains 

which allow for interaction with ESCRT III subunits. ATR contains several conserved MIT 

domain residues observed in the VPS4A/B. MIT domain: VPS4A (2-80 aa), VPS4B (4-82 

aa). 
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6.2 Appendix II 

Laboratory Protocols  

6.2.1 siRNA Transfection 

Day 0: 

• Plate cells in a 6mm dish at 2 x 105 cells per dish or grow until 50% 

confluency in penicillin/streptomycin free media  

 

Day 1: 

• Prepare the following tubes: 

I. Tube I: 12𝜇L Oligofectamine + 28𝜇L OptiMEM  

II. Tube II: 40nM (2𝜇 L) target siRNA or nontargeting + 356𝜇 L 

OptiMEM    

• Incubate each tube for 5min at room temperature 

• Combine both tubes and incubate for 20min at room temperature  

• Remove media from cells and wash once with sterile 1x PBS  

• Add 1600𝜇L OptiMEM onto the cells and after incubation add 400𝜇L siRNA 

mixture to cells. 

• Incubate for 3hrs at 370C, the add 1mL 3x DMEM (DMEM with 30% FBS 

and 4mM L-glutamine) to each dish 

• Incubate for 24hrs at 370C   

 

Day 2:  

• Add 2mL DMEM with penicillin/streptomycin to cells or plate onto sterile 

coverslips for immunofluorescence 

 

Day 3: 

• Trypsinise (1mL per dish) and harvest cells into 1.5 mL eppendorf tubes 

• Wash cell pellet once with sterile PBS and centrifuge at 1200rpm for 5mins 

• Freeze pellets or proceed to western blotting 
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6.2.2 Plasmid DNA Transfection for transient expression 

Day 0: 

• Plate cells in a 6mm dish and grow until 80-90% confluency in 

penicillin/streptomycin free media  

 

Day 1: 

• Prepare the following tubes: 

I. Tube I: 3𝜇L Lipofectamine2000 + 250𝜇L OptiMEM  

II. Tube II: 1𝜇g plasmid DNA + 250𝜇L OptiMEM    

• Incubate each tube for 5min at room temperature 

• Combine both tubes and incubate for 20min at room temperature  

• Add 2mL DMEM without penicillin/streptomycin and FBS onto the cells and 

after incubation add 500𝜇L DNA mixture to cells. 

• Incubate for 4-6hrs at 370C, remove DNA mixture and replace with 4mL 

DMEM with 10% FBS and 1% penicillin/streptomycin 

• Incubate for 24hrs at 370C   

 

Day 2:  

• Trypsinise (1mL per dish) and transfer some cells for onto a sterile coverslip 

for immunofluorescence  

• Harvest remaining cells into 1.5 mL eppendorf tubes 

• Wash cell pellet once with sterile PBS and centrifuge at 1200rpm for 5mins 

• Freeze pellets or proceed to western blotting 

• Add 2mL DMEM with penicillin/streptomycin to cells or plate onto sterile 

coverslips for immunofluorescence 

 

 

 

 

 

 



  Chapter 6 

 130 

   

 

6.2.3 Immunoprecipitation 

• Harvest HEK293T cells into 1.5mL Eppendorf tubes, wash pellet twice with 

1x PBS and centrifuge for 5min at 1200rpm 

• Incubate cell pellets in 0.5-1mL lysis buffer or RIPA buffer on a rotating 

wheel at 40C for 45mins 

• Seal tubes with parafilm 

• Centrifuge for 15mins at 40C and 14,000rpm to pellet cell debris 

• Determine protein concentration of supernatant using Bradford reagent 

• Incubate 5mg lysate with 5ug antibody in a low adhesion tube on a rotating 

wheel at 40C for 80mins 

• Seal tubes with parafilm 

• Wash Protein G sepharose beads three times with I mL lysis buffer  

• Add 30uL sepharose beads to lysate and antibody mixture and incubate on a 

rotating wheel at 40C for 80mins 

• Seal tubes with parafilm 

• Remove flow through and wash beads three times with 1mL lysis of RIPA 

buffer  

• Resuspend beads in 30uL 1x 3x sample buffer with 10% ß-mercaptoethanol 

and store at -800C until further use 
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6.2.4 Nocodazole arrest for enrichment of cytokinetic cells 

• Grow HeLa cells in 10cm dishes until about 90% confluent 

• Harvest nocodazole arrested cells by mitotic shake-off and spin down at 

1200rpm for 5mins 

• Resuspend the cell pellet in 50mL of 1x PBS by pipetting up and down to 

ensure cells are completely resuspended 

• Pellet cells by centrifugation at 1200rpm for 5mins and repeat wash 3 times 

• Resuspend cells in 10mls of fresh DMEM media and place in 370C incubator 

for 2hrs 

• After incubation, harvest cells into 50mL falcon tubes and pellet by 

centrifugation at 1200rpm for 5mins 

• Fix some cells with 100% methanol and stain cells with Tubulin and MKLP1 

primary antibodies for immunofluorescence   

• Store remaining pellet at -800C until required for western blot 
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6.2.5 Immunofluorescence 

• Fix cells with 100% ice cold methanol at -200C for 10mins (skip 

permeabilization step when fixing with methanol) or 

• Fix cells with 4% PFA in 1x PBS at room temperature for 10mins  

• Wash coverslips three times (5mins per wash) with 1x PBS  

• Permeabilise cells by adding 0.125% Triton X-100 in 1x PBS and leave at 

room temperature for 2min 

• Wash coverslips three times (5min per wash) with 1x PBS 

• Block with 1% BSA in 1x PBS for 30min -1hr at room temperature (100uL 

per coverslip) 

• Incubate coverslips with primary antibody diluted in blocking solution (1:200) 

for 1hr at room temperature  

• Wash coverslips three times (5mins per wash) with 1x PBS 

• Incubate coverslips with secondary antibody diluted in blocking solution 

(1:200) for 45mins at room temperature (in the dark) 

• Wash three times (5min per wash) with 1x PBS in the dark 

• Place 5-8uL of vectashield containing 1x DAPI on the microscope slides 

• Place coverslip on the slide with the cells facing the vectashield 

• Allow to dry overnight  

• Seal slides with nail polish before imaging 
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6.2.6 Site-directed mutagenesis 

• Design primers accordingly and set up a PCR reaction as below: 

 

 Volume 

required (𝜇L) 

Final concentration 

10x Buffer for KOD polymerase 5 1x 

25mM MgSO4 3 1.5mM 

2mM dNTPs 5 0.2mM 

DMSO 2.5 5% 

Template DNA 5uL 16.8ng/𝜇L 

Forward Primer 2  

Reverse Primer 2  

KOD polymerase 1  

PCR grade water 24.5  

Table 6.1: PCR reaction set-up for site directed mutagenesis   

  

PCR step Temperature 

(0C) 

Duration  

Initialisation 95 2min 

Denaturation 95 30sec 

Annealing 56 20sec 

Extension 68 30sec/kb 

Cycles (20 cycles)   

Final extension 72 5min 

Hold 4 Forever 

Table 6.2: PCR conditions for site directed mutagenesis   
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• Transfer 5uL of the PCR reaction into a fresh tube and add 5uL water to bring 

it up to 10uL 

• Add 2uL DNA gel loading buffer to the mixture and run on a 1% agarose gel 

to confirm PCR worked 

• Digest PCR products with 1.5uL Dpn1 enzyme overnight at 370C 

• Transform 50uL of competent Top10 bacteria with 1uL of PCR/digestion 

products 

 

 

 

  



  Chapter 6 

 135 

   

6.2.7 Cell lysis and western blotting 

• Harvest cells and pellet in 1.5mL tubes by centrifuging at 1200rpm for 5 mins 

• Wash pellets with 1x PBS and centrifuge again at 1200rpm for 5mins 

• Lyse cells by incubating in lysis buffer on ice or on a rotating wheel at 40C for 

30-45 mins (depending on the size of the pellet) 

• During lysis on ice, vortex tubes at least three times during incubation 

• Centrifuge for 15mins at 14,000rpm (40C) to pellet cell debris  

• Collect supernatant and determine protein concentration using Bradford 

reagent 

• Dilute desired lysate concentration in 1x SB and proceed to SDS PAGE or 

store at -800C un till further use  

• Separate samples on an SDS polyacrylamide gel  

• Transfer protein onto a nitrocellulose membrane  
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6.3 Appendix III  

6.3.1 Scholarship Funding 

 

• PhD funded by the NUI Galway College of Science Scholarship 

 

6.3.2 Poster presentations 

 

• SFI mid-term review, December 2016 

ATR-dependent regulation of the Abscission Checkpoint 

 

• Science Advisory Board, Centre for Chromosome Biology, Galway, 

November 2016 

A Role for ATR in the Abscission Checkpoint 

 
• Irish Association for Cancer Research, Galway Ireland, March 2014 

The ATR Kinase 
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A Novel Role for ATR in Cytokinesis

Chituru C. Okowa, Emma C. Harte and Noel F. Lowndes. 

Genome Stability Laboratory - Centre for Chromosome Biology,
School of Natural Sciences,  National University of Ireland, Galway, Ireland ECH was funded by an O’Sullivan Biomedical Scholarship from

the O’Sullivan Charitable Trust, UK

1. Abstract 2. Abscission Checkpoint
In order to complete mitosis, DNA must be precisely segregated between two new cells prior to the final step of cy-
tokinesis. This is necessary for both cell viability and maintaining genome stability. The relatively conserved pro-
cess of cytokinesis involves: membrane ingression, midbody formation and abscission (final cut). The presence of 
unsegregated DNA trapped between two cells activates the abscission checkpoint. Several factors have been 
identified to regulate the checkpoint and delay abscission until all the DNA has been correctly segregated.

ATM (Ataxia telangiectasia mutated) and ATR (ATM and Rad-3 related) belong to a family of phosphatidylinositol 
3-kinase-related kinases (PIKK). which co-ordinate the cellular response to DNA damage.The ATR kinase is a key 
regulator of the DNA damage response and responds to replication stress by regulating the intra-S and S/M check-
points in response to replication stress and incomplete replication respectively. 

The formation of binuclear cells is an indicator of a defective cytokinesis and this has been observed with ATR 
depletion in chicken DT40 cells. This observation led to the hypothesis that ATR could perhaps have a defined role 
in cytokinesis. This project aims to investigate and identify this novel role for ATR in monitoring delayed DNA seg-
regation and its role in the abscissison checkpoint. 

3. Evidence that Atr functions at the end of the cell 
cycle

Loss of ATR in human and chicken cells results in the following:

1. Mitotic defects in the form of lagging chromosomes, micronuclei and binuclear 
cells.
2. Fewer cells in cytokinesis.
3. Cells progress through cytokinesis much quicker
4. Increase in VPS4 intensity at the midbody during cytokiesis
 

ANCHR (Abscission/No Cut checkpoint regulator; ZYFVE19) is a recently characterised zinc finger protein understood to 
be a key regulator of the abscission checkpoint through its interaction with the ESCRT protein, CHMP4C.  
According to Thorensen et. al., (2014), the ANCHR-CHMP4C complex associates with VPS4B (Vacoular Protein Sorting 4 
Homolog B) at the midbody in 
response to unsegregated DNA trapped between dividing cells. This delays abscission and prevents the formation of multi-
nucleated cells.

Independent proteomic screens by Matsouka et. al (2007) and Bensimon et. al. (2010) have shown both ANCHR and VPS4B 
to have possible PIK kinase phosphorylation sites. This led to the hypothesis that ATR or ATM are possible regulators of 
ANCHR and VPS4B activities via phosphorylation. However, whether or not these phosphorylation events are required for 
their roles in abscission will be one of our aims in this project.

5. Abrogation of ATR results in fewer cytokinetic 
cells

4. ATR is a negative regulator of cytokinesis 
A. Cytokinesis progresses much quicker without ATR

9. Conclusions

10. References

6. Potential ATR substrates during cytokinesis: ANCHR & VPS4?

B. Abrogation of  ATR activity promotes cytokinesis

7. ATR interacts with VPS4B

8. Loss of ATR results in increased VPS4 midbody 
intensity 
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In order to complete mitosis, DNA must be precisely segregated between two new cells prior to the final step of cyto-
kinesis. This is necessary for both cell viability and maintaining genome stability. The relatively conserved process 
of cytokinesis involves: membrane ingression, midbody formation and abscission (final cut). The presence of un-
segregated DNA trapped between two cells activates the abscission checkpoint. Our understanding of the different 
factors which co-ordinate cytokinesis has improved significantly. However, determining the role of each factor and 
the o. 

ATM (Ataxia telangiectasia mutated) and ATR (ATM and Rad-3 related) belong to a family of phosphatidylinositol 3-
kinase-related kinases (PIKK). They co-ordinate cellular response to DNA damage. ATR kinase is a key regulator of 
replication stress and DNA damage response. In particular, it regulates the intra-S and S/M checkpoints in response 
to replication stress and incomplete replication respectively. 
Formation of binuclear cells is an indicator of a defective abscission checkpoint and this has been observed with 
ATR depletion in chicken DT40 cells . This observation led to the hypothesis that ATR could perhaps have a defined 
role in cytokinesis.These project aims to investigate and identify this novel role for ATR in the abscission checkpoint.

1. Abstract 2. Abscission checkpoint

3. Atr inhibition in DT40 cells results in mitotic 
defects

5. Some Aurora B mislocalisation at the mid-
body upon ATR inhibition

6. Potential ATR substrates in the abscission 
checkpoint: ANCHR & VPS4

                                                                                                         
ANCHR (Abscission/No Cut checkpoint regulator; ZYFVE19) is a recently char-
acterised zinc finger protein understood to be a key regulator of the abscission check-
point through its interaction with the ESCRT protein, CHMP4C.  
According to Thorensen et. al., (2014), the ANCHR-CHMP4C complex associates 
with VPS4B (Vacoular Protein Sorting 4 Homolog B) at the midbody in 
response to unsegregated DNA trapped between dividing cells. This delays abscis-
sion and prevents formation of multinucleated cells.

Proteomic screens by Matsouka et. al (2007) and Bensimon et. al. (2010) have 
shown both ANCHR and VPS4B to have possible PIK kinase phosphorylation sites. 
This led to the hypothesis that ATR or ATM are possible regulators of ANCHR and 
VPS4B activities via phosphorylation. However, whether or not these phosphorylation 
events are required for their roles in abscission will be one of our aims in this project.
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4. Defective abscission checkpoint in Atr- DT40 
cells

1. Live cell imaging to confirm and quantify abscission timing in AID-Atr DT40 cells 
stably expressing EGFP-Tubulin and H2B-RFP.
2. Observe the dynamics of actin patches and determine the role of ATR in their 
formation and maintenance.
3. Determine the role of ATM and its relationship to ATR in the abscission checkpoint?
4. Is the known negative regulator of abscission, ANCHR a PIK kinase substrate?

7. Conclusions

                                                                                                         

8. Future Work

                                                                              

                          

Abscence of ATR in human and chicken cells results in the following:

1. Mitotic defects in the form of lagging chromosomes, micronuclei and binuclear cells.
2. Fewer actin patches formed.
3. Decrease in the number of cells in cytokinesis.
4. Some mislocalisation in Aurora localisation pattern at the midbody.

A. Decrease in cytokinetic cells

B.  Increase in binuclear cells

B.  Decrease in actin patches
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