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ABSTRACT 

During cell division, chromosomes are captured by microtubules via a 

multiprotein complex called the kinetochore. Genomic variations in kinetochore 

proteins can cause pregnancy loss and developmental defects such as primary 

microcephaly and cancer-susceptible disorder mosaic variegated aneuploidy. The 

kinetochore protein Astrin is specifically recruited to kinetochores following their 

attachment to microtubule-ends, and its arrival stabilizes chromosome-microtubule 

attachments.  Human genomic variations in Astrin are known, but their impact on 

chromosome segregation has not been studied. I have used a combination of cell 

biology techniques to study the impact of Astrin variants- p.Q1012* and p.L7Qfs*21 - 

identified in a screen of healthy individuals and Astrin p.E755K found in cancer cells.  

I have shown that the Astrin p.Q1012* variant normally localizes at spindle 

microtubules but not kinetochores.  Moreover, p.Q1012* expression prolongs mitosis 

and induces chromosome congression and segregation defects. Consistent with the 

defects observed, Astrin p.Q1012* expressing metaphase cells display an active spindle 

assembly checkpoint and reduced microtubule pulling forces. Additionally, Astrin 

p.Q1012* overexpression impairs the kinetochore localization of endogenous Astrin-

SKAP complex suggesting a dominant-negative phenotype. To explore the impact of 

the Astrin p.L7Qfs*21 variant, I introduced a stop codon at 7 a.a in Astrin-GFP and 

show that Astrin p.L7* expresses as a shorter protein. Next, I generated N-terminal 

deletions of Astrin (∆151 and ∆274), mimicking new transcriptional start sites; these 

deletion mutants localize normally at spindle microtubules and kinetochores. 

Moreover, Astrin ∆151 migrates similarly to the short p.L7* on an immunoblot, 

suggesting that p.M152 and not p.M275 is the new start site in Astrin p.L7*. Lastly, I 

have shown that the cancer-associated Astrin p.E755K normally localizes at spindle 

microtubules and kinetochores. In summary, unlike the p.Q1012* variant, the other two 

variants localize normally during mitosis. My findings explain the occurrence of Astrin 

p.L7Qfs*21, but not p.Q1012, homozygotes within a healthy general population.



4 

 

ACKNOWLEDGMENTS 

First and foremost, I would like to thank my parents, Muhammad Islam and 

Razia Kausar, for funding this PhD and supporting me at every step. Second, I am 

extremely grateful to my supervisor, Prof Viji M. Draviam, for providing this 

opportunity and for her invaluable advice and support. I also thank my panel members, 

Dr Ewan Main and Prof Tom Vulliamy, for their continuous support and guidance.  

My gratitude goes to all the present and past members of the Draviam Lab – Dr 

Duccio Conti, Dr Madeleine Hart, David Dang, Parveen Gul, Christoforos Efstathiou, 

Yeseul Sung, Tami Kashimini, Nadia Osmanu, Xinhong Song, Dr Sophie Danielle 

Adams and Saanjbati Adhikari - for the constructive feedback and friendship.  Special 

thanks to Duccio and Maddy for training me and to Pari for providing the baits for the 

pull-down studies. Thanks to Yeseul, with whom I had a fun time standardizing the 

site-directed point mutagenesis. I would also like to extend my gratitude to Dr Roshan 

L. Shrestha for sending detailed notes on HeLa FRT/TO cell line generation. 

My brother Asad Islam has been a phenomenal support throughout these four 

years. In addition to his constructive feedback, he wrote the code for part of inter-

centromeric distance measurement analysis (not part of this thesis), data extraction, and 

file conversion (part of chapter 3), thus saving me hours of work. 

Many thanks to everyone on FOGG third and fourth-floor for making it an 

excellent environment to work in. The third-floor coffee hub - where biology meets 

engineering - will always have a special place in my heart. Special thanks to Dr Ruth 

Rose for training me in biochemistry and letting me use her equipment. Huge thanks to 

Dr Petra Ungerer for technical as well as emotional support. The arrival of Thorpe lab 

at QMUL has been a bonus. It was a fantastic experience discussing science with such 

extraordinary minds. 

I would also like to say thanks to Dr Gary Warnes for his help with FACS 

sorting.  Many thanks to Prof David Van Heel, Karen Hunt and Dr Robin Lerner at 

Genes and Health for their support with the GH dataset and for trying their best to set 

up the human studies for this thesis. A special thanks to Dr Jason Lee for training me 



5 

 

in white blood cell extraction from human blood. No one could have predicted the 

COVID-19 pandemic, but hopefully, the studies will resume soon. 

Lastly, my appreciation goes out to my housemate and brother, Dr Saad Islam, 

for his continuous support and patience and my baby sister, Afifa Islam, for being a 

constant source of joy even from miles away. My appreciation extends to my friends 

and extended family for letting me also have a life outside science. 



6 

 

TABLE OF CONTENTS 

STATEMENT OF ORIGINALITY ...................................................................................................... 2 

ABSTRACT ............................................................................................................................................ 3 

ACKNOWLEDGMENTS ...................................................................................................................... 4 

CHAPTER 1: INTRODUCTION ......................................................................................................... 9 

1.1 INTRODUCTION.................................................................................................................................... 10 

1.2 MITOSIS .................................................................................................................................................. 10 

1.2.1 MICROTUBULES ......................................................................................................................... 12 

1.2.2 THE KINETOCHORE ................................................................................................................... 13 

1.2.3 HOW DO CELLS FORM KINETOCHORE-MICROTUBULE ATTACHMENTS? ........................ 17 

1.2.4 HOW DO CELLS ENSURE CORRECT KINETOCHORE-MICROTUBULE ATTACHMENTS ARE 

FORMED? .................................................................................................................................................... 22 

1.3 CHROMOSOME SEGREGATION ERRORS AND DISEASE ............................................................. 29 

1.3.1 HUMAN GENETIC ANEUPLOIDY DISORDERS ........................................................................ 29 

1.3.2 PRIMARY MICROCEPHALY ........................................................................................................ 30 

1.3.3 MOSAIC VARIEGATED ANEUPLOIDY ....................................................................................... 34 

1.3.4 CANCER ........................................................................................................................................ 35 

1.4 ASTRIN ................................................................................................................................................... 37 

1.5 AIMS OF THE PROJECT ....................................................................................................................... 42 

CHAPTER 2: METHODS AND MATERIALS ................................................................................ 43 

2.1 CELL CULTURE .................................................................................................................................... 44 

2.1.1 CELL LINES .................................................................................................................................. 44 

2.1.2 MAINTENANCE CONDITIONS OF CELL LINES ....................................................................... 44 

2.1.3 PROPAGATION OF CELL LINES ................................................................................................ 44 

2.1.4 GENERATION OF STABLE EXPRESSING HELA T-REX CELL LINES ...................................... 45 

2.1.5 LONG TERM STORAGE OF CELL LINES ................................................................................... 46 

2.1.6 INHIBITORS .................................................................................................................................. 46 

2.1.7 CELL SYNCHRONIZATION ......................................................................................................... 47 

2.1.8 PLASMID TRANSFECTION ......................................................................................................... 47 

2.1.9 SIRNA TRANSFECTION ............................................................................................................... 49 

2.2 BACTERIAL CELL CULTURE ............................................................................................................. 50 

2.2.1 MEDIA AND ANTIBIOTICS ......................................................................................................... 50 

2.2.2 TRANSFORMATION OF COMPETENT CELLS .......................................................................... 51 

2.2.3 PLASMID DNA PURIFICATION .................................................................................................. 51 

2.3 PROTEIN METHODS ............................................................................................................................. 52 

2.3.1 REAGENTS .................................................................................................................................... 52 

2.3.2 PROTEIN EXPRESSION AND PURIFICATION .......................................................................... 55 

2.3.3 PULL DOWN ASSAY ..................................................................................................................... 56 

https://d.docs.live.net/92190831c8368a34/Thesis_final_1.docx#_Toc84474394
https://d.docs.live.net/92190831c8368a34/Thesis_final_1.docx#_Toc84474409


7 

 

2.3.4 CO-IMMUNOPRECIPITATION ................................................................................................... 56 

2.3.5 IMMUNOBLOTTING .................................................................................................................... 56 

2.3.6 ANTIBODIES USED FOR IMMUNOBLOTTING ......................................................................... 57 

2.4 MOLECULAR BIOLOGY ...................................................................................................................... 58 

2.4.1 PCR REACTIONS .......................................................................................................................... 58 

2.4.2 AGAROSE GEL ELECTROPHORESIS AND DNA PURIFICATION FROM GEL. ...................... 60 

2.4.3 SUBCLONING AND SITE-DIRECTED MUTAGENESIS ............................................................. 60 

2.4.4 DNA SEQUENCING AND ANALYSIS .......................................................................................... 62 

2.4.5 PRIMERS ....................................................................................................................................... 62 

2.5 MICROSCOPY ........................................................................................................................................ 64 

2.5.1 IMMUNOFLUORESCENCE MICROSCOPY ............................................................................... 64 

2.5.2 ANTIBODIES USED IN IMMUNOFLUORESCENCE ................................................................. 65 

2.5.3 LIVE-CELL IMAGING .................................................................................................................. 67 

2.6 DATA ANALYSIS .................................................................................................................................. 67 

CHAPTER 3: RESULTS-I- IDENTIFICATION OF LOF HUMAN ASTRIN VARIANTS ........ 69 

3.1 INTRODUCTION.................................................................................................................................... 70 

3.2 KINETOCHORE GENE VARIANTS IN GENES AND HEALTH DATABASE .................................. 71 

3.3 PERCENTAGE OF TUMOUR SAMPLES WITH SOMATIC MUTATIONS IN ASTRIN-SKAP 

COMPLEX IS NOT HIGH ................................................................................................................................. 86 

3.4 PREDICTED CONSEQUENCES OF HUMAN ASTRIN VARIANTS ................................................. 88 

3.5 DISCUSSION .......................................................................................................................................... 91 

CHAPTER 4: RESULTS-II – LOCALIZATION OF HUMAN ASTRIN VARIANTS ................. 95 

4.1 INTRODUCTION.................................................................................................................................... 96 

4.2 LOCALIZATION OF HUMAN ASTRIN P.L7QFS*21 VARIANT ....................................................... 98 

4.2.1 ASTRIN-GFP P.L7* MUTANT EXPRESSES AS A SHORT PROTEIN ......................................... 98 

4.2.2 N-TERMINAL ASTRIN MUTANTS LOCALIZE NORMALLY AT THE SPINDLE AND 

KINETOCHORE ......................................................................................................................................... 100 

4.3 LOCALIZATION OF HUMAN ASTRIN P.Q1012* VARIANT ......................................................... 103 

4.4 LOCALIZATION OF HUMAN ASTRIN P.E755K MUTANT ............................................................ 106 

4.5 DISCUSSION ........................................................................................................................................ 107 

CHAPTER 5: RESULTS-III-FUNCTIONAL CONSEQUENCES OF HUMAN ASTRIN 

P.Q1012* VARIANT .......................................................................................................................... 111 

5.1 INTRODUCTION.................................................................................................................................. 112 

5.2 HUMAN ASTRIN P.Q1012* EXPRESSING CELLS DISPLAY CHROMOSOME CONGRESSION 

AND SEGREGATION DEFECTS ................................................................................................................... 112 

5.3 HUMAN ASTRIN P.Q1012* EXPRESSING CELLS HAVE DNA DAMAGE ................................... 121 

5.4 HUMAN ASTRIN P.Q1012* EXPRESSING CELLS DISRUPT ENDOGENOUS ASTRIN-SKAP 

COMPLEX'S LOCALIZATION AT THE KINETOCHORES ........................................................................ 124 

5.5 DISCUSSION ........................................................................................................................................ 126 

https://d.docs.live.net/92190831c8368a34/Thesis_final_1.docx#_Toc84474443
https://d.docs.live.net/92190831c8368a34/Thesis_final_1.docx#_Toc84474450
https://d.docs.live.net/92190831c8368a34/Thesis_final_1.docx#_Toc84474459
https://d.docs.live.net/92190831c8368a34/Thesis_final_1.docx#_Toc84474459


8 

 

CHAPTER 6: RESULTS-IV-C-TERMINUS OF ASTRIN IS IMPORTANT FOR SPINDLE 

CHECKPOINT SIGNALLING ........................................................................................................ 128 

6.1 INTRODUCTION.................................................................................................................................. 129 

6.2 HUMAN ASTRIN P.Q1012* EXPRESSING CELLS HAVE REDUCED INTER-CENTROMERIC 

DISTANCES .................................................................................................................................................... 131 

6.3 HUMAN ASTRIN P.Q1012* EXPRESSING CELLS DISPLAY AN INCREASED INCIDENCE OF 

CHECKPOINT PROTEIN ROD AT METAPHASE KINETOCHORES ........................................................ 135 

6.4 HUMAN ASTRIN P.Q1012* EXPRESSING CELLS HAVE HIGH PHOSPHORYLATION AT KNL1 

P.S24 136 

6.5 ASTRIN IS PULLED DOWN FROM HELA CELLS BY EXOGENOUSLY EXPRESSED PP1 

PHOSPHATASE .............................................................................................................................................. 139 

6.6 DISCUSSION ........................................................................................................................................ 144 

CHAPTER 7: DISCUSSION ............................................................................................................. 147 

7.1 SUMMARY ........................................................................................................................................... 148 

7.2 IDENTIFICATION OF LOSS OF FUNCTION GENOMIC VARIATIONS IN KINETOCHORE 

PROTEINS ....................................................................................................................................................... 149 

7.3 SOMATIC MUTATIONS IN KINETOCHORE PROTEINS ............................................................... 149 

7.4 HOMOZYGOUS ASTRIN VARIATIONS ARE FOUND IN THE N-TERMINUS OF ASTRIN ....... 150 

7.5 HUMAN ASTRIN P.L7QFS*21 VARIANT ......................................................................................... 151 

7.5.1 HUMAN ASTRIN P.L7QFS*21  MAY EXPRESS AS THE SHORT ASTRIN ISOFORM ............. 151 

7.5.2 THE N-TERMINUS OF ASTRIN MAY NOT BE ESSENTIAL ..................................................... 153 

7.6 HUMAN ASTRIN P.Q1012*VARIANT ............................................................................................... 155 

7.6.1 COMPROMISED KINETOCHORE LOCALIZATION ................................................................ 155 

7.6.2 MICROTUBULE PULLING FORCES AND CHROMOSOMES MISALIGNMENT .................... 155 

7.6.3 ACTIVE SPINDLE ASSEMBLY CHECKPOINT AND DELAYED ANAPHASE ONSET............. 157 

7.7 ASTRIN RECRUITS PHOSPHATASES TO THE KINETOCHORES ................................................ 157 

7.7.1 CHROMOSOME SEGREGATION DEFECTS AND DNA DAMAGE ......................................... 158 

7.7.2 WHAT DOES THIS MEAN FOR THE HUMANS CARRYING THE ASTRIN P.Q1012* 

VARIATION? ............................................................................................................................................... 158 

7.8 GRAPHIC SUMMARY ......................................................................................................................... 160 

APPENDIX ......................................................................................................................................... 161 

APPENDIX ......................................................................................................................................... 162 

BIBLOGRAPHY ................................................................................................................................ 164 

 

 

 

https://d.docs.live.net/92190831c8368a34/Thesis_final_1.docx#_Toc84474466
https://d.docs.live.net/92190831c8368a34/Thesis_final_1.docx#_Toc84474466
https://d.docs.live.net/92190831c8368a34/Thesis_final_1.docx#_Toc84474474
https://d.docs.live.net/92190831c8368a34/Thesis_final_1.docx#_Toc84474491


 

 

 

 

CHAPTER 1: 

INTRODUCTION 



Chapter 1 

10 

 

CHAPTER 1:  INTRODUCTION 

1.1 INTRODUCTION 

Cancer incidence has been on the rise for decades. It is predicted that 1 in 2 

people born in the UK after 1960 will get cancer at some stage of their life; however, 

the cancer survival rates are only about 50% (Cancer incidence statistics | Cancer 

Research UK, 24.02.2021). With the increasing burden of cancer in the western world, 

where it may become the leading cause of death due to a) an increase in the aging 

population and b) better treatment options for other common diseases, ideally, there 

should be a complementary rise in better treatment options. Causes of cancer include 

somatic mutations (changes in DNA acquired after conception), and many of these 

mutations are present in mitotic proteins (Reviewed in: (Levine and Holland 2018)). 

Germline variations (changes in the DNA acquired at or before conception) in mitotic 

proteins, on the other hand, can cause developmental disorders such as primary 

microcephaly and mosaic-variegated aneuploidy (MVA) (Reviewed in: (Degrassi, 

Damizia, and Lavia 2019)). Children born with microcephaly (reduced head size) can 

present with a range of symptoms, including intellectual disability and developmental 

delays. Children born with MVA also have microcephaly, but additionally, they are at 

an increased risk of early-onset cancers (Reviewed in: (Gilmore and Walsh 2013; 

Jayaraman, Bae, and Walsh 2018).    

This chapter gives an overview of mitosis and then discusses the consequences 

of known genomic variations in mitotic proteins.  

1.2 MITOSIS 

Human life starts from a single cell that divides to give rise to trillions of cells, 

making the adult human body. In addition to growth, cell divisions are required for 

replenishing damaged cells and reproduction. During mitotic cell division, 

chromosomes are captured by microtubules (MTs) via a multiprotein complex called 

the kinetochore (KT) (see section 1.2.2). Simultaneously, the spindle assembly 

checkpoint (SAC) or the "wait signal" is activated (see section 1.2.4.2). Initially, the 

KT-MT attachments are along the lateral walls of the MTs - called lateral attachments 
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(see section 1.2.3.1). Then these lateral attachments are converted into end-on 

attachments where the KTs are embedded into the MT-ends (see section 1.2.3.2). The 

chromosomes congress and align at the cell's equator (see metaphase cells in Fig 1.1). 

Each sister chromatid is now attached to the MTs coming from the opposite sides, a 

configuration called biorientation (see metaphase cell in Fig 1.1), and the SAC is 

satisfied. Finally, chromosomes segregate, the cytoplasm divides and two genetically 

identical daughter cells are produced (Fig 1.1; Reviewed in: (Richard Mcintosh 2016)). 

 

Fig 1.1 Overview of mitosis. Upon mitotic entry, the centrosomes separate and nucleate microtubules 

(MTs). The chromosomes condense and the nuclear envelope breaks down. In prometaphase, the MTs 

capture chromosomes via a multiprotein complex called the kinetochore. Then, the chromosomes align 

at the equator in metaphase. Each sister kinetochore is now attached to MTs emanating from opposite 

poles- termed biorientation. Biorientation is sensed by the spindle assembly checkpoint, which is then 

turned off. This marks the onset of anaphase and sister chromatids separate and move towards opposite 

sides. Finally, chromosomes decondense, the nuclear envelope reforms and the cytoplasm divides, 

resulting in two daughter cells with an equal amount of genetic material.   
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1.2.1 MICROTUBULES 

For faithful congression and segregation of chromosomes, a large microtubule 

(MT) based structure assembles to form the mitotic spindle. MTs are tube-like 

structures made up of dimers of α and β-tubulin capable of dynamically growing 

(polymerizing) and shrinking (depolymerizing) (Fig 1.2; (Mitchison and Kirschner 

1984)).  In a mitotic cell, MTs nucleate from two centrosomes which progressively 

move towards the opposite sides to make the two spindle poles. MT nucleation is 

initiated by ring-shaped γ-tubulin ring complexes (γ-TuRC), which also cap the MT 

growth at the centrosomes forming the MT minus-end (Moritz et al. 1995; Mitchison 

and Kirschner 1985). MT plus-ends grow towards the cortex (astral MTs) and the cell's 

center. The astral MTs anchor the mitotic spindle while the MTs growing towards the 

center capture the chromosomes and align them at the cell's equator.  

 

Fig 1.2 Microtubules. Microtubules are tube-like structures made up of dimers of α and β-tubulin. They 

have a relatively stable minus-end localized at the centrosomes and a dynamic plus-end that grows 

towards the cortex (astral microtubules) and cell's center. Microtubules rapidly grow (polymerize) by the 

addition of α/β-tubulin dimers and shrink (depolymerize) by the removal α/β-tubulin. 
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Using laser microsurgery to destroy centrosomes, Khodjakov et al. (Khodjakov 

et al. 2000) showed that a functional bipolar spindle could be formed in the absence of 

centrosomes. MTs can nucleate from chromosomes and MTs themselves (Lüders, 

Patel, and Stearns 2006; Hayward et al. 2014). Like the centrosome-mediated MT 

nucleation, chromosome and MT-mediated MT nucleation also require γ-TuRC 

(Lüders, Patel, and Stearns 2006). However, there are some differences in the pathways, 

and by manipulating those differences, Hayward et al. (Hayward et al. 2014) showed 

that inhibiting one pathway leads to an increase in others' activity which can then form 

the mitotic spindle.  

1.2.2 THE KINETOCHORE 

The human kinetochore (KT) comprises over 100 proteins (Reviewed in: 

(Musacchio and Desai 2017; Hara and Fukagawa 2020); a comparison of human and 

yeast kinetochore is given in Table 1.1). In mitosis, KT assembles on the centromeres, 

regions on the chromosomes specified by centrosomal protein (CENP)-A (Black et al. 

2007). CENP-A was first discovered during work on sera of patients diagnosed with 

the autoimmune syndrome CREST (Calcinosis, Reynaud's syndrome, Esophageal 

dysmotility, Sclerodactyly, Telangiectasia) (Moroi et al., 1980; Earnshaw and 

Rothfield, 1985). CREST antisera are widely used as a marker for centromeres and are 

also used throughout this thesis. 

Based on EM studies (Reviewed in: (Cheeseman and Desai 2008)), the KT can 

be divided into two parts, i.e., the inner and the outer KT. 

1.2.2.1 INNER KINETOCHORE OR CCAN  

The inner KT is made up of a 16-unit constitutive centromere associated 

network (CCAN), which is further divided into four groups (CENP-S/T/X/W; CENP-

C/N/L; CENP-H/I/K/M; and CENP-O/P/Q/U/R). CCAN assembles on the centromere 

through CENP-A and provides a platform for assembling the outer kinetochore 

(Reviewed in: (Nagpal and Fukagawa 2016; Kops and Gassmann 2020)).  Interestingly, 

artificial tethering of CENP-C and T onto the chromosomes at a non-centromeric site 

is sufficient for assembling a functional kinetochore (Hori et al. 2013; Gascoigne et al. 

2011) (Fig 1.3).  
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1.2.2.2 OUTER KINETOCHORE  

The core outer KT is made up of a 10-unit KMN (KNL1, Mis12 and NDC80) 

network. Mis12 complex is a rod-shaped, four-unit complex (Nnf1, Mis12, Dsn1 and 

Nsl1) that directly interacts with CENP-C at the centromeres (Screpanti et al. 2011; 

Przewloka et al. 2011) and recruits NDC80 and KNL1 complexes to the outer KT 

(Petrovic et al. 2010; Cheeseman et al. 2004) (Fig 1.3). NDC80 complex is also a rod-

shaped, 4-unit complex (Hec1, Nuf2, Spc24 and Spc25). It directly binds to CENP-T 

at the inner KT (Nishino et al. 2013; Gascoigne et al. 2011) (Fig 1.3), thus, providing 

another point of interaction between the inner and outer KTs. Both NDC80 and KNL1 

have MT-binding activity, but KT-MT attachments are mainly formed by the NDC80 

complex (Cheeseman et al. 2006; J. G. DeLuca et al. 2006; Umbreit et al. 2012; Wei, 

Al-Bassam, and Harrison 2007; Bajaj et al. 2018) (Fig 1.3). KNL1 complex (KNL1, 

ZWINT), on the other hand, provides a platform for the assembly of spindle assembly 

checkpoint (SAC).  
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Fig 1.3 A simplistic view of mitotic kinetochore assembly. The deposition of CENP-A specifies the 

centromeric region of the chromosome (Red box). During mitosis, a 16-unit constitutive centromere 

associated network (CCAN) assembles on the centromere and forms the inner KT (blue box). CENP-T 

in the inner KT is phosphorylated by CDK1 kinase (green line). Then, the phosphorylated CENP-T 

recruits the NDC80 complex (NDC80 C). Alternatively, CENP-C in the inner-KT recruits the Mis12 

complex (Mis12 C), and Mis12 C recruits NDC80 C and KNL1 complex (KNL1 C). The Mis12 C 

mediated NDC80 C recruitment is negatively regulated by Aurora B kinase (red line). The NDC80 C 

binds to the microtubules, and KNL1 C provides the platform for the assembly of the spindle assembly 

checkpoint.  

The Mis12 and KNL1 complexes start to localize at the KTs during the S phase 

(Cheeseman et al. 2008; Gascoigne and Cheeseman 2013). However, the NDC80 

complex cannot be recruited in S phase as it is extranuclear (Kim et al. 2010b; 

Gascoigne and Cheeseman 2013), thus, restricting the KT assembly before mitosis. 

Moreover, NDC80 recruitment at the KT is regulated by two kinases: Aurora B and 

CDK1. Aurora B kinase phosphorylates the Dsn1 subunit of Mis12 complex and 

inhibits Mis12-CENP-C binding (Welburn et al. 2010; Petrovic et al. 2016) and, thus, 

negatively regulates NDC80 recruitment at the KTs (Fig 1.3). CDK1 phosphorylates 

CENP-T, and phospho CENP-T recruits the NDC80 complex at the KTs (Gascoigne et 

al. 2011) (Fig 1.3).  

In summary, the inner KT assembles on the chromosomes and recruits the KMN 

network. The KMN network then forms direct attachments to the MTs and recruits 

other proteins to assemble the SAC.   

Table 1.1. Comparison between human and yeast kinetochore. 
 

Human Budding yeast 

In
n

er
 k

in
et

o
ch

o
re

 

 
- 

CBF3 complex: Bdc10, 

Ctf13, Cep3, Skp1. 

 
CENP-A, CENP-B. Ybp2, Cse4, Cbf1. 

CCAN 

CENP-C Mif2 

CENP-N, CENP-L. Chl4, Iml3. 

CENP-O, CENP-P, 

CENP-Q, CENP-U, 

CENP-R. 

COMA complex: Ctf19, 

Okp1, Mcm21, Ame1. 

CENP-H, CENP-I, 

CENP-K, CENP-M. 

Ctf3: Mcm16, Ctf3, 

Mcm22. 
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Human Budding yeast 

CENP-S, CENP-T, 

CENP-X, CENP-W. 

CNN1: Cnn1, Wlp1, 

Mhf1, Mhf2. 

- Nkp1, Nkp2. 

O
u

te
r 

k
in

et
o
ch

o
re

 

KMN network 

KNL1 complex: KNL1, 

ZWINT. 
SPC105: Spc105, Kre28. 

Mis12 complex: Mis12, 

Dsn1, Nnf1, Nsl1. 

MIND complex: Mtw1, 

Dsn1, Nnf1, Nsl1. 

NDC80 complex: Hec1, 

Nuf2, Spc24, Spc25. 

NDC80 complex: Ndc80, 

Nuf2, Spc24, Spc25. 

SKA complex SKA1, SKA2, SKA3. 

DAM/DASH complex: 

Dam1, Duo1, Spc19, 

Spc34, Ask1, Dad1, 

Dad2, Dad3, Dad4, 

Hsk3. 

Astrin-SKAP 

complex 

Astrin, SKAP, LC8, 

MYCBP. 
- 

RZZ complex and 

related. 

Rod, Zwilch, ZW10, 

Spindly, Dynein, 

Dynactin. 

- 

Spindle Assembly 

checkpoint (SAC) 

Mps1, Bub1, BubR1, 

Bub3, Mad1, Mad2, 

Cdc20, TRIP13, 

p31comet. 

Mps1, Bub1, Bub3, 

Mad1, Mad2, Mad3, 

Cdc20. 

Chromosome 

passenger complex 

(CPC) 

Aurora B, INCENP, 

Survivin, Borealin. 
Sli55, Bir1, Nbl1, Ipl1. 

Microtubule-

associated proteins 

(MAPs) 

CLASP1, CLASP2, 

XMAP215, EB1, EB2, 

CLIP-170, ChTOG. 

Stu1, Stu2, Slk19, Blm1, 

Bik1. 

Motor proteins 
Kinesin-8, Kinesin-14, 

Kinesin-5, BimC. 

Kar3, Cin8, Kip2, Kip3, 

Kar9, Cik1. 

Kinases and 

phosphatases 

CDK1, PLK1, PP1, 

PP2A, CDC14. 

Cdc28, Glc7, Sds22, 

Pph21, Pph22, Cdc5. 
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1.2.3 HOW DO CELLS FORM KINETOCHORE-MICROTUBULE 

ATTACHMENTS? 

In early mitosis, the very outer region of the KT (called the fibrous corona) 

expands over 100 nm and can be seen as a crescent-shaped structure under the 

microscope (Jokelainen 1967; Zirkle 1970; Bielek 1978; Roos 1973). Expansion of 

fibrous corona increases the area of possible contact with the MTs and, thus, facilitates 

the formation of KT-MT attachments. The expansion of fibrous corona requires an 

outer KT protein complex, the RZZ complex, and is regulated through at least four 

kinases: CDK1, Aurora B, PLK1 and MPS1  (Sacristan et al. 2018; Pereira et al. 2018; 

Rodriguez-Rodriguez et al. 2018; Ying et al. 2009; Wynne and Funabiki 2015).  

The RZZ complex comprises ROD (Rough deal), Zwilch, and ZW10 (Zest-

White 10) proteins. ZW10 binds to ZWINT at the outer KT, but this binding is not 

essential for the arrival of RZZ at the KTs (Kops et al. 2005; G. Zhang et al. 2015). 

Instead, the arrival of the RZZ complex at the KTs depends on KNL1 protein and Bub1 

kinase (Silió, McAinsh, and Millar 2015; Caldas et al. 2015). Both KNL1 and Bub1 are 

essential components of the spindle assembly checkpoint (SAC); thus, RZZ establishes 

crosstalk between attachment and monitoring pathways. Biochemical analysis shows 

that the RZZ complex is present in a 2:2:2 ratio, and the two molecules of ROD run in 

an anti-parallel direction with β-propellors in their N-termini (Mosalaganti et al. 2017). 

ROD and Zwilch directly bind with Spindly protein (Kops et al. 2005; Gama et al. 

2017), and together the complex can form a fibrous meshwork in vitro (Sacristan et al. 

2018; Pereira et al. 2018; Gama et al. 2017).  

In addition to forming fibrous corona, Spindly recruits dynein and dynactin 

proteins (Pereira et al. 2018; Gama et al. 2017). Dynein-dynactin is essential for robust 

cargo delivery towards the MT minus-ends (McKenney et al. 2014). Uncoupling of 

fibrous corona using a brief CDK1 inhibition in Nocodazole treated cells revealed that 

the fibrous corona, in addition to the RZZ-Spindly-Dynein-Dynactin, consists of at least 

Mad1-Mad2 checkpoint proteins and CENP-E and CENP-F MT plus-end motor 

proteins (Pereira et al. 2018; Sacristan et al. 2018).  
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1.2.3.1 LATERAL ATTACHMENTS 

KTs are captured by the MTs using the classic "search and capture" pathway 

(Reviewed in: (Heald and Khodjakov 2015)). The MT plus-ends are continuously 

polymerizing and depolymerizing and, thus, "searching" for the KTs. For most KTs, 

the initial MT "capture" is at the lateral walls of the MTs (Itoh et al. 2018; Magidson et 

al. 2011; Kitajima, Ohsugi, and Ellenberg 2011; Merdes and De Mey 1990; Rieder and 

Alexander 1990; Kapoor et al. 2006; Tanaka et al. 2005; Barisic et al. 2014). At least 

two motor proteins drive lateral interactions: CENP-E (MT plus-end motor protein) and 

dynein (MT minus-end motor protein) (Fig 1.4). Usually, a single KT is first captured 

along the lateral wall of a single MT, and then dynein drives the chromosome pair 

rapidly (up to 1 µm/s) towards the spindle poles (Rieder and Alexander 1990; Vorozhko 

et al. 2008; Yang et al. 2007; Li et al. 2007) (Fig 1.4). Spindle poles are the area of high 

MT density, and as the KT moves towards the poles, it attaches to more MTs (~17 in 

humans) (Rieder 1981; McEwen et al. 2001). This leads to the formation of the 

prometaphase rosette, a ring-like chromosome arrangement, which is predicted to speed 

up the formation of spindle assembly in computer simulations (Itoh et al. 2018; 

Kitajima, Ohsugi, and Ellenberg 2011; Magidson et al. 2011).  

Next, CENP-E directs the chromosome movement towards the MT plus-end 

((Shrestha and Draviam 2013; Gudimchuk et al. 2013); Fig 1.4). CENP-E binds to 

protein phosphatase 1 (PP1), and this is required for efficient CENP-E-MT interaction 

(Kim et al. 2010a). Aurora-A kinase at the spindle poles disrupts CENP-E-PP1, thus 

detaching the chromosome (Kim et al. 2010).  During mitosis, MT plus-ends are present 

at both the cortex and the equator. However, only the MTs at the equator are tyrosinated, 

a type of post-translational modification.  In vitro experiments show that CENP-E 

guided transport is enhanced on tyrosinated MTs (Barisic et al. 2015). Thus, CENP-E 

preferably binds the chromosomes to MTs that are growing towards the center of the 

cell. In vitro experiments have shown that CENP-F can also track the MT plus-ends 

and coordinates mitochondrial movements in mitotic cells (Kanfer et al. 2017). 

However, whether CENP-F assists CENP-E during lateral attachments is not known.  
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Fig 1.4 Lateral attachments. Upon entry into mitosis, the RZZ complex localizes at the KTs, and the 

outer KT expands. The RZZ complex recruits spindly protein, which then recruits Dynein-Dynactin 

proteins. Dynein, a MT minus-end motor protein, moves the chromosomes towards the spindle poles, an 

area of high MT density. Next, CENP-E, a MT plus-end motor protein, moves the chromosomes toward 

the MT plus-end. The chromosome movement towards the MT plus-ends is facilitated by MT 

depolymerization mediated by MCAK protein.  

The movement of chromosomes to MT plus-end is also assisted by MT 

depolymerization (Fig 1.4). MT depolymerization shortens the length of the MTs and 

thus speeds up the delivery of chromosomes to MT plus ends.  Moreover, MCAK, a 

MT depolymerizer, keeps the laterally attached chromosomes in mono-orientation 

(attached only at one KT; see Fig 1.6) (Shrestha and Draviam 2013). Computer 

simulations predicted that lateral attachments allow the KTs to undergo rapid rotational 

movements, minimizing merotelic attachments (attachment of both KTs to MTs 

emanating from the same pole) and speeds up the prometaphase (Magidson et al. 2015; 

Paul et al. 2009). 

1.2.3.2 END-ON ATTACHMENTS 

For robust KT-MT attachments, the lateral attachments must be converted into 

mature or end-on attachments. In vitro experiments show that CENP-E and NDC80 

complex are sufficient for plus-end tracking and forming end-on attachments; however, 

NDC80 complex is required for stable attachments (Chakraborty et al. 2019). NDC80-

MT binding is under negative regulation by Aurora-B, which reduces its affinity for the 
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MTs (Cheeseman et al. 2006; J. G. DeLuca et al. 2006). Moreover, the RZZ complex 

also negatively regulates the NDC80-MT attachments in early mitosis, but the gradual 

increase in dynein levels in later prometaphase releases this inhibition (Itoh et al. 2018; 

Cheerambathur et al. 2013).   

In addition to the classic "search and capture" pathway, MTs can nucleate from 

the KTs. A fibrous corona localized complex Nup107-160 recruits the γ-TuRC to the 

KTs (Mishra et al. 2010). EM studies have shown short, randomly oriented MT stubs 

in the vicinity of the fibrous corona (Sikirzhytski et al. 2018). These MT stubs can bind 

to tubulin in vitro (Mitchison and Kirschner 1985; Sikirzhytski et al. 2018) and re-orient 

so that the plus ends are attached to the KTs in an end-on configuration (De Brabander 

et al. 1981; Witt, Ris, and Borisy 1980; Sikirzhytski et al. 2018). Correlative light 

electron microscopy shows that the initial KT-MT attachments in this pathway are also 

lateral but are rapidly converted to end-on attachments in a CENP-E dependent manner 

(Sikirzhytski et al. 2018).  

1.2.3.3 STABILIZATION OF KT-MT ATTACHMENTS 

In anaphase, sister chromatids are pulled apart and moved towards the spindle 

poles via MT depolymerization. In vitro, a single NDC80 complex cannot remain 

attached to the depolymerizing MTs unless the complex is artificially oligomerized 

(Schmidt et al. 2012; McIntosh et al. 2008; Powers et al. 2009; Volkov et al. 2018). 

Around 14 NDC80 complexes bind to a single MT, forming a cage-like structure 

around it (Suzuki, Badger, and Salmon 2015). This clustering of NDC80 requires 

binding with the SKA complex (Janczyk et al. 2017) (Fig 1.5). The SKA complex, 

made up of three proteins SKA1, 2 and 3, forms a ring-like structure around the MTs. 

Moreover, in vitro studies have shown that the SKA complex can bind both 

polymerizing and depolymerizing MTs (Monda et al. 2017; Schmidt et al. 2012). 

However, the SKA-NDC80 binding can happen in the absence of MTs (Veld et al. 

2019). SKA binding to the MTs is preferentially near the MT plus-ends, and MT-SKA-

NDC80 strengthens KT-MT attachments (Helgeson et al. 2018). The MT-SKA-NDC80 

interaction is regulated by CDK1 kinase and PP1 and PP2A phosphatases 

(Cheerambathur et al. 2017; Janczyk et al. 2017; Sivakumar and Gorbsky 2017; Veld 

et al. 2019; Zhang et al. 2017).  
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The SKA complex is not sufficient for stabilizing KT-MT attachments. The 

Astrin-SKAP complex, which is present at the MTs throughout mitosis, arrives at the 

KTs only when end-on KT-MT attachments have formed (Shrestha and Draviam 2013; 

Shrestha et al. 2017; Kuhn and Dumont 2017). The Astrin-SKAP complex is a 4-unit 

complex comprising of Astrin, SKAP, dynein light chain LC8 and MYC binding 

protein (MYCBP). Like the NDC80 complex, the Astrin-SKAP complex is also rod-

shaped and in vitro experiments show that the Astrin-SKAP complex synergistically 

binds to the MTs with the NDC80 complex (Kern, Wilson-Kubalek, and Cheeseman 

2017) (Fig 1.5). Moreover, Astrin directly binds to the NDC80 complex ((Kern, 

Wilson-Kubalek, and Cheeseman 2017; Dunsch et al. 2011; Conti et al. 2019) Tamura 

PhD, Draviam Lab; unpublished data). Together the data suggest that the Astrin-SKAP 

complex can generate strong KT-MT attachments.  Astrin-SKAP complex-mediated 

stabilization of KT-MT attachments is regulated by CDK1 and PLK1 kinases (Geraghty 

et al. 2021; Conti et al. 2020). Phosphatases regulate SKA complex-mediated KT-MT 

attachments, but whether phosphatases also regulate the Astrin-SKAP complex-

mediated stabilization of KT-MT attachments is unknown.  
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Fig 1.5 Stabilization of end-on attachments. The NDC80 complex converts the lateral KT-MT 

attachments to end-on attachments. Next, the SKA complex arrives and interacts with both the NDC80 

complex and the MTs. The SKA-NDC80 interaction results in the NDC80 complex clustering around 

the MTs. Finally, the Astrin-SKAP complex arrives and binds to both the NDC80 complex and the MTs, 

resulting in the stabilization of KT-MT attachments. Once stable end-on attachments are formed, SAC 

is satisfied and anaphase is initiated. 

The arrival of the Astrin-SKAP complex at the KTs positively correlates with 

the removal of the Mad1-Mad2 checkpoint proteins from the KTs (Kuhn and Dumont, 

2017). The removal of the Mad1-Mad2 checkpoint proteins requires the RZZ complex 

(Barisic et al., 2010), the complex that forms the fibrous corona. The expanded fibrous 

corona compacts once end-on attachments are formed (Magidson et al., 2015; Sacristan 

et al., 2018), but whether this happens before or after Astrin arrival is not known.  

In summary, the KT assembles at the start of mitosis. The outermost KT 

expands to form the fibrous corona with the help of the RZZ complex. Initially, the 

chromosomes are captured at the lateral side of the MTs with the help of CENP-E and 

dynein. Then, CENP-E and the NDC80 complex convert the lateral attachments to end-

on attachments. The SKA complex stabilizes NDC80-MT attachments. Finally, the 

end-on KT-MT attachments are stabilized by the Astrin-SKAP complex; SAC is 

satisfied and fibrous corona gets compacted. 

1.2.4 HOW DO CELLS ENSURE CORRECT KINETOCHORE-

MICROTUBULE ATTACHMENTS ARE FORMED? 

During chromosome segregation, sister chromatids are pulled apart by 

microtubule (MT) pulling forces acting on the kinetochores (KTs). To generate robust 

load-bearing at the KTs and to ensure only one sister chromatid goes to each daughter 

cell, each sister KT needs to be attached to the MTs emanating from the opposite spindle 

poles. This type of attachment is called bi-orientation or amphitelic attachment (Fig 

1.6). There are three known types of erroneous attachments:  

a) merotelic attachment-one KT attaches to MTs arising from both spindle poles 

b) syntelic attachment-both sister KTs attach to MTs but on the same side of the spindle 

c) monotelic attachment-only one sister KT attaches to the MTs.  



Chapter 1 

23 

 

 

Fig 1.6 Types of kinetochore-microtubule attachments. Amphitelic attachment: each sister 

kinetochore attaches to microtubules emanating from the opposite spindle pole. Merotelic attachment: 

one sister kinetochore attaches to microtubules emanating from both spindle poles. Syntelic attachment: 

both sister kinetochores attach to microtubules emanating from the same spindle pole. Monotelic 

attachment: only one sister kinetochore is attached to microtubules.  

Cells use the error correction pathway to correct erroneous attachments and the 

spindle assembly checkpoint (SAC) ensures anaphase does not start until all KT-MT 

attachments are correctly formed. 

1.2.4.1 ERROR CORRECTION PATHWAY 

MT pulling forces acting on the bioriented  KTs increase the distance between 

sister centromeres (inter-centromeric stretch) and the distance between sister KTs 

(inter-KT stretch) (Waters et al. 1996; Maresca and Salmon 2009). Moreover, there is 

an outward stretching of the KT (intra-KT stretch) (Uchida et al. 2009; Maresca and 
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Salmon 2009) (Fig 1.7). Together, the stretching produces "tension," which is sensed 

by the chromosome passenger complex (CPC). CPC consists of INCENP, Borealin, 

Survivin, and Aurora B and localizes to the centromeres from prometaphase to 

metaphase (Honda, Körner, and Nigg 2003; Adams et al. 2001; Klein, Nigg, and 

Gruneberg 2006). Localization of Aurora B at the centromeres depends on  CDK1 

kinase (Hümmer and Mayer 2009; Tsukahara, Tanno, and Watanabe 2010). In the 

absence of "tension," Aurora B phosphorylates several substrates, including the NDC80 

and SKA complex to inhibit KT-MT attachments and KNL1 to keep the spindle 

assembly checkpoint (SAC) active (Welburn et al. 2010; Cheeseman et al. 2006; Pinsky 

et al. 2006; Wang et al. 2008; DeLuca et al. 2006; Cimini et al. 2006; Guimaraes et al. 

2008; Miller, Asbury, and Biggins 2016; Chan et al. 2012). The kinase activity of 

Aurora B forms a gradient centered at the centromere (Welburn et al. 2010; Liu et al. 

2009; Krenn and Musacchio 2015; Samejima et al. 2015; Zaytsev et al. 2016; Wang, 

Ballister, and Lampson 2011). Once biorientation is achieved, an increase in inter-

centromeric, inter-KT, and intra-KT distances physically separate Aurora B from its 

substrates. Interestingly, intra-KT stretching and not inter-centromeric stretching is 

essential for anaphase onset (Uchida et al. 2009; Maresca and Salmon 2009). Moreover, 

expression of an NDC80 mutant with all potential Aurora B sites converted to Alanine 

to mimic dephosphorylation results in cells entering anaphase even without correct 

attachments (Etemad, Kuijt, and Kops 2015; Tauchman, Boehm, and DeLuca 2015). 

Thus, the intra-KT stretching changes the KT structure in a way that directly or 

indirectly leads to NDC80 dephosphorylation, which satisfies the SAC.  
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Fig 1.7 Schematic showing low and high tension states. In the absence of MT pulling forces, KTs are 

under “low tension”. When MT pulling forces are applied, the inter-centromeric, inter-KT, and intra-KT 

distances increase and thus are now in “high tension” states. The intra-KT distances and not inter-KT 

and inter-centromeric distances satisfy the SAC, suggesting a change in the KT architecture is required 

for SAC satisfaction. 

1.2.4.2 SPINDLE ASSEMBLY CHECKPOINT  

Spindle assembly checkpoint (SAC) is a surveillance system of the cell that 

monitors the KT-MT attachments. When KTs are unattached (early prometaphase), 

SAC generates a "wait signal," which stays "ON" till the anaphase onset.  At the start 

of mitosis, CDK1-Cyclin-B phosphorylates MPS1 kinase, and the phosphorylated 

MPS1 is recruited to the KTs (Hayward et al. 2019).  At the KTs, MPS1 kinase directly 

interacts with the NDC80 complex and competes with MTs for its KT localization (Ji, 

Gao, and Yu 2015; Hiruma et al. 2015; Dou et al. 2015), thus, ensuring that it is 

recruited only to the unattached KTs. Moreover, MPS1 recruitment is regulated by 

Aurora B, a kinase that destabilizes NDC80-KT attachments (DeLuca et al. 2006; 

Welburn et al. 2010; Santaguida et al. 2011; Nijenhuis et al. 2013). However,  according 

to Ji et al. (Ji, Gao, and Yu 2015),  phosphorylation of NDC80 can also directly recruit 
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MPS1. Thus, the SAC crosstalks with both KT-MT attachment and error correction 

pathways. 

MPS1 kinase activates the SAC through KNL1-Bub3-Bub1 (KBB) pathway. 

First, MPS1 phosphorylates the KNL1 protein at the "MELT" motifs, creating docking 

sites for Bub3 protein (London et al. 2012; Yamagishi et al. 2014; G. Zhang, Lischetti, 

and Nilsson 2014) (Fig 1.8). Then, KNL1 recruits the Bub proteins. Bub3 is in complex 

with either BubR1 pseudo kinase or Bub1 kinase, and KNL1 can recruit both complexes 

(Yamagishi et al. 2014; Shepperd et al. 2012; London et al. 2012; Primorac et al. 2013) 

(Fig 1.8). However, BubR1-Bub3 recruitment is mainly through heterodimerization of 

BubR1 with Bub1(Zhang et al., 2015; Overlack et al., 2015). Moreover, the BubR1 

recruitment at the KTs is regulated by both KT-MT attachment and the error correction 

pathways. Aurora B kinase phosphorylates KNL1, which positively regulates BubR1 

recruitment (Welburn et al. 2010; Nasa et al. 2018) (Fig 1.8). Moreover, CENP-E, 

involved in initial KT-MT attachments, binds to BubR1 in the absence of MT binding 

(Mao, Desai, and Cleveland 2005). CENP-E-BubR1 binding keeps the SAC active 

(Mao, Desai, and Cleveland 2005) (Fig 1.8). 

CDK1 kinase phosphorylates Bub1 to generate a "pseudo-MELT" motif on 

Bub1 that allows phosphorylation by MPS1 (Zhang et al. 2017; Ji et al. 2017). The 

MPS1 phosphorylated Bub1 binds to Mad1 and recruits the Mad1-Mad2 complex to 

the KTs (Faesen et al. 2017; Qian et al. 2017; Zhang et al. 2017; Ji et al. 2017) (Fig 

1.8). The Mad1-Mad2 complex can also arrive at the KTs through the RZZ complex, 

the protein complex that forms the expanded fibrous corona (Silió, McAinsh, and Millar 

2015; Caldas et al. 2015) (Fig 1.8). Mad2 is a core component of the mitotic checkpoint 

complex (MCC) which, in addition to Mad2, consists of BubR1-Mad3, Bub3, and 

Cdc20.  Once at the unattached KTs, Mad2 undergoes a conformational change from 

an open to a closed-form in an MPS1 and Mad1 dependent manner, leading to the 

inhibition of the anaphase-promoting complex/cyclosomes (APC/C) (Faesen et al. 

2017; Ji et al. 2017). APC/C remains inhibited till all chromosomes are correctly 

attached.   
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Fig 1.8 Spindle Assembly Checkpoint. The KNL1 protein, a core KT protein, recruits the Bub proteins 

(Bub1, BubR1 and Bub3). The Bub proteins then recruit the Mad1-Mad2 proteins and the SAC is 

activated. The Mad1-Mad2 proteins are also recruited by the RZZ complex (ROD, Zwilch and ZW10). 

Recruitment of checkpoint proteins is positively regulated by CDK1, MPS1 and Aurora B kinase (red 

knobs) and negatively regulated by CDK1 kinase, PLK1 kinase, PP1 phosphatase and PP2A-B56 

phosphatase (green knobs). CENP-E, a KT-MT attachment protein, positively regulates the SAC by 

binding to BubR1 in the absence of KT-MT attachments (Red box) and negatively regulates by recruiting 

PP1 phosphatase in the presence of KT-MT attachments (Green box). When correct KT-MT attachments 

are formed, dynein motor protein removes Mad1-Mad2 proteins. Red lines indicate positive regulation 

and green lines indicate negative regulation of SAC. Kinases are in pink and phosphatases are in green. 

Silencing of SAC requires dephosphorylation by two phosphatases PP1 and 

PP2A-B56. CDK1 mediated BubR1 phosphorylation generates a PLK1 docking site, 

and Plk1 mediated phospo BubR1 recruits PP2A-B56 (Suijkerbuijk et al., 2012; Kruse 

et al., 2013) (Fig 1.8). Moreover, CENP-E targets PP1 phosphatase to the KTs (Kim et 

al., 2010) (Fig 1.8). PP2A-B56 dephosphorylates Aurora B mediated phosphorylation 

at KNL1, allowing the binding of KNL1 to PP1 phosphatase (Suijkerbuijk et al., 2012; 

Xu et al., 2013; Espert et al., 2014; G. Zhang et al., 2017) (Fig 1.8). The tipping of 

balance towards dephosphorylation at the end of metaphase leads to the inhibition of 

SAC. Mad1-Mad2 checkpoint proteins leave the KTs in an RZZ complex-dependent 

manner (Barisic et al. 2010), probably through dynein motor protein (Fig 1.8). 

However, the checkpoint stays sensitive to KT-MT detachments for some time after the 
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initial silencing and can be reactivated (Clute and Pines 1999; Dick and Gerlich 2013; 

Vázquez-Novelle et al. 2014). This gives the cells an additional window period for 

correcting KT-MT attachments to ensure chromosomes segregate accurately. 

1.2.4.3 CONSEQUENCES OF CHROMOSOME SEGREGATION ERRORS 

In the presence of monotelic and syntelic attachments, SAC does not get 

silenced, leading to prolonged mitosis. Several studies have shown that prolonged 

mitosis can lead to the acquisition of DNA damage (Lanni and Jacks 1998; Quignon et 

al. 2007; Rogakou et al. 1998; Uetake and Sluder 2010; Crasta et al. 2012a; Hayashi et 

al. 2012; Orth et al. 2012). However, the SAC does not recognize merotelic 

attachments. In this case, the cell will proceed to anaphase and lead to the generation 

of lagging chromosomes. Most lagging chromosomes will go to the right daughter cell 

(Cimini et al. 2001; Cimini, Cameron, and Salmon 2004; Thompson and Compton 

2011). However, they may go into the wrong daughter cell leading to an unequal 

distribution of chromosomes - called numerical aneuploidy (Thompson and Compton 

2011). Moreover, chromosomes may get damaged during cytokinesis. In cytokinesis, 

the cytoplasm is divided by an indentation of the cell membrane called the cytokinetic 

furrow. The lagging chromosomes can get stuck in the cytokinetic furrow and acquire 

structural rearrangements - called structural aneuploidy (Janssen et al. 2011; Soto et al. 

2017; Santaguida et al. 2017; Hoffelder et al. 2004). Moreover, a nuclear envelope in 

the daughter cell may form before the lagging chromosome could arrive. These late 

arrivals form small nuclei called micronuclei, which may or may not join the primary 

nucleus. Micronuclei have a defective nuclear envelope and dysregulated nuclear 

envelope repair, leading to dysregulated nucleo-cytoplasmic transport, DNA replication 

and DNA damage repair (Crasta et al. 2012; Hatch et al. 2013; Zhang et al. 2015; Hart, 

Adams, and Draviam 2021). Hence, they may accumulate DNA damage or even get 

fragmented in subsequent cell divisions (Crasta et al. 2012; Hatch et al. 2013). 

Fragmentation may happen in a single event and the fragments may align randomly 

(chromothripsis), leading to structural aneuploidy (Ly et al. 2017; Zhang et al. 2015; 

Stephens et al. 2011). 

In summary, SAC is activated at the start of mitosis, which generates a "wait" 

signal. The error correction pathway destabilizes incorrect KT-MT attachments. 
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Together, the SAC and error correction pathway ensures that chromosome segregation 

does not start before all KT-MT are attached correctly. Erroneous KT-MT attachments, 

if not corrected, can lead to the acquisition of DNA damage and aneuploidy.  

1.3 CHROMOSOME SEGREGATION ERRORS AND DISEASE 

Mitosis is a tightly regulated process, but mistakes are still made. On average, 

a human cell produces an estimated 1-10 point mutations (single base changes) in each 

daughter cell's genome every cycle (Reviewed in: (Lichtenstein 2018)). A newborn can 

carry over 120, and a 15-year-old can have 100-1000 point mutations in the coding 

genes alone, which is 1-2% of the genome (Reviewed in: (Fernández, Torres, and Real 

2016)). In addition to point mutations, cell division errors can result in structural 

rearrangements such as deletions, insertions, and whole chromosome gain/loss, but 

these are less frequent. However, not every change in the genome has a functional 

consequence (phenotype). A base change can still code the same amino acid 

(synonymous mutation) or changes the amino acid (missense mutation) but does not 

impact the protein structure and function. On the other hand, structural rearrangements 

are more likely to have a phenotype (Collins et al. 2017), possibly because a larger area 

is changed. Genome-wide association studies (GWAS) of over 100,000 phenotypes 

suggest that only 10% of the genome changes manifest phenotypically (Leslie, 

O’Donnell, and Johnson 2014). Genome changes are part of normal evolution and are 

responsible for variations between individuals. Rarely, these variations can cause 

miscarriages, developmental disorders, and cancer.  

1.3.1 HUMAN GENETIC ANEUPLOIDY DISORDERS 

Chromosome segregation errors can result in cells with an abnormal number of 

chromosomes or aneuploid. Except for monosomy X, monosomies (loss of one 

chromosome) are embryonically lethal owing to insufficient protein expression. 

Trisomies (having an extra chromosome) occur in at least 4% of human pregnancies 

(Hassold and Jacobs 1984). Some trisomies such as trisomy 13 (Patau syndrome), 18 

(Edward Syndrome), 21 (Down syndrome), X, and Y result in live birth owing to the 

small number of genes in these chromosomes. However, most trisomies result in organ 
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malformation, predispose to cancer, and reduce life expectancy (Reviewed in: (Akutsu 

et al. 2020)).  

1.3.2 PRIMARY MICROCEPHALY 

Autosomal recessive primary microcephaly (MCPH) is a rare disorder 

characterized by a reduction of head circumference (occipitofrontal diameter) >2 

standard deviations below the mean for age, birth, and ethnicity (Reviewed in: (Jean, 

Stuart, and Tarailo-Graovac 2020). Incidence of MCPH is between 1 in 30,000 and 1 

in 2,000,000 in non-consanguineous population, but increases to 1 in 10,000 (Northern 

Pakistan) where consanguineous marriages are common ((Komai, Kishimoto, and 

Ozaki 1955; Tolmie et al. 1987; Bosch 1958) Reviewed in: (Cox et al. 2006; Woods, 

Bond, and Enard 2005). There are 27 MCPH genes listed on Online Mendelian 

Inheritance in Man (OMIM), and 14 of these genes were identified as the cause of 

microcephaly in families in Northern Pakistan. The first MCPH genes discovered were 

associated with centrosomes - involved in spindle formation and orientation and, hence, 

MCPH was considered a “centriolopathy”. In early neurogenesis, neural progenitor 

cells favor symmetric cell divisions, whereas asymmetric cell divisions are favored in 

late neurogenesis (Reviewed in: (Jean, Stuart, and Tarailo-Graovac 2020; Jayaraman, 

Bae, and Walsh 2018). This sequence of events is essential for generating a pool of 

neuronal progenitor cells early on, neuronal cell differentiation and maintaining the 

ratio of progenitor and differentiated neuronal cells, ultimately affecting the size and 

function of the brain (Reviewed in: (Jean, Stuart, and Tarailo-Graovac 2020; 

Jayaraman, Bae, and Walsh 2018). Later research has identified genes involved in DNA 

transcription and replication, chromosome condensation, kinetochore-microtubule 

attachment, spindle assembly checkpoint, cytokinesis, cell cycle regulation, DNA 

damage response and metabolism as causes of MCPH, suggesting other mechanisms 

may be involved in this disease. Here, I will only discuss kinetochore genes associated 

with microcephaly and how they may cause MCPH. 

MCPH4 (MIM: 604321): CASC5 (encodes KNL1 protein) was the first 

kinetochore (KT) gene to be implicated in MCPH. KNL1 p.M2041I variant was 

identified as the cause of microcephaly in three consanguineous Moroccan families and 

one consanguineous Algerian family with common ancestry (Jamieson et al., 1999; 
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Genin et al., 2012). All affected individuals presented with reduced head size (-4 to -7 

SD) and intellectual disability, and some had developmental delay.  Another KNL1 

variant p.Met2225Ilefs*7 was identified as the cause of microcephaly in a 

consanguineous Pakistani family (Szczepanski et al. 2016). The affected individuals 

were between 22 to 53 years of age with normal height but had reduced head size (-13 

and -17 SD) and intellectual disability (Szczepanski et al. 2016). Lastly, a KNL1 

compound heterozygous de novo frameshift and maternally inherited missense 

variation was identified in an African American child with microcephaly who had 

reduced head size (-4.88 SD) at 17 months of age but achieved normal milestones 

(Zarate et al., 2016).  

KNL1 is an essential gene required for assembling spindle assembly checkpoint 

(SAC), a surveillance system of the cell that monitors KT-microtubule (MT) 

attachments (see section 1.2.5.2). mRNA and protein expression studies in patient-

derived primary fibroblast and lymphoblastoid cell lines (LCL) of  KNL1 

p.Met2225Ilefs*7 variant show that the variation affects an intronic splicing site 

resulting in skipping of exon 25 (Szczepanski et al. 2016). Moreover, protein expression 

studies in primary fibroblast and LCL show reduced expression of KNL1 protein 

(Szczepanski et al. 2016). The reduced expression may be due to the degradation of 

mRNA by nonsense-mediated decay (NMD), a surveillance pathway in gene 

expression. Using an engineered human embryonic stem cell (hESC) line and CRISPR 

technology, Javed et al. (Javed et al., 2018) show that the KNL1 p.M2041I variant also 

affects splicing. The variation converts an exonic splicing enhancer site to an exonic 

splicing silencer site and results in skipping of exon 18 (Javed et al. 2018). They further 

show that brain-specific phenotype is due to high expression of an inhibitory splicing 

protein heterogeneous nuclear ribonucleoprotein A1 (HNRNPA1) in neural 

progenitors, which reduces KNL1 protein levels specifically in neural progenitors 

(Javed et al., 2018).  

Immunofluorescence studies on KNL1 p.M2041I variant in hESC cell line show 

a reduced KT localization, whereas KNL1 p.Met2225Ilefs*7 variant in primary 

fibroblasts and LCL show an impaired KT localization with off-target signals (Javed et 

al., 2018; Szczepanski et al., 2016), possibly due to protein misfolding. Further, 
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expression of the truncated KNL1 p.M2041I variant results in a checkpoint-dependent 

increase in cell death and reduced neuronal specialization (Szczepanski et al. 2016). 

Expression of truncated KNL1 p.Met2225Ilefs*7 variant show deformed nuclei, 

presence of micronuclei, and DNA damage (elevated γ-H2AX and 53bp1) (Javed et al. 

2018). Together, the data suggest that the expression of MCPH KNL1 variants results 

in chromosome segregation defects, DNA damage, and increased apoptosis. 

Interestingly, CASC5-/- Zebrafish larvae show severe microcephaly phenotype 

detectable at 3rd-day post fertilization (dpf) before dying at 5-6 dpf (Duerinckx et al. 

2020).   

MCPH13 (MIM: 616051): A compound heterozygous CENP-E p.D933N and 

p.K1355E variation (derived from each parent) was identified as the cause of 

microcephaly in two siblings born of unrelated parents of European descent (Mirzaa et 

al. 2014). The children (3-5 years of age) had reduced head size (-7 to -9 SD), 

intellectual disability, and developmental delay (Mirzaa et al. 2014). The phenotype 

appeared to be more severe in the male child who also had restrictive cardiomyopathy 

(rigid heart walls) and skeletal deformations and died at the age of 8 (Mirzaa et al. 

2014).  

Protein expression studies on patient-derived lymphoblastoid cell lines (LCL) 

show that the CENP-E variant does not affect total protein levels (Mirzaa et al. 2014). 

However, immunofluorescence studies of HeLa FRT/TO cells expressing CENP-E 

double mutants show reduced kinetochore (KT) localization and increased incidence of 

polar chromosomes and abnormal spindles (Mirzaa et al. 2014). CENP-E, a motor 

protein, is required for moving chromosomes towards the MT plus-ends, which may 

explain the presence of polar chromosomes (see section 1.2.4.1). Moreover, a recent 

study has shown that large chromosomes are more vulnerable to chromosome 

congression defects in CENP-E inhibited cells (Tovini and McClelland 2019). 

Interestingly, the double-mutant phenotype was also observed in cells expressing single 

mutants (Mirzaa et al. 2014). The parents of affected siblings carry a single variation 

but appear healthy, suggesting that heterozygous cells only produce normal copies.  

Colcemid-treated LCL cells fail to phosphorylate BubR1 kinase, required for 

spindle assembly checkpoint (SAC) signaling (see section 1.2.5.2), consistent with 
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delayed mitosis in live-cell imaging experiments (Mirzaa et al. 2014). Moreover, the 

cells display a high incidence of lagging chromosomes and diploid cells, often with 

different nuclear sizes (Mirzaa et al. 2014). Different nuclear sizes in diploid cells may 

suggest differences in chromosome numbers, hence, aneuploidy. Studies in the 

Draviam lab show that CENP-E inhibition produces multinuclear cells with elevated 

DNA damage in cultured cells (Hart, Adams, and Draviam 2021).  Collectively, the 

data indicate that CENP-E compound heterozygous p.D933N and p.K1355E variation 

impairs chromosome congression and SAC signaling leading to aneuploidy and DNA 

damage.  

DYNC1I2: Three Dynein Cytoplasmic 1 Intermediate Chain 2 (DYNC1I2) 

variants were identified as the cause of microcephaly in one family from Northern 

Pakistan and two families from Europe (Ansar et al. 2019). All patients presented with 

similar clinical features: reduced head size, developmental delay, and facial 

dysmorphism. DYNC1I2 is part of the cytoplasmic dynein-1 complex, a multiunit 

motor complex, that moves towards the microtubule minus-ends (Pfister et al. 2006). 

One of the DYNC1I2 variants-p.T247C, caused microcephaly in Zebrafish by 

disrupting the mitotic spindle and increasing apoptosis (Ansar et al. 2019).   

SPAG5/Astrin: A compound heterozygous sperm-associated antigen-5 

(SPAG5) de novo frameshift Lys409Profs*19 and a maternally inherited p.G1063G 

variant was identified as the cause of microcephaly in a patient from Europe 

(Boonsawat et al. 2019). The patient presented with reduced head size, intellectual 

disability, and developmental delay (Boonsawat et al. 2019). mRNA studies from 

patient-derived fibroblasts show deletion of 11 exonic bp resulting in a predicted 

p.G1064E*3, but the variants undergo nonsense-mediated decay (NMD) and are not 

detected in protein expression studies (Boonsawat et al. 2019). SPAG5 encodes Astrin 

protein which is detected as a doublet in HeLa cells and is required to stabilize 

kinetochore-microtubule attachments (see section 1.2.4.3 and 1.4). Protein expression 

studies from patient-derived fibroblasts show reduced expression of both Astrin 

isoforms. However, immunofluorescence studies show normal Astrin localization and 

normal cell cycle progression. The KNL1 variant also reduced KNL1 expression, but 
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altered splicing resulting in the deletion of exon 18 in neuronal cells caused the brain-

specific phenotype (see above). A similar mechanism may be in play in this patient.  

1.3.3 MOSAIC VARIEGATED ANEUPLOIDY 

As discussed earlier, segregation errors result in DNA changes; however, every 

cell will not gain the exact change resulting in more than one genetically distinct cell 

line in an organism or mosaicism. Mosaic variegated aneuploidy (MVA) is an 

autosomal recessive syndrome characterized by mosaic aneuploidies, predominantly 

trisomies and monosomies (Warburton et al. 1991; Hanks et al. 2004). Affected 

individuals present with severe intrauterine growth retardation, developmental delay, 

microcephaly, mental retardation, eye anomalies, and other physical abnormalities 

(Tolmie et al. 1988; Papi et al. 1989; K. Miller et al. 1990; Warburton et al. 1991; 

Tadashi Kajii et al. 1998; Flejter et al. 1998; Cho et al. 2015; Scheres et al. 1986; 

Unteregger, Scheres, and J. 1987). Furthermore, these individuals are at an elevated 

risk of developing cancer, including rhabdomyosarcoma, Wilm's tumor, and leukemia 

(Limwongse et al. 1999; Kawame et al. 1999; Plaja et al. 2001; T Kajii et al. 2001; 

Méhes, Kajtár, and Kosztolányi 2002; Jacquemont et al. 2002; Callier et al. 2005; Yost 

et al. 2017). MVA syndrome has been linked with variations in Bub1B (MVA-1; MIM: 

257300) (Rio Frio et al. 2010; Hanks et al. 2004; Matsuura et al. 2006), CEP57 (MVA-

2; MIM: 614114) (Snape et al. 2011; García‐Castillo et al. 2008; Pinson et al. 2014) 

and TRIP13 (MVA-3; MIM: 617598) (Yost et al. 2017) genes, all of which are involved 

in cell division. 

MVA-1, the most common form of MVA, is caused by homozygous or 

compound heterozygous variations in Bub1B gene (encodes BubR1 kinase), essential 

for robust spindle assembly checkpoint (SAC; see section 1.2.5.2). Studies from MVA-

1 patient-derived cells show checkpoint deficiency, chromosome alignment defects, 

and an increased number of cells with micronuclei (Matsuura et al. 2006; Suijkerbuijk 

et al. 2010). Kops and colleagues showed that MVA-1 variations result in a 2-6 fold 

decrease in BubR1 protein levels, and the resulting defects can be rescued upon re-

expression of BubR1(Suijkerbuijk et al. 2010). Moreover, mice with conditional 

reduction in BubR1 protein levels in the developing cortex result in checkpoint 
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insufficiency and massive apoptosis in neural progenitor cells, causing microcephaly 

(Simmons et al., 2019). 

Multisite phosphorylation in a highly conserved domain (665–682 a.a.) very 

close to the kinase domain of BubR1, called Kinetochore Attachment Regulatory 

Domain (KARD), leads to recruitment of PP2A-B56 phosphatase to KTs (Suijkerbuijk 

et al., 2012; Kruse et al., 2013; Xu et al., 2013). PP2A phosphatase is a major 

phosphatase at the kinetochore-microtubule interface and is involved in the 

dephosphorylation of various mitotic proteins (See section 1.2.1 and 1.2.5.2). In fact, 

inhibition of Aurora B kinase, part of the error correction pathway (see section 1.2.5.1), 

has been shown to rescue the chromosome segregation defects observed in cells 

expressing BubR1 with defective PP2A-B56 binding (Suijkerbuijk et al., 2012; Kruse 

et al., 2013; Xu et al., 2013). Furthermore, Xu et al. (Xu et al. 2013) showed that 

artificial targeting of B56-PP2A to outer kinetochores in MVA-1 fibroblasts rescues 

MVA-1 phenotype.  

Sieben et al. (Sieben et al. 2020) showed that usually, a  reduction of 40–90% 

in BubR1 protein levels results in tumor predisposition, whereas a reduction of > 90% 

results in early postnatal lethality. However, not all models in their study fit these 

criteria (Sieben et al. 2020). Patients with MVA-1 display varying levels of aneuploid 

cells (10-87%) and levels of BubR1 protein do not correlate with the severity of the 

disease (Unteregger et al. 1987; Scheres et al. 1986; Warburton et al. 1991; Kajii et al. 

2001; Frio et al. 2010), suggesting there are other mechanisms at play, 

In Bub-/- mice, more than 50% of cells are aneuploid soon after implantation, 

results in MVA, and the embryos die between age 7.5 to 13.5 days (Schmid et al., 2014). 

Moreover, Bub1B variations are found in human recurrent pregnancy loss (RPL) 

embryos and may cause miscarriages (Schmid et al. 2014). 

In summary, genomic variations in checkpoint protein BubR1 can cause 

pregnancy loss, developmental disorders, and cancer. 

1.3.4 CANCER 

German zoologist Theodor Boveri first described the effects of aneuploidy in 

sea urchin embryos undergoing abnormal mitotic divisions (Manchester 1995). He 
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proposed that an abnormal number of chromosomes may promote cancer (Manchester 

1995). BubR1 is perhaps the best example of a kinetochore (KT) gene directly linked 

to increasing cancer predisposition (see section 1.3.3). Approximately 60-70% of 

cancer cells are aneuploid (Reviewed in: (Weaver and Cleveland 2006)), and most 

cancers have lagging chromosomes in the rates of 10% and 60% during anaphase 

(Ganem, Godinho, and Pellman 2009; Silkworth et al. 2009). Increased chromosome 

missegregation rate or chromosomal instability (CIN) is a hallmark of cancer (Hanahan 

et al. 2011). Using the lagging chromosome rate and considering 1cm3 of tumor tissue 

has approximately 109 cells, Nicholson and Cimini (Reviewed in: (Nicholson and 

Cimini 2015)) propose that chromosome missegregation may produce 100,000,000– 

600,000,000 cells with different karyotypes, structural and numerical changes in the 

chromosomes. Furthermore, studies have shown that these karyotypes are not entirely 

random, and specific karyotypic patterns are present in different cancer types and 

tissues of origin (Ozery-Flato et al. 2011; Gebhart and Liehr 2000). This is fortunate as 

instead of blindly treating all cancers with the same drug, therapies can be targeted to 

karyotypic patterns. 

Personalized therapy has revolutionized cancer therapy in the last decade. 

Cancer is uncontrolled cell division, and many of the mitotic genes are dysregulated or 

dysfunctional in cancers. Moreover, many mitotic proteins are exclusive to cell 

division, meaning quiescent cells are protected. Among mitotic proteins, drugs 

targeting microtubules were the first to show pharmacological success (Rowinsky and 

Donehower 1995) and still are widely used in clinics. However, microtubules have 

functions outside the cell cycle, do not differentiate between a tumor and a normal cell, 

and cause severe toxicities (Reviewed in: (Gornstein and Schwarz 2014). CDK 

inhibitors show some success in hematological cancers but not in solid cancers, possibly 

due to high proliferation rates in blood cells (Reviewed in: (Dominguez-Brauer et al. 

2015; Chan, Koh, and Li 2012)). Aurora kinases and PLK kinases also show some 

response in hematological malignancies but remain mostly ineffective in solid cancers 

(Reviewed in: (Dominguez-Brauer et al. 2015; Chan, Koh, and Li 2012)). Anti-mitotic 

drugs only have a narrow window of opportunity that is the cell division-shortest phase 

of the cell cycle. The success of drugs targeting microtubules has been attributed to a 

longer half-life. New drugs with a longer half-life or targeting protein with non-mitotic 
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functions may increase efficacy. In addition to drugs targeting the microtubules, CDKs, 

Aurora kinases and Plk1 kinase, other targets currently being exploited include Eg5, 

kinesin-5, CENP-E, MPS1 kinase, mitotic phosphatases, APC/C-Cdc20, Proteasome. 

Moreover, work is ongoing to identify biomarkers for cancer and develop therapies 

against them. One such biomarker is Astrin, whose depletion using miRNA reduces 

cell proliferation and migration in cancer (Zhang et al. 2016; Yang et al. 2018; Yang et 

al. 2020; Song et al. 2018). 

1.4 ASTRIN 

SPAG5 gene (encodes Astrin protein) is upregulated in many cancers, and this 

upregulation is associated with poor prognosis (Yuan et al. 2014; Abdel-Fatah et al. 

2016; Zhang et al. 2016; Zhang et al. 2020; Liu et al. 2018; Liu et al. 2019). Moreover, 

suppressing SPAG5 gene expression by targeting SPAG5 mRNA using miRNAs 

causes cell cycle arrest and suppression of cell proliferation and migration in cancer 

(Zhang et al. 2016; Yang et al. 2018; Yang et al. 2020; Song et al. 2018), suggesting 

that it may be targeted for cancer treatment. Moreover, a compound heterozygous 

Astrin variation was identified as the cause of primary microcephaly in a genetic screen 

of children with microcephaly (Boonsawat et al. 2019). The child presented with 

reduced head size and intellectual disability (Boonsawat et al. 2019), suggesting the 

variation reduced the number of brain cells (see section 1.3.2). In cultured cells, Astrin 

depletion results in pre-mature centrosome separation, unstable kinetochore (KT)-

microtubule (MT) attachments, loss of sister chromatid cohesion, and a checkpoint-

dependent mitotic delay with a significant cell population arrested in mitosis (Thein et 

al. 2007; Schmidt et al. 2010; Gruber et al. 2002). Together, the data suggest that 

dysregulated expression or function of Astrin has roles in cancer and developmental 

disorders. 

Astrin and its binding partner SKAP (small kinetochore-associated protein) 

were first identified from screens performed on human mitotic cells (Mack and 

Compton 2001). Astrin is an 1193 a.a. long protein with an unstructured N-terminal 

region and two coiled-coil regions joined by a linker region, and when visualized under 

electron microscopy, it looks like a ~80 nm lollypop like structure (Gruber et al. 2002). 

On an SDS-PAGE gel, Astrin migrates as a doublet with an about 20-40 kDa difference, 
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and mass spectrometry analysis shows that the lower band of Astrin lacks the N-

terminal region of Astrin (Thein 2008), raising the possibility that Astrin exists as two 

isoforms in humans. However, whether the two isoforms are expressed differently in 

different tissues or have varying roles at various cell cycle stages is not known. On the 

other hand, SKAP is only 316 a.a. long but has an unstructured N-terminal region and 

two coil-coiled regions (Friese et al. 2016). Interestingly, SKAP also has two isoforms- 

a long germline isoform that is not expressed in somatic cells and a short isoform 

sufficient for its mitotic function (Kern et al. 2016; Vranesic et al. 2016). 

Astrin localizes to the centrosomes throughout the cell cycle (Kodani et al. 

2015).  During S and G2 phase, the C-terminus of Astrin directly interacts with Ninein, 

a centrosomal protein, and this interaction is required for Astrin's localization at the 

centrosomes (Cheng et al. 2007). Moreover, Astrin interacts with centrosomal proteins 

CEP72 and CDK5RAP2 and is required for centrosomal localization of CDK5RAP2 

(Kodani et al. 2015). CDK5RAP2 is an MCPH associated protein that recruits many 

centrosomal proteins, some of which are also associated with MCPH; together, the 

complex is involved in centrosome duplication (Kodani et al. 2015).  

Biochemical studies have shown that Astrin is present as a 4-unit complex 

containing SKAP, dynein light chain LC8, and MYC binding protein (MYCBP) in a 

2:2:2:2 ratio and 465-693 a.a of Astrin are sufficient for forming this complex (Kern, 

Wilson-Kubalek, and Cheeseman 2017). In prometaphase, SKAP loads the Astrin-

SKAP complex onto the MTs in an EB1 and EB3 (MT plus-end tracking proteins) 

dependent manner (Dunsch et al. 2011; Kern et al. 2016). Moreover, Astrin directly 

interacts with NuMA, a protein required for normal spindle assembly and orientation. 

siRNA targeted NuMA depletion studies have shown impaired Astrin localization at 

the spindle (Chu et al. 2016), suggesting that NuMA may be necessary for the 

localization of Astrin-SKAP at the spindle. During metaphase, in addition to its 

presence at the MTs, the Astrin-SKAP complex is selectively targeted to the mature or 

end-on attached KTs (Shrestha and Draviam 2013; Shrestha et al. 2017; Kuhn and 

Dumont 2017) through the C-terminus of Astrin (Dunsch et al. 2011; Kern, Wilson-

Kubalek, and Cheeseman 2017). However, the binding partner of Astrin at the KTs is 

not known. 
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Aurora-A kinase phosphorylates the N-terminus of Astrin, and cells 

overexpressing Astrin with mutated Aurora-A phospho-site have reduced localization 

of Astrin-SKAP complex at the KTs, disrupted spindle size, and undergo prolonged 

mitosis (Chiu et al. 2014). PLK1 kinase phosphorylates the N-terminus of Astrin in a 

CDK1 dependent manner, and cells overexpressing Astrin with mutated PLK1 binding 

site have reduced Astrin's localization at the KTs and display unstable KT-MT 

attachments (Geraghty et al. 2021). Biochemical and yeast two-hybrid studies have 

shown that Astrin synergistically interacts with the Ndc80 complex through its N-

terminus ((Kern, Wilson-Kubalek, and Cheeseman 2017), Tamura PhD, Draviam Lab; 

unpublished data), placing it near a key KT-MT attachment protein.  However, cells 

with mutated PLK1 binding site or lacking the first 464 a.a. of Astrin can form bipolar 

spindles and progress through an unperturbed cell cycle (Geraghty et al. 2020), 

suggesting the loss of N-terminus of Astrin can be compensated.  
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Fig 1.9 Schematic of Astrin protein. A. In mitosis, Astrin (Red) is in a complex with SKAP (yellow), 

MYCBP (purple) and LC8 (black). The amino acid numbers refer to the position on the Astrin protein.  

B. Astrin interacts with various proteins in a localization-dependent manner (above) and is regulated by 

post-translational modifications (below).    

Astrin replaces Kif2b from the Kif2b-CLASP1 complex (Manning et al. 2010) 

and SKAP interacts with Kif2b in a GSK3β-dependent manner to inhibit its MT 

depolymerizing activity (Qin et al. 2016) and thus stabilizing MTs. Moreover, SKAP 

interacts with CENP-E, a motor protein involved in chromosome congression and 

checkpoint silencing  (Huang et al. 2012). Moreover, Astrin is pulled down by B56 (a 

subunit of PP2A phosphatase) (Hertz et al. 2016), and a motif search (Dinkel et al. 
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2016) of Astrin showed potential docking sites for both PP2A-B56 and PP1 

phosphatases in the C-terminus of Astrin suggesting that Astrin C-terminus targets 

phosphatases to the KTs which may be essential for KT-MT attachment stability. 

Finally, Astrin undergoes MID2 dependent degradation in telophase, gradually 

returning to interphase levels, and this is important for normal cytokinesis (Gholkar et 

al. 2016). 
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1.5 AIMS OF THE PROJECT 

The kinetochore (KT) is made up of over 100 proteins that perform three main 

functions. KTs attach the chromosomes to the microtubules (MTs), monitor the 

attachments, and correct them if erroneous attachments are formed. Defects in either of 

these pathways can cause chromosome missegregation leading to DNA damage and 

aneuploidy. DNA damage and aneuploidy in somatic cells can cause cancer. However, 

when these happen in the germ cells, they can lead to pregnancy loss and developmental 

disorders. Germline genomic variations in several KT proteins have been linked to 

primary microcephaly (MCPH) and mosaic-variegated aneuploidy (MVA). Moreover, 

these conditions are more common in highly consanguineous populations such as in 

Northern Pakistan.  

The Astrin-SKAP complex is selectively recruited to the end-on KT-MT 

attachments and plays a key role in stabilizing the end-on attachment. The recruitment 

of the Astrin-SKAP complex at the KTs is mediated by Astrin protein. Moreover, a 

combined heterozygous variation in Astrin has been identified as the cause of primary 

microcephaly. Hence, the purpose of this study was to combine cell biology, molecular 

biology and biochemistry to address the following: 

1) To identify loss of function (LOF) genomic variations in KT genes in the Genes 

and Health (GH) database, population genetics study of UK residents of 

Bangladeshi-Pakistani community 

2) To investigate whether the LOF Astrin variants identified in GH can localize 

normally in mitosis 

3) To investigate the functional consequences of the Astrin variant that cannot 

localize normally in mitosis. 
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CHAPTER 2: METHODS AND MATERIALS 

2.1 CELL CULTURE 

2.1.1 CELL LINES 

The following cell lines were used for this thesis: 

Table 2.1 List of cell lines used in this thesis. 

Cell line Protein Expressed Source 

HeLa  None Draviam Lab 

HeLa T-Rex YFP-Astrin WT YFP-Astrin wild type Duccio Conti 

(Draviam Lab) 

HeLa T-Rex YFP-Astrin 4A YFP-Astrin 4A Duccio Conti 

(Draviam Lab) 

HeLa T-Rex YFP-Astrin Q1012* YFP-Astrin p.Q1012* Present work 

2.1.2 MAINTENANCE CONDITIONS OF CELL LINES 

HeLa cells were cultured in Dulbecco's Modified Eagle's Medium 

supplemented with 10% Fetal Calf Serum (FCS; Fisher, 10270106), 1% Penicillin and 

Streptomycin (Fisher, 15140122), and 0.1% Amphotericin B (ThermoFisher, 15290-

018).  

HeLa T-REx were cultured in Dulbecco's Modified Eagle's Medium 

supplemented with 10% tetracycline-free FCS (LabTech, FB-1001T/500), 1% 

Penicillin and Streptomycin (Fisher, 15140122), and 0.1% Amphotericin B 

(ThermoFisher, 15290-018).  

All cell lines were maintained as a monolayer at 37°C with a 5% CO2 

atmosphere. 

2.1.3 PROPAGATION OF CELL LINES 

Confluent cells were washed twice with pre-warmed (37°C) Dulbecco's 

phosphate-buffered saline (1X DPBS) (no Ca2, no Mg2; Fisher, 14190250), treated with 

pre-warmed 1X Trypsin-EDTA (Fisher, 25300054), and incubated for 3-4 minutes at 
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37°C. Trypsinisation reaction was stopped by adding fresh media (at least the volume 

of Trypsin-EDTA used), and cells were gently resuspended to break clumps. Cells were 

counted using a Bright-Line™ hemocytometer (Sigma-Aldrich, Z375357-1EA), and 

the appropriate number of cells were seeded in new stock plates. 

Stock cultures were maintained in sterile 6 cm Nunc cell culture dishes (Fisher, 

150288). For larger cultures, cells were maintained in 10 cm Nunc cell culture dishes 

(Fisher, 150350). For experiments, the respective seeding procedure is indicated in each 

method. 

2.1.4 GENERATION OF STABLE EXPRESSING HELA T-REX CELL 

LINES 

HeLa T-REx cells were seeded into sterile 10 cm Nunc cell culture dishes 

(Fisher, 150350). When confluence reached 80-90%, cells were transfected (same 

protocol as in section 2.1.8) with plasmids encoding Flippase and the selected pcDNA5 

FRT/TO in a 3:7 proportion (6 µg total). The culture was incubated at 37°C for two 

days to allow plasmid recombination, and then media was supplemented with 

Hygromycin B (1:200 dilution; Fisher, 10687010). The media was changed every day 

until single colonies of Hygromycin-resistant cells were visible but not confluent. 

Single colonies were picked by containing the Trypsinisation reaction around the 

selected colony using a sterilized 1,000 µl micropipette tip with the extremity cut off. 

Space between the micropipette tip and the dish was sealed using sterilized silicone 

grease. Each colony was treated with 50 µl 1X Trypsin-EDTA and incubated for 3 

minutes at 37°C. The reaction was stopped by pipetting 100 µl of the fresh media into 

each micropipette tip. Cells were then gently resuspended and seeded into a 12-well 

Nunc cell culture dish (Fisher, 150628), one colony per well. Colonies were expanded 

in tetracycline-free medium (see section 2.1.2 for details). In alternative to colony 

picking, the whole plate of Hygromycin-resistant cells was collected as a pooled 

culture. Finally, expression of YFP-Astrin was induced by changing media to 

tetracycline-containing medium for 48 hrs. Cells were sorted for YFP using Aria IIIu 

Cell Sorter, and media was quickly changed back to Tetracycline-free medium.  
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2.1.5 LONG TERM STORAGE OF CELL LINES 

Freezing: For long-term storage, cells were treated with Trypsin-EDTA (see 

Section 2.1.3 for details). Once resuspended, cells were centrifuged at 1,500 RPM for 

5 minutes, and the pellet was gently resuspended in a pre-chilled freezing medium. 

Freezing media composed of 45% complete growth media (detailed in Section 2.1.2 

for each cell line), 45% Fetal Calf Serum (FCS) (Fisher, 10270-106), and 10% 

Dimethylsulfoxide (DMSO) (Sigma-Aldrich, D8418). For cells grown in FCS without 

Tetracycline, the freezing media used Tetracycline-free FCS (LabTech, FB-

1001T/500). The cell suspension was then aliquoted into cryovial tubes (SLS, 

G122263), 1 ml per tube. The cryovial tubes were stored in a Mr. FrostyTM freezing-

container (ThermoFisher, 5100-0001) for at least 24 hours at -80°C. Finally, the tubes 

were transferred to their respective storage box at -80°C or in liquid nitrogen (-140°C) 

for more extended storage. 

Thawing: Cells were revived by gently thawing the frozen vial in a water bath 

at 37°C. Once liquid again, 1 ml of appropriate medium was slowly pipetted into each 

tube, and the content was transferred to a 10 ml tube. Cells were centrifuged at 1,500 

RPM for 5 minutes, the supernatant was removed, and the pellets were resuspended 

with at least 1 ml of appropriate medium. Cells were then seeded into a 6 cm Nunc dish 

(Fisher, 150288) and incubated at 37°C. 

2.1.6 INHIBITORS 

The following drugs were used at the indicated concentrations for this thesis: 

Table 2.2 List of inhibitors used in this thesis. 

Name Working 

Concentration 

Target Supplier  

(cat no.) 

MG132 10 µM Proteasome Tocris Biosciences 

(1748) 

STLC 

(S-trityl-L-cysteine) 

20 μM  Eg5 kinesin Fisher  

(AAL1438403) 

Thymidine 2.5 mM DNA replication ACROS Organics 
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Name Working 

Concentration 

Target Supplier  

(cat no.) 

Aphidicolin 1 ug/ml  DNA replication Fisher Bioreagents 

(BPE615-1) 

CENPEi 

(GSK923295) 

10 nM CENPE motor 

protein 

Seleckchem  

(S7090) 

YFP-Astrin expression in HeLa TRex cell lines was induced by changing the 

media from tetracycline-free medium to medium containing tetracycline (see Section 

2.1.2 for details). 

2.1.7 CELL SYNCHRONIZATION 

For mitotic progression studies, cells were synchronized using a double 

thymidine block. Cells were treated with 2.5 mM thymidine (ACROS organics) for 23 

hours to synchronize cells in the S phase. Thymidine was then removed by giving the 

cells three rounds of two quick washes with media for 30 minutes. After 5 hours, 

thymidine was added again for another 19-23 hrs. Thymidine was removed as before, 

and cells were left in a thymidine-free medium for 10 hrs. 

2.1.8 PLASMID TRANSFECTION 

Plasmid transfection was performed using TurboFect (Fisher, R0531) or 

DharmaFect (Dharmacon, T2010-03) according to the manufacturer's instructions. In 

addition to the standard protocol, the transfection medium was removed after 4 hours 

of incubation and the fresh selected pre-warmed medium was added to each well. 

For one well of a 12-well dish (ThermoFisher, 150628) or a 4-well live-cell 

imaging dish (Fisher, 155383PK), plasmid DNA was incubated in 100 µl of Opti-Mem 

(Invitrogen, 11058-021) with 1.5 µl of TurboFect or 1.4 µl of DharmaFect reagents. 

100 µl of the final mixture was pipetted drop-by-drop onto the coverslip of the selected 

well. This proportion was scaled up for multiple transfections with the same reagents.  

The amount of plasmid DNA used in transfections for this thesis is detailed 

below: 
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Table 2.3 Settings for plasmid transfections used in this thesis. 

Plasmid DNA Amount Transfection 

reagent  

Opti-MEM 

Volume 

Experiment 

type 

YFP-Astrin 

constructs 

750 ng Turbofect or 

Dharmafect  

100 µl Fixed-cell 

Astrin-GFP 

constructs 

750 ng Dharmafect  100 µl Fixed-cell 

YFP-Astrin 

constructs 

1µg  Dharmafect  100 µl Live-cell  

YFP-Astrin 

constructs + 

CenpB-ds-Red  

750 ng YFP + 

250 

ng ds-Red (1µg) 

Dharmafect  100 µl Live-cell 

The complete list of plasmids used for this thesis is presented below: 

Table 2.4 List of plasmids used in this thesis. 

Name Backbone Database 

Number 

Source 

Flippase pOG44 VMD 390 Jayaprakash 

Arulanandam 

His-GST-PP1γ (7-323) pGAT3 VMD 577 J. Peränen and M. 

Hyvönen, 

unpublished 

His-Astrin WT pRSET VMD 588 Dominique Braun 

(Draviam Lab) 

His-Astrin 4A pRSET VMD 589 Dominique Braun 

(Draviam Lab) 

YFP-Astrin WT  pEGFP C1 VMD 633 Duccio Conti  

(Draviam Lab) 

YFP-Astrin 4A pEGFP C1 VMD 634 Duccio Conti 
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Name Backbone Database 

Number 

Source 

(Draviam Lab) 

YFP-Astrin ∆70 pEGFP C1 VMD 635 Duccio Conti 

(Draviam Lab) 

YFP-Astrin p.Q1012* pEGFP C1 VMD 676 Present work 

YFP-Astrin p.E755K pEGFP C1 VMD 677 Present work 

YFP-Astrin ∆151 pEGFP C1 VMD 702 Present work 

YFP-Astrin ∆274 pEGFP C1 VMD 701 Present work 

Astrin-GFP WT  pEGFP N1 VMD 637 Duccio Conti 

(Draviam Lab) 

Astrin-GFP 7* pEGFP N1 VMD690 Present work 

YFP-Astrin WT pcDNA5 

FRT/TO 

VMD 686 Duccio Conti 

(Draviam Lab) 

YFP-Astrin Q1012* pcDNA5 

FRT/TO 

VMD 691  Present work 

CENPB-ds-Red pCMV VMD 691  Draviam Lab 

2.1.9 SIRNA TRANSFECTION 

siRNA transfection was performed using Oligofectamine (ThermoFisher, 

12252011) according to the manufacturer's instructions. All siRNA oligonucleotides 

dilutions were prepared in Opti-Mem. In addition to the standard protocol, the 

transfection medium was removed after 4 hours of incubation and the fresh selected 

pre-warmed medium was added to each well.  

 

 

 



CHAPTER 2  

50 

 

Table 2.5 List of siRNA oligonucleotides used in this thesis. 

Target Sequence (5' to 3') Reference 

Astrin  

(VMD 52) 

UCCCGACAACUCACAGAGAAAUU (Duccio Conti et al. 

2019; K. H. Thein et al. 

2007) 

Stealth Negative 

siRNA 

n.a.  Invitrogen  

(12935-300) 

2.2 BACTERIAL CELL CULTURE 

2.2.1 MEDIA AND ANTIBIOTICS 

Solid and liquid media for cultivating bacterial cells were prepared as follows: 

Table 2.6 Recipes of media for bacterial cell cultures. 

Name Purpose Composition Final Volume 

LB (Luria-Bertani) 

liquid medium 

Liquid culture 10 g Tryptone  

10 g NaCl  

5 g Yeast extract  

1 L 

LA (Luria Agar) Petri dish culture 10 g Tryptone 

10 g NaCl 

5 g Yeast extract 

15 g Agar  

1 L 

*Commercial Luria Broth powder (Malford, L24040) was used in later 

experiments. 

For antibiotic selection, solid and liquid media were supplemented with 100 

µg/ml Ampicillin (A0166, Sigma) or 50 µg/ml Kanamycin (Melford, MS10-UV10). 

For expressing His-Astrin plasmids, liquid media was supplemented with 100 µg/ml 

Ampicillin and 20 µg/ml Chloramphenicol. 
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2.2.2 TRANSFORMATION OF COMPETENT CELLS 

For the transformation procedure, a minimum of 100 ng of plasmid DNA was 

mixed with at least 50 µl of competent cells and incubated for 20 minutes on ice. A 

heat-shock was then performed by incubating the cells for 1 minute at 42°C (in a water 

bath) and immediately placed back on ice. Cells were incubated for at least 2 minutes 

before the addition of 400 µl of LB medium. Cells were recovered in LB medium at 

37°C for at least 30 minutes for Ampicillin selection and 1 hour in case of Kanamycin 

selection. Finally, cultures were plated onto the LA dish supplemented with the selected 

antibiotic and incubated at 37°C. 

For growing plasmids, plasmids were transformed into plasmid Subcloning 

Efficiency™ DH5α™ chemically competent E. coli (Fisher, 18265017). For expression 

of His-Astrin fragments, plasmids were transformed into BL21(DE3)pLysS. For 

expression of His-GST-PP1γ, plasmids were transformed into BL21(DE3). 

2.2.3 PLASMID DNA PURIFICATION 

Plasmid purification was performed using three different kits. 

Plasmid miniprep: Minipreperations were performed for small-scale plasmid 

DNA purifications of bacterial cultures, typically a maximum of 5 ml volume per 

culture. For purifying the plasmid DNA, EZ-10 Spin Column Plasmid DNA Miniprep 

Kit (NBS biologicals, NBS414) was used as per the manufacturer's instructions. 

Plasmid DNA was eluted in 30 µl of elution buffer provided by the kit. 

Plasmid midiprep: Midipreperations were performed for obtaining high-yield 

plasmid DNA solutions with good purity to be used for transfection into human cells. 

For this purpose, 100 ml liquid cultures were used. Plasmid DNA was purified using 

the Macherey-Nagel NucleoBond Xtra Midi kit (Fisher, 12363348) or Qiagen Plasmid 

Midi Kit (Qiagen, 12143) as per the manufacturer's instructions. Plasmid DNA was 

eluted in 50 µl of elution buffer provided by the kit. To check the purification quality, 

500 ng of plasmid DNA were inspected via gel electrophoresis (see section 2.4.2 for 

details). 

Plasmid DNA stocks were stored at -20°C, and working aliquots were prepared 

to avoid frequent freeze-thawing. For plasmid transfections, 500 ng/µl working aliquots 

were prepared in sterile dH2O and stored at 4°C. 
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To measure plasmid DNA concentration, 1.0 µl of plasmid DNA solution was 

inspected using a NanoDrop™ machine (ThermoFisher). 

2.3 PROTEIN METHODS 

2.3.1 REAGENTS 

The following solutions were used to perform the protein methodologies 

presented in this thesis work. Reagents were purchased from Sigma-Aldrich and 

Melford Laboratories Ltd. unless specified.  

Table 2.7 Buffers and solutions used in protein methods. 

Name  Composition 

10X PBS (Phosphate-Buffered 

Saline) 

1.36 mM NaCl  

27 mM KCl  

188 mM Na2HPO4  

17 mM KH2PO4 

pH equilibrated to 7.4 

4X SDS (Sodium Dodecyl 

Sulfate) buffer 

160 mM Tris-HCl pH 6.8  

20% (w/v) Glycerol  

4% (w/v) SDS  

0.2% (w/v) Bromophenol blue  

Ponceau 0.1% w/w Ponceau S dye  

1% v/v Acetic acid 

Coomassie stain 0.5 g Coomassie blue 

90 ml MeOH  

20ml Acetic acid 

90 ml H2O  

Coomassie destain 20% MeOH 
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Name  Composition 

10% acetic acid  

70% dH2O 

GST lysis buffer 50 mM Tris-HCL 

15 mM KCl 

5 mM DTT  

pH equilibrated to 7.7 

GST wash buffer 50 mM Tris-HCL 

15 mM KCl 

5 mM DTT 

0.1% 100×Tritone  

pH equilibrated to 7.7 

His resuspension buffer 0.4% NP40  

50 mM NaH2PO4 

300 mM NaCl 

10 mM Imidazole 

pH equilibrated to 8.0 

His elution buffer 0.4% NP40  

50 mM NaH2PO4 

300 mM NaCl 

500 mM Imidazole  

pH equilibrated to 8.0 

Pull down lysis buffer 1x PBST (1x PBS + 0.1% Tween 20) 

5 mM Sodium Orthovanadate  

0.02% Triton X-100  
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Name  Composition 

protease inhibitor cocktail (Sigma, 

11873580001) 

Pull down wash buffer 1x PBS  

protease inhibitor cocktail 

Western Blotting 10X Running 

buffer 

192 mM Glycine  

250 mM Tris 

34.7 mM SDS 

Western Blotting 10X Transfer 

buffer 

192 mM Glycine 

250 mM Tris 

12% SDS-PAGE Acrylamide 

resolving gel (total volume 

10ml) 

2.5 ml 1.5M Tris (pH 8.8)  

4 ml 30% Acrylamide  

100 μl 10% SDS 

100 μl Ammonium Persulfate  

4 μl TEMED (Apollo Scientific, BIT7140) 

3.3 ml dH20 

8% SDS-PAGE Acrylamide 

resolving gel (total volume 

10ml) 

2.5 ml 1.5M Tris (pH 8.8)  

2.7 ml 30% Acrylamide (Seven Biotech Ltd) 

100 μl 10% SDS 

100 μl Ammonium Persulfate  

4 μl TEMED 

4.6 ml dH20 

4% SDS-PAGE Acrylamide 

stacking gel (total volume 5ml) 

380 μl 1M Tris (pH 6.8)  

500 μl 30% Acrylamide 

30 μl 10% SDS 
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Name  Composition 

30 μl Ammonium Persulfate   

3 μl TEMED 

2.1 ml dH20 

2.3.2 PROTEIN EXPRESSION AND PURIFICATION 

Colonies from freshly transformed plates (see section. 2.2.2 for details) were 

inoculated in 10 ml Luria broth in the presence of appropriate antibodies. For His-GST 

PP1γ expression, starter culture was added to 100 ml Lauria Broth containing 

appropriate antibiotic, and the culture was grown to an OD600 of ~0.6. For the 

expression of His-Astrin fragments, starter culture was added to 1 L Lauria Broth 

containing appropriate antibiotic, and the culture was grown to an OD600 of ~0.2. 

Protein expression was induced by the addition of 1 mM IPTG (I6758, Sigma) for 14 

hours at 22°C (His-GST-PP1γ), 30 minutes at 37°C (His-Astrin WT), or 3 hours at 25°C 

(His-Astrin 4A). 100 ml cultures were pelleted at 4,000 RPM, 4°C for 30 minutes and 

1 L cultures were pelleted at 14 K RPM, 4°C for 20 minutes. Pellets were stored at 

−20°C. Protein expression was confirmed by running an SDS-PAGE gel (see section 

2.3.5 for details), staining with Coomassie stain, and destaining with Coomassie destain 

or water. Gels were scanned using a film scanner and stored immersed in water.   

His-GST PP1γ immobilization on beads: Cell pellets were resuspended in 10 

ml GST lysis buffer, lysed by sonication (75% Amp, 30 sec on/off, for 2 min; Vibracell 

VCX130, Sonics), and cleared by centrifugation at 14 K RPM, 4°C for 30 minutes. The 

cleared supernatant was incubated for an hour with glutathione HiCap Matrix (Qiagen, 

3090) at 4°C with continuous rotation and washed twice with GST wash buffer. 

Immobilized proteins were stored at 4°C. Immobilization on beads was confirmed by 

Coomassie staining as described above. 

Purification of His-Astrin fragments: Cell pellets were thawed on ice for 20 

minutes, resuspended in 30 ml His lysis buffer, lysed by sonication (75% Amp, 30 

seconds on/off, for 4 minutes), and cleared by centrifugation at 17 K RPM, 4°C for 30 

minutes. The cleared supernatant was incubated for an hour with 500 µl HIS-Select® 

Nickel Affinity Gel (Sigma, P6611) at 4°C with continuous rotation and applied to 
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empty PD10 columns (GE Healthcare). Next, beads were washed with 100 ml His lysis 

buffer, and the protein fragments were eluted using His elution buffer in 5-6 

Eppendorf's. Elution was confirmed by Bradford assay, eluted fractions were combined 

and concentrated using Microcep Advance centrifugal device 10K (PALL, Life 

Sciences) the buffer was exchanged using PD10 buffer exchange columns (GE 

Healthcare) in 10% glycerol-PBS, and purified proteins were stored at -80°C. 

Purification was confirmed by Coomassie staining as described above.  

2.3.3 PULL DOWN ASSAY 

HeLa cells seeded in 10 cm Nunc plates (Fisher, 150350).  were grown to 80% 

confluency and transfected with control and Astrin siRNA (see section 2.1.9 for 

details). After 24 hours, cells were arrested with 20 µM STLC (Fisher, AAL1438403) 

for 24 hours. Cells were scraped on ice, washed with Pull down wash buffer, and lysed 

in 1 mL Pull down lysis buffer at 75% AMP (Vibracell VCX130, Sonics) for ~15 s. 

The lysate was cleared of cell debris by centrifugation at 14 K RPM, 4°C for 15 

minutes. Half of the cleared lysate was incubated with immobilized His-GST-PP1γ and 

the other half with His-GST for an hour on a spinning wheel at 14 RPM, 4°C. Beads 

were washed four times with 500 µL Pull down wash buffer for 5 mins, spun down at 

500 RPM at 4°C and resuspended in Pull down wash buffer. The samples were analyzed 

using SDS-PAGE and immunoblotting (see section 2.3.5). The whole procedure was 

performed on ice. 

2.3.4 CO-IMMUNOPRECIPITATION 

Purified His-Astrin fragments were incubated with immobilized His-GST-PP1γ 

or glutathione HiCap Matrix (30900, QIAGEN) for an hour on a spinning wheel at 14 

RPM, 4°C. Beads were washed four times with 500 µL 1X PBS for 5 mins, spun down 

at 4°C, and resuspended in 1X PBS. The samples were analyzed using SDS-PAGE and 

immunoblotting (see section 2.3.5). The whole procedure was performed on ice. 

2.3.5 IMMUNOBLOTTING  

Cells were lysed with the appropriate volume of boiling 4X SDS buffer and 

separated on SDS-PAGE gels according to their size using a Mini-protein® Tetra (Bio-

Rad) electrophoresis system. Prestained molecular weight markers (either NEB P7706 
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or NEB P7718) were run in one lane to identify protein sizes. Separated proteins were 

then transferred onto a PVDF membrane (Immobilolon®-P, 0.45 µm pore size; 

Millipore, IPVH00010) using a Criterion™ blotter (Bio-Rad). The transfer was 

performed at 4°C and 15V for 20 hours. 

The outcome of the transfer was assessed using Ponceau's stain before 

proceeding with the immunoblotting. Membranes were washed three times with 1X 

PSB + 0.1% Tween 20 (Sigma-Aldrich, P9416-50ML), then incubated for one hour in 

the appropriate blocking buffer. Next, membranes were incubated with primary 

antibodies overnight at 4°C. Membranes were washed three times with 1X PSB + 0.1% 

Tween 20, followed by incubation with secondary antibodies for 1 hour. Finally, three 

washes with 1X PSB + 0.1% Tween 20 were performed and membranes were dried 

before developing. The fluorescence signal was detected using an Odyssey® machine 

(Li-Cor Biosciences). 

2.3.6 ANTIBODIES USED FOR IMMUNOBLOTTING 

Presented below is a complete list of the antibodies used for the immunoblots 

of this thesis work. All antibodies were diluted in 5% milk in PBS1 + 0.1% Tween 20 

blocking buffer. 

Table 2.8 List of antibodies used for immunoblotting. 

Epitope Species Working 

concentration 

Supplier  

(cat no.) 

Primary Antibodies 

Astrin Rabbit 1:3000  Proteintech  

(14726-1-AP) 

SKAP Rabbit 1:1000 Atlas Biologicals 

(HPA042027) 

GFP Rabbit 1:1000  Abcam  

(ab290) 
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Epitope Species Working 

concentration 

Supplier  

(cat no.) 

γ-Tubulin Mouse 1:800 Sigma-Aldrich 

(T6793) 

GST Rabbit 1:1000 Santa Cruz  

(sc-459) 

Secondary Antibodies 

IRDye 680LT 

anti-Mouse IgG 

(H+L) 

Donkey 1:10,000 Li-Cor  

(926-68022) 

IRDye 800CW 

anti-Rabit IgG 

(H+L) 

Donkey 1:10,000 Li-Cor 

 (926-32213) 

*For secondary antibodies blocking buffer was chosen according to its matching 

primary antibody. 

2.4 MOLECULAR BIOLOGY 

2.4.1 PCR REACTIONS 

The PCR reactions performed for this thesis work were used for subcloning and 

direct site mutagenesis. Below are described the settings for preparing the reaction 

mixtures and the amplification cycles. For each PCR reaction, a master mixture (i.e., 

all reagents minus the template DNA) was prepared for the total number of the samples 

plus one spare. Mixtures were kept on ice until placed in the thermal cycler.  

Table 2.9 PCR reaction mixtures. 

Standard PCR Mixture 

Reagent Amount 

DNA template (25 ng/μl) 1.0 μl 

Forward primer (10 μM) 0.6 μl 
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Reverse primer (10 μM) 0.6 μl 

dNTPs (10 mM) (NEB, N0447S) 0.2 μl 

5X Phusion buffer 4.0 μl 

Phusion polymerase (NEB, M0530S) 0.3 μl 

Nuclease free dH2O (Biolabs, B1500L) 13.3 μl 

Site-directed mutagenesis PCR Mixture 

Reagent Amount 

DNA template (100 ng/μl) 1.0 μl 

Forward primer (10 μM) 0.5 μl 

Reverse primer (10 μM) 0.5 μl 

dNTPs (10 mM)  0.2 μl 

PfuUltra II polymerase buffer 2.5 μl 

PfuUltra II polymerase (Agilent, 600670) 0.5 μl 

Nuclease free dH2O  19.8 μl 

Table 2.10 PCR cycles. 

Standard PCR Programme 

Step  Temperature Time 

Initial denaturation  95℃ 5 min 

Denaturation 30 cycles 95℃ 30 secs 

Annealing Primer specific 30 secs 

Extension 72℃             5 min 

Final Extension  72℃             10 min 

Site-directed mutagenesis PCR Programme 

Step  Temperature Time 

Initial denaturation  93℃ 2 min 
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Denaturation 30 cycles 93℃ 20 secs 

Annealing  Primer specific 30 secs 

Extension  72℃             10 min 

Final Extension  72℃             12 min 

2.4.2 AGAROSE GEL ELECTROPHORESIS AND DNA PURIFICATION 

FROM GEL. 

Agarose gel electrophoresis (Melford Laboratories Ltd, MB1200) was 

performed to assess the outcome of PCR reactions, DNA purifications, and for size 

separation of DNA fragments. Gels were prepared in a concentration of 0.5 or 1% in 

1X TAE (400 mM Tris, 180 mM Glacial Acetic acid, 10 mM EDTA, pH equilibrated 

to 8.0). Samples were mixed with 6X loading dye (NEB, B7025) before loading onto 

the gel. A DNA ladder (NEB, N3200) was added in a separate lane DNA size 

reference. Electrophoresis was performed using a Geneflow tank system. Voltage and 

run time were selected accordingly to the sample characteristics. 

Fragments of interest were purified using the Zymoclean™Gel DNA Recovery 

Kit (Zymo Research; D4001T) or EZ-10 Spin Column DNA Gel Extraction Kit 

(Biobasic, BS353), according to the manufacturer's instructions. DNA was eluted in 10 

µl of the elution buffer (EB) provided by the kit.  

2.4.3 SUBCLONING AND SITE-DIRECTED MUTAGENESIS 

Subcloning was performed following standard procedures. If no restriction site 

matching the insertion locus on the donor vector was available, a PCR reaction was 

used to generate the appropriate restriction sites (settings as in section 2.4.1). The 

general settings of reactions used for the methodology are presented below.  

Table 2.11 Subcloning reaction methodologies. 

1. Restriction 

Reagent Stock concentration Working concentration 

DNA n.a. PCR product or 2-3 µg 

plasmid DNA 
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Buffer 10X 1X 

Enzyme A (Various) 10,000-20,000 units 10,000 units 

Enzyme B (Various) 10,000-20,000 units 10,000 units 

dH2O n.a. up to 30 µl 

Incubate at 37°C for 6 hours + 80°C for 20 minutes for heat-inactivation. 

All enzymes purchased at NEB or Roche.  

2. Vector de-phosphorylation 

Reagent Stock concentration Working concentration 

Shrimp Alkaline 

Phosphatase ( GE 

Healthcare, E70092Y) 

n.a. 2.5 µl x 5 µl reaction 

Buffer n.a. 2.5 µl x 5 µl reaction 

Reagent Stock concentration Working concentration 

Incubate at 37°C for 30 minutes + 80°C for 20 minutes heat-inactivation. 

3. Ligation 

Reagent Stock concentration Working concentration 

Insert DNA n.a. According to fragment 

size 

Vector DNA n.a. 100 ng 

Ligase buffer 10X 1X 

T4 DNA Ligase 

(M0202S) 

20,000 units/µl 20,000 units 

dH2O n.a up to 10 µl 

Incubate at 24°C for one hour.  

For site-directed mutagenesis, PCR products were digested with DpnI enzyme 

(NEB, RO176) for 3 hours at 37°C, following the settings as on Table 2.9 and 2.10. 
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Subcloning and site-directed mutagenesis reaction products were transformed 

into Subcloning Efficiency™ DH5α™ chemically competent E. coli (For details, see 

section 2.2.2). To select positive clones, cells were grown on the appropriate selective 

media. 

2.4.4 DNA SEQUENCING AND ANALYSIS 

All plasmids used for the work of this thesis were sequenced by Source 

BioScience or Eurofins. Sequencing results were analyzed using SnapGene Viewer 

v5.0.7 and SerialCloner v2.6.1. Plasmid maps were generated using SerialCloner 

v2.6.1. 

2.4.5 PRIMERS 

T7 and SP6 primers, used for sequencing of plasmid encoding His-GST PP1γ, 

were supplied by the sequencing companies. All other primers used for the work of this 

thesis were purchased from Sigma-Aldrich and are described below: 

Table 2.12 List of primers used.  

Database 

number 

Sequence (5' to 3') Use 

VMD619 

GGACCTGGCTATGAAGGATA

AATTACTCTGCCAGCTTACC

C 

To generate p.E755K mutation 

in Astrin (Forward primer). 

VMD620 

GGGTAAGCTGGCAGAGTAA

TTTATCCTTCATAGCCAGGT

CC 

To generate p.E755K mutation 

in Astrin (Reverse primer). 

VMD625 

GCTAGGCTGCAGGCCTAGGA

AGAACAGCATC 

To generate p.Q1012* mutation 

in Astrin (Forward primer). 

VMD626 

GATGCTGTTCTTCCTAGGCC

TGCAGCCTAGC 

To generate p.Q1012* mutation 

in Astrin (Reverse primer). 

VMD650 

GGCGAGTGAAAAAATAGAG

CCTCAGCCTGTCG 

To generate p.L7* mutation in 

Astrin (Forward primer). 
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Database 

number 

Sequence (5' to 3') Use 

VMD651 

CGACAGGCTGAGGCTCTATT

TTTTCACTCGCC 

To generate p.L7* mutation in 

Astrin (Reverse primer). 

VMD662 

GTAGAGCATGGAGCTTCCGG

AATGGAGGAAAGAG 

To delete 275-1193 a.a. of 

Astrin + BspeI site (Forward 

primer). 

VMD663 

GGTGAAGCAAGGATATCAG

CTCTTTAGAGATAAG 

To delete 275-1193 or 152-1193 

a.a. of Astrin (Reverse primer). 

VMD664 

CGTTTAGATACCTCCGGAAT

GGCAGAGAC 

To delete 152-1193 a.a. of 

Astrin + BspeI site (Forward 

primer). 

VMD 370 CACTGGAGATGAGTTGTTGC To sequence Astrin from 185bp 

(Reverse). 

VMD 371 CTGAGCAGTAGAACTGAGG

C 

To sequence Astrin from 661bp. 

VMD 372 CTCCAGATCTGACTGCCTTG To sequence Astrin from 

1268bp. 

VMD 373 GGTTCAGCAGACAGTGAGTC To sequence Astrin from 

1890bp. 

VMD 374 CTCAAGGACACTGTAGAGA

AC 

To sequence Astrin from 

2521bp. 

VMD 375 ACTCCAACTGCCAGCCTATG To sequence Astrin from 

3293bp. 

VMD 585 CCACTGGAGATGAGTTGTTG

CTGCC 

To sequence Astrin from 

181bp (Reverse).  

VMD 586  CCACTGGAGATGAGTTGTTG

CTGCC 

To sequence Astrin from 

825bp (Reverse).  
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Database 

number 

Sequence (5' to 3') Use 

VMD654 CAACGGGACTTTCCAAAATG 

To sequence Astrin from 1bp 

(CMV Forward) 

VMD655 

CATGGTCCTGCTGGAGTTCG

TG 

To sequence Astrin from 1bp. 

(EGFP Forward) 

*Yellow = point-mutagenesis; Green = Subcloning; Grey = sequencing 

2.5 MICROSCOPY 

2.5.1 IMMUNOFLUORESCENCE MICROSCOPY 

For immunofluorescence experiments, cells were grown onto ø13 mm round 

coverslips (WVR, 631-0150). After experimental protocol, cells were fixed either using 

methanol or formaldehyde. 

Methanol fixation: Cells were fixed with ice-cold methanol for one minute, 

given two quick and two 5-minute washes with 1X PBS + 0.1% Tween 20 and blocked 

with 1% BSA in 1X PBS + 0.1% Tween 20 for 20 minutes. 

Paraformaldehyde fixation: Cells were washed with fresh PHEMM buffer 

(37℃), pre-fixed for 5 seconds using 4% PFA (Thermo-Fisher, 28908) in PHEMM 

buffer (37℃), permeabilized for 5 minutes with PHEMM + 1% Triton X-100 + 1:100 

Phosphatase Inhibitor Cocktail (100X; Cell Signal, 5872S) (37℃) and fixed again for 

20 minutes with 4% PFA in PHEMM buffer (37℃). Coverslips were then washed thrice 

for 5 minutes each with PHEMM + 0.1% Tween 20 and incubated with 10% BSA in 

PHEMM buffer for one hour. 

After blocking, cells were incubated with primary antibodies overnight at 4°C, 

followed by two quick and two 5-minute washes with 1X PBS + 0.1% Tween 20. 

Incubation with secondary antibodies was performed for one hour, followed by two 

quick washes and two 5-minute washes with 1X PBS + 0.1% Tween 20. For all 

immunostaining procedures, antibody dilutions were prepared in blocking buffer. 

Finally, coverslips were mounted onto VWR® Superfrost® Plus Micro slides (WVR, 

48311-703) using 6 µl of ProLong® Gold Antifade Mountant (Invitrogen, P-36930) or 
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4 µl VECTASHIELD® Antifade Mounting Medium (VectorLabs, H-1000). Coverslips 

were then sealed with clear nail polish and stored at -20°C.  

Images of immunostained cells were acquired using 100X NA 1.4 objective on 

a DeltaVision Core microscope (GE Healthcare) equipped with a CoolSnap HQ Camera 

(Photometrics). Deconvolution of fixed-cell images and 3D volume rendering were 

performed using Softworx software. 

2.5.2 ANTIBODIES USED IN IMMUNOFLUORESCENCE 

A complete list of antibodies, antisera, and stains used for this thesis work is 

presented below: 

Table 2.13 List of antibodies used for immunofluorescence experiments.  

Epitope Species Working 

Concentration 

Fixation Supplier  

(cat no.) 

Primary antibodies 

GFP Mouse 1:1000 Methanol Roche 

(11814460001) 

GFP Rabbit 1:1,000 Methanol Abcam  

(ab290) 

Astrin Rabbit 1:1,000 Methanol Proteintech 

(14726-1-AP) 

SKAP Rabbit 1:800 Methanol Atlas 

Biologicals 

(HPA042027) 

ROD Rabbit 1:500 Methanol Draviam Lab 

Phospho 

KNL1 

p.S24 

Rabbit 1:1000 Paraformaldehyde A gift from 

Cheeseman Lab 

(Welburn et al. 

2010) 
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Epitope Species Working 

Concentration 

Fixation Supplier  

(cat no.) 

γH2AX Rabbit 1:1,000 Methanol Cell Signaling 

Technology 

(9718) 

PCNA Mouse 1:1,000 Methanol Cell Signaling 

Technology 

(2586S) 

CREST Human 1:2,000 Methanol Antibodies 

Incorporated 

(15-234-0001) 

Secondary antibodies 

Alexa flour 

488 donkey 

anti- mouse 

IgG (H+L) 

Donkey 1:1000 - Invitrogen  

(A21202) 

Alexa flour 

594 donkey 

anti- rabbit 

IgG (H+L) 

Donkey 1:1000 - Invitrogen 

(A21207) 

Alexa 

flour® 647 

goat anti-

human 

IgG (H+L) 

Goat 1:1000 - Invitrogen  

(A21445) 

DAPI n.a.  1:2,000 - Sigma-Aldrich 

(D9542) 
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2.5.3 LIVE-CELL IMAGING 

For live-cell imaging experiments, cells were grown into 4-well cover glass 

chambered dishes (Lab-tek, 1064716) or 8-well (Fisher, 155411PK). To stain DNA, 

sir-DNA (Tebu-bio, SC007) was added 10 hours before imaging. Just before imaging, 

the growth medium was replaced with pre-warmed Leibovitz's L15 medium (Fisher, 

11415064). All the imaging sessions were performed at 37°C. 

For extended live-cell imaging, the images were acquired every 6 minutes with 

exposures of 0.1 seconds and at least 3 Z planes, using a 40X NA 0.75 objective on an 

Applied Precision Deltavision Core microscope (GE Healthcare) using a Cascade2 

Camera (Photometrics) under EM mode.  

For high-resolution live-cell imaging, the images were acquired with 0.2 

seconds exposure and at least 3 Z planes using a 100X NA 1.4 objective on an Applied 

Precision Deltavision Core microscope using a CoolSnap HQ camera (Photometrics). 

2.6 DATA ANALYSIS 

For identification of loss of function (LOF) variants in kinetochore genes, the 

LOF variants list (Excel sheet, 2018) was downloaded from the Genes and health 

website (Scientific data downloads | East London Genes & Health, 29.01.2020).  

For viewing genomic variation spectrum in Astrin-SKAP complex, a) all 

variations dataset (NEW file format, 2020) was downloaded from Genes and Health 

website (Scientific data downloads | East London Genes & Health, 29.01.2020), and a 

list of Astrin-SKAP complex variations were extracted from the dataset, b) data for all 

four genes were downloaded separately from gnomAD v2.1.1 (CSV format; (gnomAD, 

29.01.2020)) and c)   data for all four genes were downloaded separately from the 

COSMIC database (CSV format; (COSMIC | Catalogue of Somatic Mutations in 

Cancer, 29.01.2020)). All files were converted into a format accepted by cbioportal, 

and MutationMapper (cBioPortal for Cancer Genomics::MutationMapper, 29.01.2020) 

was used for generating the lollipop plots.  

For PRIDE data analysis, data were downloaded from the PRIDE website 

(PRIDE - Proteomics Identification Database, 06.03.2018) and analyzed using 

MATLAB. 
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For conservation analysis, Astrin sequences were downloaded from Uniprot 

(Bateman et al. 2021), aligned using Clustal Omega (Rozewicki et al. 2019) and images 

of aligned sequences were generated using MAFFT (Madeira et al. 2019).  

For inter-centromeric distance measurements, Softworx's distance measurement 

tool was used. The rest of the image and video analysis for this thesis was done 

manually using Softworx. Representative images for fixed and live-cell imaging studies 

were generated using Softworx or ImageJ 1.53e. 

For measuring band intensities in immunoblots and generating images for 

figures, Image Studio Lite v5.2 was used. For generating images of Coomassie-stained 

gels for figures, Image Lab v6.0.1 was used.  

Data were collected and stored in Microsoft Excel, graphs were plotted using 

Graphpad Prism v9.0.1 or Microsoft Excel, and final figures were assembled using 

Adobe Illustrator CC 2017.  

Statistical tests are described in figure legends and were carried out using 

Graphpad Prism v9.0.1. In statistical tests presented following indications for p values 

were used; non-significant – ns for p>0.05, * for p < 0.05, ** for p<0.01, *** for 

p<0.001, **** for p<0.0001. 
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CHAPTER 3: RESULTS-I- IDENTIFICATION OF 

LOF HUMAN ASTRIN VARIANTS 

3.1 INTRODUCTION 

Dysfunctional or dysregulated expression of kinetochore (KT) proteins in 

somatic cells causes chromosomal instability, a hallmark of cancer (Reviewed in: 

(Levine and Holland 2018)). In addition, genomic variations in KT proteins in early 

embryonic life can lead to developmental disorders such as primary microcephaly and 

mosaic-variegated aneuploidy (MVA) (Degrassi, Damizia, and Lavia 2019). 

Microcephaly, defined as head circumference less than two standard deviations below 

the mean for age, sex, and ethnicity, causes a range of symptoms including intellectual 

disability and developmental delays in the affected children (Reviewed in: (Gilmore 

and Walsh 2013; Jayaraman, Bae, and Walsh 2018).  Children with MVA, on the other 

hand, have an increased risk of childhood cancers in addition to microcephaly and 

developmental delays (Reviewed in: (Degrassi, Damizia, and Lavia 2019)).  

Astrin, part of a four-unit complex: Astrin, SKAP, LC8, and MYCBP, is a MT 

and KT-associated protein that plays a key role in stabilizing KT-MT attachments to 

ensure accurate chromosome segregation (Conti et al. 2019; Geraghty et al. 2021; Kern, 

Wilson-Kubalek, and Cheeseman 2017; Schmidt et al. 2010; Gruber et al. 2002; 

Manning et al. 2010; Dunsch et al. 2011; Thein et al. 2007; Shrestha and Draviam 

2013). Over-expression of  Astrin is linked with poor prognosis in several cancers 

(Yuan et al. 2014; Abdel-Fatah et al. 2016; Liu et al. 2018; Liu et al. 2019; Huang and 

Li 2020; Zhang et al. 2020). Moreover, a genomic variation in Astrin has been linked 

with microcephaly in a recent study (Boonsawat et al. 2019).  

Primary microcephaly is rare, affecting an estimated 1 in 30,000-250,000 

newborns worldwide; however, the prevalence is high in some populations, such as in 

Northern Pakistan, where it is estimated to be 1 in 10,000 newborns (Komai et al., 1955; 

Tolmie et al., 1987; Bosch, 1958). In this chapter, I ask whether genomic variations in 

KT proteins, particularly Astrin, exist in the Genes and Health database, a genetic study 

on UK residents of Pakistani-Bangladeshi heritage (Finer et al. 2020).  
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3.2 KINETOCHORE GENE VARIANTS IN GENES AND 

HEALTH DATABASE 

To identify genomic variants in kinetochore (KT) proteins that could 

compromise chromosomal stability, I screened for loss of function (LOF) variants in 

the Genes and Health (GH) database (2018 data; (Scientific Data Downloads | East 

London Genes & Health, 29.01.2020; Finer et al. 2020)). Out of the 142 variants found, 

94 variants have never been published, and only six are present as homozygous (Table 

3.1). Moreover, I found two CENP-E variants and four NCAPD3 variants, both genes 

are associated with autosomal recessive primary microcephaly (OMIM 616051, OMIM 

617984); one BUB1B variant, a gene associated with MVA (OMIM 257300); and two 

SPAG5 variants, a gene associated with microcephaly (Boonsawat et al. 2019). For the 

scope of this project, I chose to study LOF variants in the SPAG5 gene (encodes Astrin 

protein)-p.Q1012* and p.L7Qfs*21.  

To ask whether the two variants are specific to the population surveyed in the 

GH database, I screened two additional databases: COSMIC (38,303 sequences from 

unique tumor samples; (COSMIC | Catalogue of Somatic Mutations in Cancer, 

29.01.2020; Finer et al. 2020)) and gnomAD (141,456 exome and whole-genome 

sequences from unrelated individuals as part of several international population-

specific and disease-specific studies; (GnomAD, 29.01.2020; Karczewski et al. 2020)). 

I did not find Astrin p.Q1012* variant in either of these databases (Fig 3.2 and 3.3). 

Even in the GH database, there are only two heterozygous individuals for this variation, 

suggesting it may be specific to the Pakistani-Bangladeshi community surveyed in GH 

(Fig 3.1). In contrast, Astrin p.L7Qfs*21 is present in the gnomAD database as both 

heterozygous and homozygous (Fig 3.3), particularly among individuals with South 

Asian ancestry, suggesting a wider spread.  

I conclude that some of the variants in KT genes in the GH database are 

predicted to cause loss of function of essential genes. Moreover, Astrin LOF variations 

in GH appear to be mostly limited to South Asians. 
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Table 3.1 List of genomic variations in kinetochore proteins in the Genes and Health database. 

Chr* Position Consequence Symbol Feature 
Protein 
position 

Amino 
acids 

Existing 
variation 

Allele 
frequency 
_ELGH* 

Allele 
frequency 
_BiB* 

Allele 
frequency 
_Birm* 

Homozy
gous 
_ELGH* 

Homoz
ygous 
_BiB* 

Homoz
ygous 
_Birm* 

chr1 43360099 
Splice donor 
variant CDC20 ENST00000372462     

rs7710365
44 0.00013224 0 0 0 0 0 

chr1 173811212 Stop gained CENPL ENST00000367710 30 R/* 

COSM422
5956&CO
SM424626 0.00014397 0 0 0 0 0 

chr1 214613917 
Splice donor 
variant CENPF ENST00000366955     

rs3741232
90 0.00013231 0 0 0 0 0 

chr1 214619167 Stop gained CENPF ENST00000366955 174 E/* 
rs7776328
03 0.00020695 0.00020912 0 0 0 0 

chr1 214640037 Stop gained CENPF ENST00000366955 567 R/* 
rs7675424
66 0.00017088 0 0 0 0 0 

chr1 214641127 Stop gained CENPF ENST00000366955 930 L/*   0.00013858 0 0 0 0 0 

chr1 246843930 

Splice 
acceptor 
variant AHCTF1 ENST00000366508     

rs1486004
66 0.00067024 0.00107469 0 0 0 0 

chr1 246867243 
Splice donor 
variant AHCTF1 ENST00000366508     

rs1414096
93 0.00431034 0.00917431 0.0174419 0 0 0 

chr1 44750523 
Frameshift 
variant KIF2C ENST00000372224 133 L/X   0.00026546 0 0 1 0 0 

chr1 163326028 

splice_accepto
r_variant&5_pri
me_UTR_varia
nt&intron_varia
nt NUF2 ENST00000367900       0.00031017 0 0 0 0 0 

chr1 229470803 

Splice 
acceptor 
variant & 
coding 
sequence 
variant & intron 
variant NUP133 ENST00000261396 ?-618     0.00093985 0 0 0 0 0 
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Chr* Position Consequence Symbol Feature 
Protein 
position 

Amino 
acids 

Existing 
variation 

Allele 
frequency 
_ELGH* 

Allele 
frequency 
_BiB* 

Allele 
frequency 
_Birm* 

Homozy
gous 
_ELGH* 

Homoz
ygous 
_BiB* 

Homoz
ygous 
_Birm* 

chr1 63490219 

Splice 
acceptor 
variant 

ITGB3B
P ENST00000371092     

rs7784834
18 0.00031211 0 0 0 0 0 

chr1 186343403 Stop gained TPR ENST00000367478 1225 R/*   0.00013277 0 0 0 0 0 

chr1 211673650 Stop gained NEK2 ENST00000366999 130 R/* 

COSM449
1924&CO
SM449192
5&COSM4
491926 0.00054795 0 

0.0004826
3 0 0 0 

chr1 63453944 
Frameshift 
variant 

ITGB3B
P ENST00000371092 191-192 FE/X 

rs5693509
49 0.00279427 0.00058185 0.0005005 0 0 0 

chr1 63478774 
Frameshift 
variant 

ITGB3B
P ENST00000371092 120 K/X 

rs7490746
80 0.00022017 0.00103263 0.0045977 0 0 1 

chr1 186362853 
Frameshift 
variant TPR ENST00000613151 226-227 LE/X   0.00023397 0 0 0 0 0 

chr1 186362857 
Frameshift 
variant TPR ENST00000613151 225-226 -/KX   0.00023159 0 0 0 0 0 

chr1 211673576 
Frameshift 
variant NEK2 ENST00000366999 154 N/X   0.00039894 0 0 1 0 0 

chr1 226885638 
Frameshift 
variant PSEN2 ENST00000422240 153 T/X   0.00013228 0 0 0 0 0 

chr2 74370723 Stop gained DCTN1 ENST00000409567 296 E/*   0.00013305 0 0 0 0 0 

chr2 110669451 
Splice donor 
variant BUB1 ENST00000409311     

rs7710936
92 0.0001351 0 0 0 0 0 

chr2 110669499 Stop gained BUB1 ENST00000409311 174 S/* 
COSM130
5545 0.00014176 0 0 0 0 0 

chr2 200535172 
Splice donor 
variant SGO2 ENST00000409203       0.00033693 0.00031095 0 0 0 0 

chr2 24815504 
Frameshift 
variant CENPO ENST00000260662 114-115 -/X   0.00013778 0 0 0 0 0 

chr2 24816739 
Frameshift 
variant CENPO ENST00000260662 230 S/SX 

rs7490316
13 0.00014249 0.00019223 0 0 0 0 
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Chr* Position Consequence Symbol Feature 
Protein 
position 

Amino 
acids 

Existing 
variation 

Allele 
frequency 
_ELGH* 

Allele 
frequency 
_BiB* 

Allele 
frequency 
_Birm* 

Homozy
gous 
_ELGH* 

Homoz
ygous 
_BiB* 

Homoz
ygous 
_Birm* 

chr2 121410944 
Frameshift 
variant CLASP1 ENST00000397587 754 G/X   0.00013273 0 0 0 0 0 

chr2 121410949 
Frameshift 
variant CLASP1 ENST00000397587 749-752 GLGQ/X   0.0001328 0 0 0 0 0 

chr2 168877357 
Frameshift 
variant SPC25 ENST00000282074 74-76 LIQ/X   0.00044736 0 0 0 0 0 

chr2 168877364 
Frameshift 
variant SPC25 ENST00000282074 73-74 -/KKX   0.00045788 0 0 0 0 0 

chr3 32537010 
Splice donor 
variant 

DYNC1L
I1 ENST00000273130       0.00014201 0 0 0 0 0 

chr3 33517176 

Splice 
acceptor 
variant CLASP2 ENST00000359576       0.00013477 0 0 0 0 0 

chr3 33688283 Stop gained CLASP2 ENST00000359576 155 L/*   0.00015461 0 0 0 0 0 

chr2 24815520 Stop gained CENPO ENST00000260662 120 R/*   0.00013448 0 0 0 0 0 

chr2 24815623 Stop gained CENPO ENST00000260662 154 S/*   0.00013228 0 0 0 0 0 

chr2 3477796 
Splice donor 
variant 

TRAPPC
12 ENST00000382110       0.00013982 0 0 0 0 0 

chr2 37094196 
Splice donor 
variant 

GPATC
H11 ENST00000409774     

rs3689888
33 0.00013252 0 0 0 0 0 

chr2 3421985 

Stop gained & 
Inframe 
insertion 

TRAPPC
12 ENST00000382110 423-424 -/*LQ   0.00014049 0 0 0 0 0 

chr2 3424621 
Frameshift 
variant 

TRAPPC
12 ENST00000382110 459 L/LX   0.00013242 0 0 0 0 0 

chr2 233841874 
Frameshift 
variant HJURP ENST00000432087 248 K/X   0.00013326 0.00057186 0 0 0 0 

chr4 67519235 Stop gained CENPC ENST00000273853 200 S/*   0.00092937 0 0 0 0 0 
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Chr* Position Consequence Symbol Feature 
Protein 
position 

Amino 
acids 

Existing 
variation 

Allele 
frequency 
_ELGH* 

Allele 
frequency 
_BiB* 

Allele 
frequency 
_Birm* 

Homozy
gous 
_ELGH* 

Homoz
ygous 
_BiB* 

Homoz
ygous 
_Birm* 

chr4 103140415 

Splice 
acceptor 
variant CENPE ENST00000611174     

rs5683233
71&COSM
4425522&
COSM442
5523 0.00249233 0.00260312 

0.0021551
7 1 0 0 

chr4 103141032 
Frameshift 
variant CENPE ENST00000611174 1845 K/X   0.00037965 0 0 0 0 0 

chr4 184702110 
Frameshift 
variant CENPU ENST00000281453 301 N/X 

rs7654282
60 0.0012024 0 

0.0013966
5 0 0 0 

chr4 184717142 
Frameshift 
variant CENPU ENST00000281453 123-125 ISA/X   0.00175968 0 0 0 0 0 

chr4 184717149 
Frameshift 
variant CENPU ENST00000281453 123 I/KKNX   0.00171569 0 0 0 0 0 

chr4 13579926 
Splice donor 
variant BOD1L1 ENST00000040738       0.00026589 0 0 0 0 0 

chr5 69202505 

Splice 
acceptor 
variant CENPH ENST00000515001     

rs7532263
37 0.00025641 0 0 0 0 0 

chr5 69202550 Stop gained CENPH ENST00000515001 120 L/*   0.00018322 0.00019771 0 0 0 0 

chr5 69202918 

Splice 
acceptor 
variant CENPH ENST00000515001       0.00045732 0 0 0 0 0 

chr5 169599012 Stop gained SPDL1 ENST00000265295 393 R/* 
rs3714343
09 0.00163443 0.00193274 

0.0014605
6 0 0 0 

chr5 65551581 
Frameshift 
variant CENPK ENST00000514814 74-75 WQ/X   0.00020145 0 0 0 0 0 

chr5 65551586 
Frameshift 
variant CENPK ENST00000514814 72-73 SQ/X 

rs7625982
05 0.0003827 0.00019849 

0.0005482
5 0 0 0 

chr5 69191826 
Frameshift 
variant CENPH ENST00000515001 56 E/X   0.00023202 0 0 0 0 0 

chr5 163460024 
Frameshift 
variant 

NUDCD
2 ENST00000302764 9 S/SGX   0.0001327 0 0 0 0 0 

chr5 173616332 
Frameshift 
variant BOD1 ENST00000285908 35 G/GX   0.00018811 0 0 0 0 0 
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Chr* Position Consequence Symbol Feature 
Protein 
position 

Amino 
acids 

Existing 
variation 

Allele 
frequency 
_ELGH* 

Allele 
frequency 
_BiB* 

Allele 
frequency 
_Birm* 

Homozy
gous 
_ELGH* 

Homoz
ygous 
_BiB* 

Homoz
ygous 
_Birm* 

chr6 49472184 
Splice donor 
variant CENPQ ENST00000335783 NA   

rs5393291
87 0.0003983 0 0 0 0 0 

chr6 149746064 

Splice 
acceptor 
variant NUP43 ENST00000340413 NA   

rs7569948
16 0.00019478 0 0 0 0 0 

chr6 149746482 
Frameshift 
variant NUP43 ENST00000340413 5 Y/X   0.00026455 0 0 0 0 0 

chr7 1936786 Stop gained MAD1L1 ENST00000406869 570 R/* 
rs3769059
87 0.00013319 0.00019128 0 0 0 0 

chr7 2069313 Stop gained MAD1L1 ENST00000406869 367 Q/*   0.00024237 0 0 0 0 0 

chr7 2216278 Stop gained MAD1L1 ENST00000406869 230 Q/*   0.00013994 0 0 0 0 0 

chr7 2216210 
Frameshift 
variant MAD1L1 ENST00000406869 252 L/LAX   0.00015366 0 0 0 0 0 

chr7 102472217 

Splice 
acceptor 
variant LRWD1 ENST00000292616     

rs7463906
68 0.0001347 0 0 0 0 0 

chr8 10832918 Stop gained PINX1 ENST00000519088 66 G/* 

rs7661398
89&COSM
3884590 0.00013266 0 0 0 0 0 

chr8 120502491 

Splice 
acceptor 
variant MTBP ENST00000305949       0.0004686 0 0 0 0 0 

chr10 56359474 
Splice donor 
variant ZWINT ENST00000373944 NA     0.00030637 0 0 0 0 0 

chr10 123157727 

Splice 
acceptor 
variant BUB3 ENST00000368865 NA     0.00378788 0 0 0 0 0 

chr10 123157728 

Splice 
acceptor 
variant BUB3 ENST00000368865 NA     0.0052521 0 0 0 0 0 

chr11 47812063 
Splice donor 
variant NUP160 ENST00000378460 NA     0.00013287 0 0 0 0 0 
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Chr* Position Consequence Symbol Feature 
Protein 
position 

Amino 
acids 

Existing 
variation 

Allele 
frequency 
_ELGH* 

Allele 
frequency 
_BiB* 

Allele 
frequency 
_Birm* 

Homozy
gous 
_ELGH* 

Homoz
ygous 
_BiB* 

Homoz
ygous 
_Birm* 

chr11 47821722 
Splice donor 
variant NUP160 ENST00000378460 NA     0.00026455 0 0 0 0 0 

chr11 47848218 
Splice donor 
variant NUP160 ENST00000526870 NA   

rs5304021
80 0.00013228 0 0 0 0 0 

chr11 3778871 
Splice donor 
variant NUP98 ENST00000324932       0.00013305 0 0 0 0 0 

chr11 47818049 

Splice donor 
variant & 
coding 
sequence 
variant & intron 
variant NUP160 ENST00000378460 477-?     0.00071463 0 0 0 0 0 

chr11 47818056 

Frameshift 
variant & splice 
region variant NUP160 ENST00000378460 477 Q/QKKX   0.00069252 0 0 0 0 0 

chr11 47848382 
Frameshift 
variant NUP160 ENST00000526870 13 P/PX   0.00031786 0 0 0 0 0 

chr11 113744027 
Frameshift 
variant ZW10 ENST00000200135 429 S/X   0.00013932 0 0 0 0 0 

chr11 134168984 Stop gained NCAPD3 ENST00000534548 1058 E/* 
COSM925
153 0.00028209 0 0 0 0 0 

chr11 134178937 

Splice 
acceptor 
variant NCAPD3 ENST00000534548 NA     0.00014205 0 0 0 0 0 

chr11 134203200 

Splice 
acceptor 
variant NCAPD3 ENST00000534548 NA     0.00015878 0 0 0 0 0 

chr11 134208948 

Splice 
acceptor 
variant & 
coding 
sequence 
variant NCAPD3 ENST00000534548 ?-266     0.00127065 0 0 0 0 0 

chr12 57532283 Stop gained DCTN2 ENST00000543672 321 W/*   0.00014029 0 0 0 0 0 



CHAPTER 3 

78 

 

Chr* Position Consequence Symbol Feature 
Protein 
position 

Amino 
acids 

Existing 
variation 

Allele 
frequency 
_ELGH* 

Allele 
frequency 
_BiB* 

Allele 
frequency 
_Birm* 

Homozy
gous 
_ELGH* 

Homoz
ygous 
_BiB* 

Homoz
ygous 
_Birm* 

chr12 68719368 Stop gained NUP107 ENST00000229179 371 Q/*   0.00013224 0 0 0 0 0 

chr12 68721916 Stop gained NUP107 ENST00000229179 463 Q/*   0.00026575 0 0 0 0 0 

chr12 122319349 

Splice 
acceptor 
variant CLIP1 ENST00000545889     

rs1138609
09&COSM
5171831&
COSM517
1832 0.00013398 0 0 0 0 0 

chr12 122539685 Stop gained KNTC1 ENST00000450485 126 Q/*   0.00031506 0.00058027 0.0004995 0 0 0 

chr12 122551524 
Splice donor 
variant KNTC1 ENST00000450485     

rs8676772
51 0.00029248 0.00038197 

0.0009478
7 0 0 0 

chr12 122568373 
Splice donor 
variant KNTC1 ENST00000450485       0.00013441 0 0 0 0 0 

chr12 122570897 Stop gained KNTC1 ENST00000450485 591 E/* 
COSM256
48 0.0001957 0 0 0 0 0 

chr12 122571049 Stop gained KNTC1 ENST00000450485 611 Q/* 
rs7735838
90 0.00013333 0 0 0 0 0 

chr12 57535066 
Frameshift 
variant DCTN2 ENST00000543672 119-120 VE/X   0.00050684 0 0 0 0 0 

chr12 57535075 
Frameshift 
variant DCTN2 ENST00000543672 117 T/KKNX   0.00047939 0 0 0 0 0 

chr12 102112163 
Frameshift 
variant NUP37 ENST00000552283 75-76 -/X   0.00013256 0 0 0 0 0 

chr12 122542084 
Frameshift 
variant KNTC1 ENST00000450485 160-161 -/X   0.00016072 0 0 0 0 0 

chr12 122568288 
Frameshift 
variant KNTC1 ENST00000450485 508-509 NE/X   0.0001517 0 0 0 0 0 

chr12 122569751 
Frameshift 
variant KNTC1 ENST00000450485 559-560 SL/SX   0.00013287 0 0 0 0 0 
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Chr* Position Consequence Symbol Feature 
Protein 
position 

Amino 
acids 

Existing 
variation 

Allele 
frequency 
_ELGH* 

Allele 
frequency 
_BiB* 

Allele 
frequency 
_Birm* 

Homozy
gous 
_ELGH* 

Homoz
ygous 
_BiB* 

Homoz
ygous 
_Birm* 

chr12 122621878 

Splice 
acceptor 
variant & 
coding 
sequence 
variant KNTC1 ENST00000436959 ?-15     0.00013326 0 0 0 0 0 

chr12 122621882 

Frameshift 
variant splice 
region variant KNTC1 ENST00000436959 15 N/NFX   0.00026795 0 0 0 0 0 

chr13 21157921 
Splice donor 
variant SKA3 ENST00000314759     

rs1510547
32 0.0584826 0.0158151 0.0427873 0 0 0 

chr13 21159937 
Frameshift 
variant SKA3 ENST00000314759 293-294 

-
/TYILYS
WX   0.0001414 0 0 0 0 0 

chr13 21168145 
Frameshift 
variant SKA3 ENST00000314759 194-195 KQ/X 

rs7619493
51 0.00013305 0 0 0 0 0 

chr13 21172461 
Frameshift 
variant SKA3 ENST00000314759 70 Q/X 

rs1512722
42&COSM
1317935&
COSM432
211 0.195766 0.133444 0.165934 2 0 0 

chr14 102010275 

Splice 
acceptor 
variant 

DYNC1H
1 ENST00000360184       0.00057405 0 0 0 0 0 

chr14 102026571 

Splice 
acceptor 
variant & 
coding 
sequence 
variant 

DYNC1H
1 ENST00000360184 ?-2880     0.00146413 0 0 0 0 0 

chr14 102026575 

Frameshift 
variant & splice 
region variant 

DYNC1H
1 ENST00000360184 2880 D/DFX   0.00170543 0 0 0 0 0 

chr14 24179672 
Frameshift 
variant REC8 ENST00000611366 466 M/X 

rs1396415
71 0.00013323 0 

0.0004725
9 0 0 0 
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Chr* Position Consequence Symbol Feature 
Protein 
position 

Amino 
acids 

Existing 
variation 

Allele 
frequency 
_ELGH* 

Allele 
frequency 
_BiB* 

Allele 
frequency 
_Birm* 

Homozy
gous 
_ELGH* 

Homoz
ygous 
_BiB* 

Homoz
ygous 
_Birm* 

chr14 45224030 
Frameshift 
variant 

MIS18B
P1 ENST00000310806 852-853 -/X   0.00026803 0 0 0 0 0 

chr14 45226825 
Frameshift 
variant 

MIS18B
P1 ENST00000310806 585-586 IG/X   0.00095511 0 0 0 0 0 

chr14 45226831 
Frameshift 
variant 

MIS18B
P1 ENST00000310806 584 L/X   0.00079051 0 0 0 0 0 

chr14 45242052 
Frameshift 
variant 

MIS18B
P1 ENST00000310806 375 N/KKKX   0.00046404 0 0 0 0 0 

chr14 45246830 
Frameshift 
variant 

MIS18B
P1 ENST00000310806 152-153 -/KX   0.00039825 0 0 0 0 0 

chr15 40208635 

Splice 
acceptor 
variant BUB1B ENST00000412359     

rs5280227
63 0.00013499 0.00019069 0 0 0 0 

chr15 66528941 Stop gained ZWILCH ENST00000535141 239 W/*   0.00013312 0 0 0 0 0 

chr15 40206405 
Frameshift 
variant BUB1B ENST00000412359 667-674 

QTACG
TIY/X   0.00013721 0 0 0 0 0 

chr15 40264813 
Frameshift 
variant 

BUB1B-
PAK6 ENST00000441369 10 P/X   0.00026462 0 0 0 0 0 

chr15 40265912 
Frameshift 
variant 

BUB1B-
PAK6 ENST00000441369 92 

L/LSVIS
SX   0.00013228 0 0 0 0 0 

chr15 40383288 
Frameshift 
variant KNSTRN ENST00000608100 13 P/X 

rs7467258
76 0.00013249 0.00019055 0 0 0 0 

chr16 81012048 Stop gained CENPN ENST00000428963 37 Q/*   0.00013897 0.00038403 0 0 0 0 

chr16 15687418 Stop gained NDE1 ENST00000396355 144 Q/*   0.00013277 0 
0.0004725

9 0 0 0 

chr16 88807279 

Splice 
acceptor 
variant CDT1 ENST00000301019       0.00013277 0 0 0 0 0 



CHAPTER 3 

81 

 

Chr* Position Consequence Symbol Feature 
Protein 
position 

Amino 
acids 

Existing 
variation 

Allele 
frequency 
_ELGH* 

Allele 
frequency 
_BiB* 

Allele 
frequency 
_Birm* 

Homozy
gous 
_ELGH* 

Homoz
ygous 
_BiB* 

Homoz
ygous 
_Birm* 

chr16 3758045 

Splice 
acceptor 
variant & 
coding 
sequence 
variant & intron 
variant CREBBP ENST00000262367 ?-1124     0.00068431 0 0 0 0 0 

chr16 3758046 

Splice 
acceptor 
variant & 
coding 
sequence 
variant & intron 
variant CREBBP ENST00000262367 ?-1124     0.00260552 0 0 0 0 0 

chr16 15691299 
Frameshift 
variant NDE1 ENST00000396355 227 N/X 

rs7562069
42 0.00013235 0.00038124 

0.0004721
4 0 0 0 

chr17 58559452 
Splice donor 
variant TEX14 ENST00000349033     

rs7527723
71 0.0004451 0.00019084 0 1 0 0 

chr17 58587667 

Splice 
acceptor 
variant TEX14 ENST00000349033     

COSM406
8209&CO
SM406821
0 0.00013245 0 0 0 0 0 

chr17 58611255 Stop gained TEX14 ENST00000349033 364 Q/*   0.00047423 0 0 0 0 0 

chr17 58613423 

Stop gained & 
splice region 
variant TEX14 ENST00000349033 335 R/* 

rs1418012
12&COSM
3370828&
COSM337
0829 0.00053952 0.00038595 0.0038059 0 0 0 

chr17 8436018 

Splice donor 
variant & 5 
prime UTR 
variant & intron 
variant NDEL1 ENST00000334527       0.00014347 0 0 0 0 0 

chr17 16353362 
Frameshift 
variant CENPV ENST00000299736 25 A/X 

rs5603901
50&rs7476
44694 0.00507614 0 0 0 0 0 
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Chr* Position Consequence Symbol Feature 
Protein 
position 

Amino 
acids 

Existing 
variation 

Allele 
frequency 
_ELGH* 

Allele 
frequency 
_BiB* 

Allele 
frequency 
_Birm* 

Homozy
gous 
_ELGH* 

Homoz
ygous 
_BiB* 

Homoz
ygous 
_Birm* 

chr17 16353364 
Frameshift 
variant CENPV ENST00000299736 22-24 AAP/X 

rs7695843
20 0.00452489 0 0 0 0 0 

chr17 16353388 
Frameshift 
variant CENPV ENST00000299736 15-16 QK/X   0.0133333 0.0319149 0 0 0 0 

chr17 16353397 
Frameshift 
variant CENPV ENST00000299736 13 R/X   0.00930233 0.0205479 0 0 0 0 

chr17 58584572 
Frameshift 
variant TEX14 ENST00000349033 1033 K/X   0.00013373 0 0 0 0 0 

chr17 58601900 

Stop gained & 
frameshift 
variant TEX14 ENST00000349033 528 Y/*   0.00024378 0 0 0 0 0 

chr17 28579224 Stop gained SPAG5 ENST00000321765 1012 Q/*   0.00028843 0 0 0 0 0 

chr17 28598925 
Frameshift 
variant SPAG5 ENST00000321765 7 L/X 

rs5753816
63 0.00873016 0.00476372 

0.0094339
6 0 0 0 

chr18 2595502 Stop gained NDC80 ENST00000261597 368 R/*   0.0001347 0 0 0 0 0 

chr18 12963158 

Splice 
acceptor 
variant SEH1L ENST00000262124 NA   

rs1477385
64 0.00223464 0 0 0 0 0 

chr18 12963159 

Splice 
acceptor 
variant SEH1L ENST00000262124 NA     0.00195799 0 0 0 0 0 

chr20 56386380 
Frameshift 
variant AURKA ENST00000395915 62-65 QKLV/X 

rs7551097
97 0.0001333 0.00019069 0 0 0 0 

chr20 4792537 
Splice donor 
variant RASSF2 ENST00000379400 NA   

rs7731759
75 0.00039767 0.00057186 

0.0004725
9 0 0 0 

           

MCPH genes       

ELGH* 
3781 

BiB* 
2624 

Birm* 
1060     

MVA genes       Sample size     

Microcephaly 
associated genes 
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Chr* Position Consequence Symbol Feature 
Protein 
position 

Amino 
acids 

Existing 
variation 

Allele 
frequency 
_ELGH* 

Allele 
frequency 
_BiB* 

Allele 
frequency 
_Birm* 

Homozy
gous 
_ELGH* 

Homoz
ygous 
_BiB* 

Homoz
ygous 
_Birm* 

 

 

*Chr = chromosome, ELGH=East London Genes and Health, BiB = Born in Bradford, Birm = Birmingham. 

 
Chromosome: Chromosome name. 

Position: Mutated base position. 

Consequence: Predicted consequence of the mutation based on the transcript indicated. 

Symbol: Gene name. 

Feature: Transcript name. 

Protein position: Position of amino acid affected. 

Amino acid: Amino acid name. 

Existing variation: Variant identifier if the variant is present in other databases. 

Allele frequency: Frequency at which the allele is present in the database subset indicated. 

Homozygous: Number of homozygous variants identified in the database subset indicated. 
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Fig 3.1. Variation spectrum of Astrin-SKAP complex in Genes and Health database. Lollipop plot 

showing the amino acid position (x-axis) and the number of occurrences (y-axis) of different types of 

genomic variations in the four Astrin-SKAP complex members A black dot indicates a truncating 

mutation, a green dot indicates a missense mutation and a purple dot indicates other mutation types. The 

red font indicates interesting variations. Numbers in brackets indicate the number of homozygous 

occurrences. 
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Fig 3.2. Variation spectrum of Astrin-SKAP complex in COSMIC database.  Lollipop plot showing 

the amino acid position (x-axis) and the number of occurrences (y-axis) of different types of genomic 

variations in the four Astrin-SKAP complex members A black dot indicates a truncating mutation, a 

green dot indicates a missense mutation and a purple dot indicates other mutation types. The red font 

indicates interesting variations.  
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Fig 3.3. Variation spectrum of Astrin-SKAP complex in gnomAD database. Lollipop plot showing 

the amino acid position (x-axis) and the number of occurrences (y-axis) of different types of genomic 

variations in the four Astrin-SKAP complex members. A black dot indicates a truncating mutation, a 

green dot indicates a missense mutation and a purple dot indicates other mutation types. The red font 

indicates interesting variations. Numbers in brackets indicate the number of homozygous occurrences. 

3.3 PERCENTAGE OF TUMOUR SAMPLES WITH SOMATIC 

MUTATIONS IN ASTRIN-SKAP COMPLEX IS NOT HIGH 

The two predicted LOF variants of Astrin were not observed in the COSMIC 

database (Tate et al. 2019). One possible explanation is that the incidence of somatic 

mutations in Astrin is low. To test this, I compared the tumor samples bearing somatic 

mutations in five different categories of genes: a) primary microcephaly (MCPH) 

genes, b) mosaic-variegated aneuploidy (MVA) genes, c) Astrin-SKAP complex, d) 

Astrin-SKAP complex interacting partners and e) tumour suppressor genes (only two 

genes selected in this category as positive controls). In this assessment, I included forty 
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different tumor tissue types available on the COSMIC database (Tate et al. 2019) and 

compared the percent mutation burden for each gene in each tumor type. As expected, 

TP53 gene mutations are found in all tissue types and the percentage of samples with 

mutation/s is also high (Fig 3.4). Mutations in the BRCA1 gene, MCPH genes, and 

most Astrin-SKAP complex interacting partners are not ubiquitously present in all 

tissue types suggesting tissue-specificity (Fig 3.4). Astrin-SKAP complex, NDC80 

complex (one of the interacting partners of Astrin-SKAP complex (Conti et al. 2019; 

Kern et al. 2017)) and MVA genes, on the other hand, show tissue-specificity, as well 

as lower incidence, compared to the other three groups suggesting a lower incidence of 

somatic mutations in Astrin/SKAP genes (Fig 3.4, see box). The most mutated position 

in Astrin was p.E755, converted to a K, which was specifically found in skin cancers 

(n=3, Fig 3.4). I conclude that the percentage of tumor samples with somatic mutations 

in Astrin-SKAP complex, NDC80 complex and MVA genes is low. 
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Fig 3.4. The percentage of tumor samples with somatic mutations in the Astrin-SKAP complex is 

low compared to MCPH and tumor suppressor genes. Heat map showing the percentage of samples 

with variations in selected genes in different tumor types in the COSMIC database.  Box shows genes 

with a low percentage of tumor samples with somatic mutations. 

3.4 PREDICTED CONSEQUENCES OF HUMAN ASTRIN 

VARIANTS 

To investigate the consequences of Astrin p.L7Qfs*21 variant, I first asked 

whether Astrin1-59, part of Astrin protein encoded by the first  and second exon of the 

human SPAG5 gene, is conserved across species. This is important because Astrin is 

found as two isoforms in epithelial cell lines (HeLa; (Thein 2008)). Conservation 

analysis using MAFFT (Madeira et al. 2019) suggests that Astrin1-59 is conserved in 

mammals (Fig 3.5 A). Next, I asked whether Astrin1-59 has been detected in proteomics 
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studies. For this purpose, I analyzed the proteomics data available on the PRIDE 

database (Vizcaíno et al. 2016) and found that 1-59 a.a. of Astrin has been detected in 

the proteomics studies analyzed (Fig 3.5 B). Since these proteomic studies could not be 

qualitatively segregated, it is not clear if the two forms of Astrin are present 

simultaneously in cells, as shown in HeLa cell mass spectrometry studies (Thein 2008). 

 

Fig 3.5. N-terminus of Astrin is conserved in mammals and detected in proteomics analysis. A. 

Conservation analysis of first and second exon of Astrin. Clustal color scheme: Blue represents 

hydrophobic, Red represents positively charged, Magenta represents negatively charged, Green 

represents polar, Pink represents Cysteines, Orange represents Glycines, Yellow represents Prolines, 

Cyan represents aromatic and white represents unconserved residues. B. Proteomics data analysis of 

Astrin from PRIDE database. The x-axis shows the amino acid position in the Astrin sequence, whereas 

the y-axis shows the number of times the amino acid was detected. 
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To investigate the consequences of Astrin p.Q1012* variant, I asked whether 

1012-1193 a.a. of Astrin is conserved across species. Conservation analysis suggests 

that this region is conserved in mammals, birds, reptiles, and fish (Fig 3.6), suggesting 

that this region's loss may not be tolerated. Moreover, a motif search resulted in several 

potential phosphatase docking motifs suggesting it may target phosphatases to the 

kinetochores (Fig 3.6). 

 

Fig 3.6. C-terminus of Astrin beyond 1011 a.a. is highly conserved across species. Conservation 

analysis of C-terminus of Astrin beyond 1011 a.a. of Astrin showing potential phosphatase docking 

motifs. Clustal color scheme: Blue represents hydrophobic, Red represents positively charged, Magenta 

represents negatively charged, Green represents polar, Pink represents Cysteines, Orange represents 

Glycines, Yellow represents Prolines, Cyan represents aromatic and white represents unconserved 

residues. 

I conclude that expression of Astrin p.Q1012* variant would result in the loss 

of highly conserved C-terminus of Astrin, which may explain why the variant is rare 

and only present as heterozygous. On the other hand, the N-terminus of Astrin is not as 

conserved but is detected in the proteomic studies giving clues regarding tolerance of 

Astrin p.L7Qfs*21 variant in healthy individuals. 
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3.5 DISCUSSION 

To ensure faithful segregation of chromosomes, kinetochores (KTs), 

multiprotein complexes composing of over 100 proteins assemble onto the centromeric 

regions of the chromosomes and play a key role in attaching chromosomes to the 

microtubules and stabilizing the said attachments (Reviewed in: (Musacchio and Desai 

2017; Yamagishi et al. 2014; Monda and Cheeseman 2018). In vitro and in vivo studies 

have shown that many of the KT genes are essential, and their dysregulated expression 

causes chromosomal instability making them targets for cancer therapy (Reviewed in: 

(Herman et al. 2015; Jablonski, Liu, and Yen 2003)). Moreover, with the increase in 

the number of genetic studies being carried out in recent years, it is becoming apparent 

that genomic variations in KT proteins may also be linked with developmental disorders 

(Reviewed in: (Degrassi, Damizia, and Lavia 2019). KNL1, a key KT gene, was the 

first KT gene to be associated with microcephaly (Jamieson et al., 1999), a 

developmental disorder characterized by reduced head size below three standard 

deviations. The affected individuals were four siblings born of consanguineous 

Moroccan parents and had microcephaly, poor growth, and mental retardation 

(Jamieson et al., 1999). Since then, at least three more KT proteins with genomic 

variations have been linked to microcephaly or related disorders (OMIM 604321, 

OMIM 11743, OMIM 602680, (Tahmasebi-Birgani, Ansari, and Carloni 2019; Ansar 

et al. 2019; Boonsawat et al. 2019). A study on human embryonic cells by introducing 

microcephaly-specific KNL1 point mutation has shown that the variant's expression 

leads to neuronal cell-specific phenotype comprising increased cell death, decreased 

proliferation rate and reduced cell specialization (Javed et al., 2018). Moreover, the 

cell-specificity is due to the generation of an exonic splicing silencer site that is 

recognized by an inhibitory splicing protein highly expressed in neural progenitors 

(Javed et al., 2018).  The study explains how humans may survive with genomic 

variations in essential genes and highlights how the cell-specific expression of these 

variants may affect health.     

Developmental disorders such as microcephaly are more prevalent in 

populations with increased occurrence of consanguineous marriages. Genes and Health 

(GH) study in the UK is a genomic study on UK residents of Pakistani-Bangladeshi 

ancestry, a community known for a higher incidence of consanguineous marriages 
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(Finer et al. 2020). Here, I have identified 142 LOF variants in KT genes from the GH 

2018 LOF variants list (Finer et al. 2020) (Table 3.1). Out of these, 94 variants are new, 

and except for four, all are present only as heterozygous (Table 3.1). Moreover, I have 

identified nine variants of MCPH and MVA genes, including two CENP-E variants, 

four NCAPD3 variants, one BUB1B variant, and two SPAG5 variants (Table 3.1). Out 

of these, one CENP-E C-terminal frameshift variant-predicted to cause loss of C-

terminal microtubule (MT) binding region (Musinipally et al. 2013), three splice 

acceptor NCAPD3 variants, and one C-terminal stop-gained SPAG5 variant-predicted 

to cause loss of its KT targeting region (Dunsch et al. 2011; Kern, Wilson-Kubalek, and 

Cheeseman 2017; Conti et al. 2019), are not listed on Ensembl (Yates et al. 2020). 

Comparing the somatic mutation burden in the COSMIC database (Tate et al. 

2019),  I show that the percentage of tumor samples with somatic mutations in MVA 

genes is lower than those for MCPH and tumor suppressor genes (Fig 3.4). Genomic 

variations in MCPH genes are associated with microcephaly, but variations in MVA 

genes can cause aneuploidy and early-onset cancer, in addition to microcephaly 

(Reviewed in: (Degrassi, Damizia, and Lavia 2019)). One possible explanation for the 

low percentage of tumor samples with somatic mutations in MVA genes is increased 

protection from the cells to avoid aneuploidy. Genomic variations in SPAG5 and 

DYN1l2 are associated with microcephaly (Boonsawat et al. 2019; Ansar et al. 2019), 

and both appear to have a low percentage of tumor samples with somatic mutations 

(Fig 3.4). SPAG5 gene-encodes Astrin protein, part of a 4-unit Astrin-SKAP complex 

(Kern, Wilson-Kubalek, and Cheeseman 2017). Astrin interacts with NDC80-a key 

KT-MT attachment protein, and CLASP1-a MT associated protein, and plays a crucial 

role in stabilizing KT-MT attachments (Kern, Wilson-Kubalek, and Cheeseman 2017; 

Manning et al. 2010). The COSMIC data analysis shows that all genes in the Astrin-

SKAP complex, NDC80 complex, and CLASP1 have a low percentage of tumor 

samples with somatic mutations (Fig 3.4), suggesting like MVA genes, they may also 

be protected against somatic mutations.  

Astrin, a long coiled-coil protein, is required for KT-MT attachment stability 

(Dunsch et al. 2011; Shrestha et al. 2017; Conti et al. 2019; Kern, Wilson-Kubalek, and 

Cheeseman 2017). Here, I have identified two human Astrin variants- p.L7Qfs*21 and 

p.Q1012*, in the GH database. I further show that Astrin p.Q1012* is specific to the 
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Pakistani-Bangladeshi community in East London, and although Astrin p.L7Qfs*21 

variant is present in the gnomAD database, it is mainly found in South Asians (Table 

3.1, Fig 3.1, 3.2 and 3.3). There are only two known individuals with Astrin p.Q1012* 

variation, and both are heterozygous for it, suggesting it may not be tolerated (Table 

3.1, Fig 3.1). On the other hand, Astrin p.L7Qfs*21 homozygotes are found in gnomAD 

(n=6) and in GH's all variants 2020 list (n=1), suggesting the variation is tolerated 

(Table 3.1, Fig 3.1).  

Astrin p.L7Qfs*21 is a frameshift very close to the start site, but it is tolerated 

in healthy individuals suggesting either a) Astrin is not essential, which contradicts the 

cell culture studies (Dunsch et al. 2011; Gruber et al. 2002; Schmidt et al. 2010; Thein 

et al. 2007),  or b) a shorter isoform of Astrin is expressed in these individuals and is 

sufficient for Astrin's function. Western blot and mass spectrometry data of human 

epithelial cells have shown that Astrin exists as two isoforms (HeLa, (Thein 2008)). 

However, whether the two Astrin isoforms are tissue-specific and/or have different 

roles is not known. The PRIDE data analysis suggests that all 1-1193 a.a. of Astrin are 

detected in mass spec analysis (Fig 3.4 B), but whether there is a difference in 

expression between studies/cell lines is not clear. The N-terminus of Astrin is conserved 

among mammals but not in birds, reptiles, and fish (Fig 3.4 A), suggesting it may have 

evolved to perform additional roles in higher species. The N-terminal of Astrin is 

phosphorylated by several kinases such as Aurora-A, CDK1, and GSK3 β  and binds 

Plk1 kinase in a CDK-dependent manner (Cheng et al. 2008; Chiu et al. 2014; Chung 

et al. 2016; Geraghty et al. 2021). Cells expressing Astrin with mutated Aurora-A 

phosphorylation site have disrupted spindle size and undergo prolonged mitosis (Chiu 

et al. 2014). Cells expressing Astrin with mutated Plk1 binding site have unstable KT-

MT attachment (Geraghty et al. 2021). However, cells with mutated Plk1 binding site 

on Astrin or lacking the first 464 amino acids of Astrin can progress through an 

unperturbed cell cycle (Geraghty et al. 2021). It is possible that cells may be able to 

tolerate the loss of Astrin N-terminus, which may explain the presence of Astrin 

p.L7Qfs*21 homozygotes in a healthy population. It is also possible that the lack of 

Astrin's N-terminus may affect the cell's ability to handle stress. Hence, it would be 

interesting to study the impact of Astrin p.L7Qfs*21 on Astrin's expression, 

localization, and function. 
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The Astrin p.Q1012* variant is predicted to lack the last 182 amino acids in the 

C-terminal region of Astrin and the whole complex is targeted to the KTs through its 

C-terminus (Shrestha et al. 2017). Moreover, the C-terminus of Astrin is conserved 

across mammals, birds, reptiles, and fish, and contains several potential phosphatase 

docking motifs (Fig 3.5, (Conti et al. 2019)). Kinases and phosphatases play a key role 

in regulating mitosis, including KT-MT attachment stability, spindle assembly 

checkpoint silencing, and metaphase to anaphase transition (Reviewed in: (Saurin and 

Kops 2016; Vallardi, Cordeiro, and Saurin 2017)). The data collectively suggests Astrin 

p.Q1012* variant would not be tolerated by the cells, which may explain the lack of 

Astrin p.Q1012* homozygotes in a healthy population. However, it would be 

interesting to see whether the cells will be able to tolerate the variant in the presence of 

a normal copy of Astrin or would they completely rid themselves of the variant. 
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CHAPTER 4: RESULTS-II – LOCALIZATION OF 

HUMAN ASTRIN VARIANTS 

4.1 INTRODUCTION 

Two Astrin LOF variants (p.L7Qfs*21 and p.Q1012*) were identified from the 

Genes and Health (GH) database, a genetic study of UK residents of Pakistani-

Bangladeshi origin (Finer et al. 2019))  and one Astrin somatic mutant was identified 

from the COSMIC database ((Tate et al. 2019); see Chapter 3). 

Presence of human Astrin p.L7Qfs*21 homozygotes suggest a complete loss of 

Astrin in affected individuals. However, Astrin depletion in cultured mammalian cells 

leads to the formation of multipolar spindles, chromosome congression and segregation 

defects, and increased apoptosis (K. H. Thein et al. 2007; Schmidt et al. 2010; Gruber 

et al. 2002). Unless the Astrin depletion phenotype significantly differs between 

cultured cells and humans, the presence of this variation in a healthy population makes 

this scenario unlikely. Alternatively, a shorter isoform of Astrin may be expressed that 

retains functionality. Astrin migrates as a doublet with a 20-40 kDa difference on an 

SDS-PAGE gel, and mass spectrometry analysis by Thein (Thein 2008) showed that 

the lower band of Astrin lacks the N-terminal region raising the possibility that Astrin 

exists as two isoforms in humans. The N-terminal region of Astrin interacts with 

NDC80, a key kinetochore (KT) protein involved in KT-microtubule (MT) attachments 

(Kern, Wilson-Kubalek and Cheeseman, 2017, Tamura PhD, Draviam Lab; 

unpublished data), and is phosphorylated by CDK1, PLK1, GSK3β, and Aurora-A 

kinases (Geraghty et al. 2020; Cheng et al. 2008; Chiu et al. 2014). However, a recent 

study has shown that a lack of the first 464 a.a. has no impact on spindle bipolarity and 

cell cycle progression but reduces KT-MT attachment stabilization efficiency in 

metaphase arrested cells (Geraghty et al. 2020), suggesting that the N-terminus may be 

required only in stress conditions. 

Human Astrin p.Q1012* variant is rare and only observed in two individuals. 

Furthermore, this variant is only present as heterozygous. During interphase, the C-

terminus of Astrin (608-1193 a.a.)  directly interacts with Ninein, a centrosomal protein 

with a key role in minus-end MT positioning and anchoring (Cheng et al. 2007). The 

complex dissociates at the start of mitosis, and Astrin starts to localize at the MTs 
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through its partner SKAP (Schmidt et al. 2012; Dunsch et al. 2011; Kern et al. 2016; 

Kern, Wilson-Kubalek, and Cheeseman 2017).  During metaphase, in addition to its 

presence at the MTs, Astrin is selectively recruited to mature or end-on attached KTs 

(Shrestha and Draviam 2013) through its C-terminus (694-1193 a.a.; (Dunsch et al. 

2011; Kern, Wilson-Kubalek, and Cheeseman 2017)). This recruitment occurs in two 

steps – first as a low-intensity "sleeve," which is connected to the MT signal, and then 

gradually converting into a brighter "crescent" (Conti et al. 2019). Deletion of the last 

70 a.a. of Astrin has no impact on minus-end MT positioning and anchoring but impairs 

Astrin's localization at the KTs as a "crescent" and de-stabilizes end-on attachments 

(Conti et al. 2019). Altogether, the data suggest that individuals with Astrin p.Q1012* 

would have Astrin localization defects during mitosis, impacting Astrin's function.  

Astrin p.E755K is a point mutation changing the charge from negative to 

positive in the NDC80 interacting region (Tamura PhD, Draviam Lab; unpublished 

data). NDC80 complex is a key KT-MT attachment protein (McCleland et al. 2003), 

and the change in charge may affect Astrin-NDC80 interaction.  

This chapter investigates the localization of the selected Astrin variants at the 

spindle and KTs. Throughout the chapter, Astrin localization at the KTs is divided into 

four categories: high (91-100% KTs with Astrin crescents), medium (51-90% KTs with 

Astrin crescents), low (2-50% KTs with Astrin crescents), and no crescent (0-1% KTs 

with Astrin crescents), (Fig 4.1).  

 

Fig 4.1 Scoring of Astrin localization in metaphase-arrested cells. Representative 

immunofluorescence images of metaphase arrested Hela cells expressing YFP-Astrin probed for GFP 

and CREST, centromeric marker, showing high, medium, low and no Astrin crescents. Scale: 5µm. 
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4.2 LOCALIZATION OF HUMAN ASTRIN P.L7QFS*21 

VARIANT 

4.2.1 ASTRIN-GFP p.L7* MUTANT EXPRESSES AS A SHORT PROTEIN 

To investigate the expression and subcellular localization of human Astrin 

p.L7Qfs*21 variant, I generated a plasmid encoding a C-terminal GFP tagged Astrin 

with a stop codon at 7 a.a. (Fig 4.2 A). Immunostaining studies in metaphase arrested 

HeLa cells show an expression of a protein decorating the spindle similar to the Astrin-

GFP wild type (WT, n=20, 10 cells from each set; Fig 4.2 D). However, both Astrin-

GFP WT and p.L7* show a compromised localization at the kinetochores (n=20, 10 

cells from each set; Fig 4.2 D). The observed compromised localization of Astrin-GFP 

WT is in agreement with previous studies (Conti et al. 2019). Compared to Astrin-GFP 

WT, Astrin-GFP p.L7* localization at the KTs is significantly reduced (n=20, 10 cells 

from each set, p<0.0001; Fig 4.2 D). Data suggest that Astrin-GFP p.L7* mutant, 

mimicking Astrin p.L7Qfs*21 is expressed in HeLa cells and may have reduced 

localization at the KTs. 
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Fig 4.2 Astrin p.L7* is expressed in HeLa cells and localizes to spindle and kinetochores. A. Cartoon 

showing Astrin p.L7Qfs*21 variant and Astrin-GFP p.L7* mutant. B. Experimental regimen. C. 

Representative immunofluorescence images of Astrin-GFP wild type and p.L7* expressing cells treated 

as in B and probed for GFP and CREST. DNA was stained with DAPI. Scale bars: 5 µm in uncropped 

images and 1 µm in insets. D. Boxplot showing localization of Astrin at the kinetochores (scored as high, 

medium, low and no crescents as in Fig 4.1). Symbols represent independent experiments. n=20 (10 cells 

from each set). A Chi-square test was performed to find statistical significance. **** represents 

p<0.0001. 

Expression of Astrin-GFP p.L7* despite the stop codon at the 7 a.a. suggests an 

alternate start site for the expressed protein. To investigate this, I first compared the 

migration of Astrin-GFP WT and p.L7* proteins on an immunoblot. Data show a strong 

band at ~190 kDa (expected molecular weight ~163 kDa) for WT and between 135 and 

190 kDa for the p.L7* mutant when probed for GFP and Astrin (Fig 4.3). The ~190 

kDa band of Astrin WT is also detected by Astrin antibody, but Astrin p.L7* band 

cannot be differentiated from endogenous Astrin bands (Fig 4.3). I conclude that a fast-

migrating form of Astrin is expressed in Astrin-GFP p.L7*.  

 

Fig 4.3 Astrin-GFP p.L7* is expressed as a fast-migrating protein. Immunoblot of HeLa cell lysates 

expressing Astrin-GFP wild type and p.L7* probed for GFP, Astrin, SKAP and γ- tubulin (loading 

control). Data represent at least two independent repeats. 

KOZAK sequences, present in the eukaryotic mRNA, play a major role in the 

initiation of translation (Acevedo et al. 2018). To identify potential start sites for the 

expression of the short Astrin, I looked for KOZAK sequences in the N-terminus of 

Astrin and found a potential start site with a strong KOZAK sequence at N-454 and a 

potential start site with good KOZAK sequence at N-823 with predicted molecular 

weights similar to Astrin-GFP p.L7*. I then generated N-terminal YFP tagged Astrin 
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deletion mutants-∆151 and ∆274, starting from the identified start sites (Fig 4.4 A) and 

expressed them in HeLa cells. Immunoblotting studies show strong bands at a similar 

height for N and C-terminal tagged Astrin WT (~180 kDa) as expected. A strong band 

is observed between 180 and 135 kDa for Astrin ∆151, similar to Astrin p.L7* band, 

whereas Astrin ∆274 band is near 135 kDa (Fig 4.4 B). Data suggest that the fast-

migrating Astrin protein expressed in Astrin p.L7* starts from 152 a.a. (N-454) of 

Astrin. 

 

Fig 4.4. Short Astrin protein expressed is similar in size to Astrin ∆151 mutant. A. Cartoon showing 

N-terminus deletion mutants and KOZAK sequences. B. Immunoblots of lysates expressing Astrin-GFP 

(WT and p.L7*) and YFP-Astrin (WT, ∆151 and ∆274) and probed for GFP and Astrin. Green * indicates 

endogenous Astrin and yellow * indicates all other Astrin bands. 

To conclude, Astrin-GFP p.L7* mutant, mimicking human Astrin p.L7Qfs*21 

variant, expresses as a fast migrating Astrin protein similar to Astrin ∆151. 

4.2.2 N-TERMINAL ASTRIN MUTANTS LOCALIZE NORMALLY AT THE 

SPINDLE AND KINETOCHORE 

The C-terminal GFP tagged Astrin wild type itself has impaired localization at 

the kinetochores (KTs). Hence, to precisely determine the subcellular localization of 
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the fast-migrating Astrin, I investigated the N-terminal Astrin deletion mutants' 

localization. Immunostaining studies of metaphase arrested cells show that in the 

presence of endogenous Astrin, both Astrin ∆151 and ∆274 localize normally at the 

spindle (n=20, 10 cells from each set; Fig 4.5 B). Astrin ∆151 localizes normally at the 

KTs, whereas Astrin ∆274 shows localization defect in two cells from each set (n=20, 

10 cells from each set, p<0.05; Fig 4.5 B-C). Data suggest that Astrin ∆151 localizes 

normally at the spindle and KTs, whereas Astrin ∆274 has a mild KT localization 

defect. 

 

Fig 4.5 Astrin ∆151 localizes normally at the spindle and kinetochores. A. Experimental regimen. B. 

Representative immunofluorescence images of Astrin wild type, ∆151 and ∆274 cells treated as in B and 

probed for GFP and CREST. DNA was stained with DAPI. Scale bars: 5 µm in uncropped images and 1 

µm in insets. C. Boxplot showing localization of Astrin at the kinetochores (scored as high, medium, low 

and no crescents as in Fig 4.1). Symbols represent independent experiments. n=20 (10 cells from each 

set). One-way ANOVA was performed to find statistical significance. * represents p<0.05 and ns=not 

significant. 

To investigate whether Astrin ∆274's reduced localization at the KTs is a 

consequence of competition between the exogenously expressed protein and the 

endogenous protein, I depleted the cells of endogenous Astrin. Immunostaining studies 

of metaphase arrested cells show that all Astrin ∆274 localizes normally at the 
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kinetochores (n=20, 10 cells from each set; Fig 4.6 B-C). Further, endogenous SKAP, 

an interacting partner of Astrin whose localization at the KTs is Astrin-dependent, also 

localizes normally at the kinetochores. I conclude that the observed localization defect 

in Astrin ∆274 expressing cells in Fig 4.5 is likely due to competition with the 

endogenous Astrin. 

 

Fig 4.6 Astrin ∆274 localizes normally at the spindle and kinetochores when endogenous Astrin is 

depleted. A. Experimental regimen B. Representative immunofluorescence images of Astrin wild type 

(WT) and ∆274 expressing cells treated as in A and probed for GFP, SKAP and CREST. DNA was 

stained with DAPI. Scale bars: 5 µm in uncropped images and 1 µm in insets. C. Boxplot showing 

localization of Astrin at the kinetochores (scored as high, medium, low and no crescents as in Fig 4.1). 

Symbols represent independent experiments. n=20 (10 cells from each set). 

Collectively, the data show that Astrin p.L7*, mimicking Astrin p.L7Qfs*21 

variant, expresses as a fast migrating form similar to Astrin ∆151 that localizes 

normally in mitosis. This may explain the presence of Astrin p.L7Qfs*21 variant 

homozygotes in the population.  
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4.3 LOCALIZATION OF HUMAN ASTRIN P.Q1012* VARIANT 

A stop codon at 1012 a.a. of Astrin will result in a shorter protein lacking a 

portion of its C-terminus. To precisely determine the Astrin p.Q1012* variant's 

subcellular localization, I transiently expressed N-terminal YFP tagged Astrin 

p.Q1012* variant in HeLa cells. Immunostaining studies show that in interphase cells, 

the YFP signal is exclusively observed in the cytoplasm and on the spindle throughout 

prophase to telophase (Fig 4.7 C). This is in agreement with Astrin localization studies 

(Mack and Compton 2001; Cheng et al. 2008; Chu et al. 2016). 
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Fig 4.7 Astrin p.Q1012*'s localization through cell cycle. A. Cartoon showing Astrin p.Q1012* 

variant. B. Experimental regimen. C. Representative immunofluorescence images of Astrin wild type 

and p.Q1012* treated as in B and probed for GFP and CREST. DNA was stained with DAPI. Scale bars: 

5 µm. 

In metaphase arrested cells, YFP-Astrin wild type localize at both spindle and 

kinetochores (KTs), and its localization at the KTs is as high crescents (Fig 4.8).  In 

contrast, Astrin p.Q1012* localizes normally at the spindle, but none of the cells have 

high crescents (p<0.0001), ~15% have medium crescents, ~38% have low crescents, 

and ~47% have no crescents (Fig 4.8 C-D). I conclude that Astrin p.Q1012* cannot be 

enriched at the outer kinetochore of mitotic cells.  
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Fig 4.8 Astrin p.Q1012* localizes normally at the spindle but not at the kinetochores. A. Cartoon 

showing Astrin C-terminus constructs. B. Experimental regimen. C. Representative immunofluorescence 

images of Astrin wild type (WT), p.Q1012*, 4A and ∆70 expressing cells treated as in B and probed for 

GFP and CREST. DNA was stained with DAPI. Scale bars: 5 µm in uncropped images and 1 µm in 

insets. D. Boxplot showing localization of Astrin at the kinetochores (scored as high, medium, low and 

no crescents). Symbols represent independent experiments.  One-way ANOVA was performed to find 

statistical significance. 

Next, I compared Astrin p.Q1012*'s subcellular localization with two Astrin C-

terminal mutants reported to present mitotic defects (Conti et al. 2019). 

Immunostaining studies of metaphase cells show that ~47% of Astrin p.Q1012* cells 

have no crescents similar to Astrin ∆70 (~45%) but higher than Astrin 4A (~8%, Fig 

4.8 C-D). I conclude that Astrin p.Q1012*'s KT localization impairment is similar to 

the C-terminal deletion mutant Astrin ∆70.  

To investigate whether Astrin p.Q1012*'s reduced localization at the KTs is a 

consequence of competition between the exogenously expressed protein and the 

endogenous protein, I depleted the cells of endogenous Astrin. Immunostaining studies 

of metaphase arrested cells show that compared to all wild-type cells having high 

crescents, only ~5% of Astrin p.Q1012* cells have high crescents, ~39% have medium, 

~28% have low, and ~28% have no crescents (Fig 4.9 B-C). I conclude that Astrin 

p.Q1012* variant fails to localize at the KTs even in the absence of endogenous Astrin. 
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Fig 4.9 Astrin p.Q1012* localizes normally at the spindle but not at the kinetochores in the absence 

of endogenous Astrin. A. Experimental regimen. B. Representative immunofluorescence images of 

Astrin wild type and p.Q1012* expressing cells treated as in A and probed for GFP and CREST. DNA 

was stained with DAPI. Scale bars: 5 µm in uncropped images and 1 µm in insets. C. Boxplot showing 

localization of Astrin at the kinetochores (scored as high, medium, low and no crescents). Symbols 

represent independent experiments. One-way ANOVA was performed to find statistical significance. D. 

Immunoblot showing the extent of Astrin depletion in following Control or Astrin siRNA treatment as 

indicated.   

Collectively, data shows that Astrin p.Q1012* variant fails to localize at the 

KTs which may explain why it is only found at heterozygous and not homozygous.  

4.4 LOCALIZATION OF HUMAN ASTRIN P.E755K MUTANT 

Lastly, I investigated the subcellular localization of Astrin p.E755K somatic 

mutant.  Immunostaining studies of metaphase arrested cells show that Astrin p.E755K 

localizes normally at both the spindle and kinetochores (n=15; Fig 4.10 C-D). I 

conclude that the Astrin p.E755K mutation in unlikely to affect Astrin's localization. 
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Fig 4.10 Astrin p.E755K localizes normally at the spindle and kinetochores. A. Cartoon showing 

Astrin constructs. B. Experimental regimen. C. Representative immunofluorescence images of Astrin 

wild type and p.E755K expressing cells treated as in B and probed for GFP and CREST. DNA was 

stained with DAPI. Scale bars: 5 µm in uncropped images and 1 µm in insets. C. Boxplot showing 

localization of Astrin at the kinetochores (scored as high, medium, low and no crescents as in Fig 4.1). 

Symbols represent independent experiments.  

I conclude that the human Astrin p.L7QfsTer21 variant expresses as a fast 

migrating form of Astrin and localizes normally at the metaphase spindle and KTs, 

explaining why it may be tolerated as homozygous in a healthy population. On the other 

hand, the human Astrin p.Q1012* variant localizes normally at the spindle but fails to 

localize at the kinetochores explaining why it is only present as heterozygous. Lastly, 

the human Astrin p.E755K somatic mutant localizes normally in metaphase cells.  

4.5 DISCUSSION 

I selected two human genomic variants of Astrin protein from the Genes and 

Health (GH) database (Finer et al. 2020) and one human somatic mutant from the 

COSMIC database (Tate et al. 2019) and studied their subcellular localization and 

function in human epithelial cells. Here, I show that the Astrin p.E755K mutant 

(COSMIC database) may localize normally at the spindle and kinetochores (KTs) (Fig 
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4.10 B-C). In contrast, Astrin p.Q1012* variant (GH database) localizes at the spindle 

normally but fails to localize at the KTs similar to C-terminal deletion mutant ∆70 (Fig 

4.7 C, 4.8 C, 4.9 B-C). The Astrin-GFP p.L7*, conforming to Astrin p.L7Qfs*21 

variant (GH database), also shows reduced KT localization (Fig 4.2 C-D). However, 

Astrin-GFP WT localization at the KTs is also compromised, albeit less than Astrin-

GFP p.L7* (Fig 4.2 C-D). The short Astrin protein expressed in Astrin-GFP p.L7* 

migrates similarly to N-terminal deletion mutant YFP-Astrin ∆151 (Fig 4.3, Fig 4.4 B), 

and interestingly, YFP-Astrin ∆151 localizes normally at both the spindle and KTs (Fig 

4.5 B-C). Moreover, YFP-Astrin ∆274 also localizes normally at both the spindle and 

KTs in cells depleted of endogenous Astrin (Fig 4.6 B-C), suggesting the first 274 a.a. 

of Astrin may be dispensable for its KT localization. Collectively, the data may explain 

the high number of heterozygous (n=326) and homozygous (n=6) p.L7Qfs*21 variants 

in the "normal" population (Karczewski et al. 2020).  

Astrin is an 1193 amino acid long protein consisting of an N-terminal globular 

region and two coiled-coil regions (Gruber et al. 2002; Mack and Compton 2001). 

Astrin, part of a 4 unit complex consisting of Astrin, small KT-associated protein 

SKAP, dynein light chain LC8, and MYC binding protein (MYCBP; (Kern, Wilson-

Kubalek, and Cheeseman 2017)), localizes at the MTs through its binding partner 

SKAP (Kern et al. 2016). Astrin-SKAP interaction is through 482-693 a.a. region of 

Astrin (Friese et al. 2016; Kern, Wilson-Kubalek, and Cheeseman 2017), which is not 

lost in any of the variants/mutants studied explaining the normal spindle localization. 

Astrin-SKAP complex starts to localize at the KTs only when mature or end-on KT-

MT attachments have formed (Shrestha et al. 2017), and this localization is dependent 

on the C-terminal region of Astrin (482-1193 a.a; (Dunsch et al. 2011)) explaining the 

impaired KT localization in the C-terminal deletion variant/mutants. Lack of Astrin 

p.Q1012* variant at the KTs would compromise Astrin-SKAP complex's function at 

the KTs, which may explain the absence of Astrin p.Q1012* homozygotes. NDC80 is 

a key KT-MT attachment protein (McCleland et al. 2003), and Astrin-NDC80 

interaction may provide increased stability to KT-MT attachments. Although the Astrin 

p.E755K mutant normally localizes at the KTs, it still may affect Astrin-NDC80 

interaction and, thus, KT-MT attachment stability.  
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The N-terminal of Astrin is phosphorylated by several kinases such as Aurora-

A, CDK1, and GSK3 β  and binds Plk1 kinase in a CDK-dependent manner (Cheng et 

al. 2008; Chiu et al. 2014; Chung et al. 2016; Geraghty et al. 2021). These sites are lost 

in the N-terminal deletion mutant Astrin ∆151. Cells expressing Astrin with mutated 

Aurora-A phosphorylation site have disrupted spindle size and undergo prolonged 

mitosis (Shao-Chih Chiu et al. 2014). Cells expressing Astrin with mutated Plk1 

binding site have reduced KT-MT attachment stability (Geraghty et al. 2021). However, 

cells with mutated Plk1 binding site on Astrin or lacking the first 464 amino acids of 

Astrin can progress through an unperturbed cell cycle (Geraghty et al. 2021). N-

terminus of Astrin is conserved in mammals but not in birds, reptiles, and fish (see 

chapter 3). Proteins may evolve to take more roles in higher species, and sometimes 

more than one protein is involved in performing one function. It is possible that other 

proteins compensate for the loss of the N-terminus of Astrin in Astrin p.L7Qfs*21 

homozygotes.  

Astrin localization studies were conducted by transiently transfecting HeLa 

cells with plasmids encoding Astrin variants/mutants. Overexpression of proteins can 

lead to mislocalization and aggregate formation. Moreover, low expressing cells may 

not have enough protein, which may be inferred as reduced localization during analysis. 

For this reason, cells with aggregates were excluded from analysis, and cells within an 

experiment were imaged using the same exposure and care was taken not to include 

low or high expressing cells. For better accuracy, future studies could make z-

projections, measure maximum and minimum intensities, and use these values to select 

cells for analysis. 

All the work done so far assumes that the protein would be expressed in humans 

as predicted from the genomic variation. However, transcription of the human genome 

is influenced by several regulatory pathways, including splicing (Reviewed in: 

(Abramowicz and Gos 2019)). To confirm how the variant expresses in humans, one 

could generate a CRISPR cell line expressing the variant. If a short Astrin as predicted 

with this study is expressed in CRISPR Astrin p.L7Qfs*21, the cell line could be used 

to carry out functional studies, particularly the spindle size and KT-MT attachment 

stability defects observed in Aurora-A phospho mutant (Chiu et al. 2014) and Plk1 

binding mutant (Geraghty et al. 2021) expressing cells. The short Astrin protein 
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expressed in Astrin p.L7* is approximately 20-30 kDa smaller than the full Astrin. 

Astrin has two isoforms, and the shorter one is 20-30 kDa smaller than the longer 

isoform (Thein 2008). Astrin studies so far have been done only using the long isoform 

of Astrin, and whether there is a difference in functionality is not known. A mass 

spectrometry analysis could help determine whether the short Astrin expressed in 

Astrin p.L7Qfs*21 is indeed the short Astrin isoform. The cell line then can help answer 

whether the isoforms differ in functionality. Expression of the Astrin p.L7Qfs*21 

should also be confirmed in human volunteers. Such studies would confirm the size and 

amount of the protein expressed and confirm Astrin's N-terminus's dispensability. 
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CHAPTER 5: RESULTS-III-FUNCTIONAL 

CONSEQUENCES OF HUMAN ASTRIN 

P.Q1012* VARIANT 

5.1 INTRODUCTION 

In chapter 4, I have shown that the human Astrin p.Q1012* variant fails to 

localize at the metaphase kinetochores (KTs). At the KTs, Astrin interacts with the 

NDC80 complex, a key player involved in attaching KTs to the microtubules (MTs) 

((Kern, Wilson-Kubalek, and Cheeseman 2017), Tamura PhD, Draviam Lab; 

unpublished data). Moreover, Astrin replaces Kif2b from the Kif2b-CLASP1 complex 

and stabilizes KT-MT attachments (Manning et al. 2010). KT-MT attachments are 

monitored by spindle assembly checkpoint (SAC) and Kuhn and Dumont (Kuhn and 

Dumont 2017) showed that the arrival of Astrin at the KTs coincides with the removal 

of SAC proteins. The C-terminal region of Astrin lost in the Astrin p.Q1012* variant 

contains PP1 phosphatase docking site and potential PP2A docking sites (see Chapter 

3). Mutating the PP1 phosphatase docking site is sufficient to compromise the 

localization of Astrin at the KTs, albeit less than Astrin p.Q1012* variation (see 

Chapter 4), and prolongs mitosis (Conti et al. 2019). In this chapter, I explore the 

functional consequences of the Astrin p.Q1012* variant. 

5.2 HUMAN ASTRIN P.Q1012* EXPRESSING CELLS DISPLAY 

CHROMOSOME CONGRESSION AND SEGREGATION 

DEFECTS 

Human Astrin p.Q1012* variant has impaired localization at the kinetochores 

(KTs), similar to C-terminus Astrin ∆70 mutant localization (see Chapter 4). Previous 

studies have shown that cells stably expressing Astrin ∆70 mutant have prolonged 

mitosis ( C o n t i  e t  a l . 2 0 1 9 ) . To investigate whether this is also true for the 

Astrin p.Q1012* variant, I generated a conditionally expressing YFP-Astrin 

p.Q1012* cell line using HeLa FRT/TO Flp-In system. HeLa FRT/TO YFP-Astrin 

wild type (WT) cell line was already available in the lab. The cells were synchronized 

using a double thymidine block, YFP-Astrin expression was induced by releasing the 

cells in a medium containing tetracycline, and low-resolution live-cell imaging was 

performed for 10 hrs to observe the cells in mitosis (Fig 5.1 A). 100 nM sirDNA, a 
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DNA tracker, was added 10 hrs before imaging for tracking chromosomes. Cells that 

underwent nuclear envelope breakdown (NEBD) in the last 100 minutes of the movie 

were excluded from the analysis. Quantitative analysis of cells undergoing mitosis 

shows that compared to Astrin WT (n=68), a significant number of Astrin p.Q1012* 

expressing cells (n=32) fail to initiate anaphase within 10 hrs or undergo cell death 

(p<0.05; Fig 5.1 C). Moreover, the Astrin p.Q1012* expressing cells that complete 

mitosis display delayed anaphase onset (AO) (t50 (NEBD to AO): 96 mins for 

p.Q1012* vs. 60 mins for WT; Fig 5.1 B, D). The data suggest that Astrin p.Q1012* 

expressing cells have prolonged mitosis. 
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Figure 5.1 Human Astrin p.Q1012* expressing cells display chromosome congression and 

segregation defects. A. Experimental regimen. B. Representative time-lapse images of Astrin wild type 

(WT) and p.Q1012* cells treated as in A. Orange arrowheads represent unaligned chromosomes. NEBD 

is nuclear envelope breakdown, and AO is anaphase onset. Scale bars: 15 µm. C. Violin plot showing 

the percentage of cells that successfully initiated anaphase. The solid line represents the median, dotted 

lines represent quartiles, and symbols represent independent sets.   D. Cumulative frequency graph 

showing the time taken from NEBD to AO. T50 indicates the time taken by 50% of cells to enter 

anaphase. E. Cumulative frequency graph showing the time taken from NEBD to forming the metaphase 

plate. T50 indicates the time taken by 50% of cells to form the metaphase plate. F.  Violin plot showing 

the percentage of cells that successfully maintained chromosome congression. The solid line represents 

the median, dotted lines represent quartiles, and symbols represent independent sets.   G. Violin plot 

showing the percentage of cells with lagging chromosomes at anaphase. The solid line represents the 

median, dotted lines represent quartiles, and symbols represent independent sets. (A-G) Data represent 

four independent sets. Paired t-test was performed to find statistical significance. * represents p<0.05 

and ** represents p<0.01. 

To investigate the cause of prolonged mitosis in Astrin p.Q1012* expressing 

cells, I looked at chromosome congression time in cells that successfully initiated 

anaphase. Quantitative analysis shows that only 56% of Astrin p.Q1012* expressing 

cells (n=32) successfully congress their chromosomes compared to 90% of Astrin WT 

expressing cells (n=60; Fig 5.1 E). Furthermore, these cells take a longer time to 

congress their chromosomes (t50 (NEBD to metaphase): 48 mins for p.Q1012* vs. 24 

mins for WT; Fig 5.1 E), and once congressed, a significant number of Astrin p.Q1012* 

expressing cells fail to maintain chromosome congression (p<0.01; Fig 5.1 F). The data 

suggest that Astrin p.Q1012* expressing cells have defects in chromosome congression 

and maintenance. To ask whether the chromosome congression defects observed 

impact chromosome segregation, I looked at the presence of lagging chromosomes in 

anaphase cells. Quantitative analysis shows that Astrin p.Q1012* expressing cells 

(n=25) have a significantly higher incidence of lagging chromosomes in anaphase cells 

compared to Astrin WT cells (n=51; p<0.05; Fig 5.1 G).   

sirDNA can impact cell cycle progression (Sen, Saurin, and Higgins 2018), and 

although I used the dye at the recommended concentration,  I wanted to confirm that 

the phenotype observed is not a sirDNA induced artifact. Hence, I repeated the 

experiment without sirDNA. Quantitative analysis shows that 86% of Astrin p.Q1012* 

expressing cells (n=144) fail to initiate anaphase within 10 hrs or undergo cell death 

compared to 99% of Astrin WT (n=57; Fig 5.2 C), suggesting that both WT and 
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p.Q1012* cells do better in non-sirDNA treated cells (Fig 5.2 C vs. Fig 5.1C). 

Moreover, both WT and p.Q1012* expressing cells take less time in mitosis when not 

treated with sirDNA (Fig 5.2 B, D vs. Fig 5.1 B, D), suggesting that sirDNA contributes 

to prolonging mitosis. However, compared to the WT, the Astrin p.Q1012* expressing 

cells still display delayed anaphase onset (AO) (t50 (NEBD to AO): 72 mins for 

p.Q1012* vs. 48 mins for WT; Fig 5.2 B, D). I conclude that the prolonged mitosis 

phenotype observed in Astrin p.Q1012* expressing cells is not due to the presence of 

sirDNA.  
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Figure 5.2 Human Astrin p.Q1012* expressing cells display prolonged mitosis in the absence of 

sirDNA. A. Experimental regimen. B. Representative time-lapse images of Astrin wild type (WT) and 

p.Q1012* cells treated as in A. NEBD is nuclear envelope breakdown, and AO is anaphase onset. Scale 

bars: 15 µm. C. Violin plot showing the percentage of cells that successfully initiated anaphase. The 

solid line represents the median, dotted lines represent quartiles, and symbols represent independent sets.  

Paired t-test was performed to find statistical significance. ns=not significant. D. Cumulative frequency 

graph showing the time taken from NEBD to AO. T50 indicates the time taken by 50% of cells to enter 

anaphase. (A-D) Data represent five independent sets.  
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Next, I sought to confirm the lagging chromosome phenotype in Astrin 

p.Q1012* stably expressing cells. For this, I transiently expressed Astrin WT and 

p.Q1012* variant in HeLa cells for 48 hrs before fixation and counted the number of 

anaphase cells with lagging chromosomes (Fig 5.3 A-B). HeLa cell line is an 

immortalized cancer cell line that has ~12% anaphase cells with lagging chromosomes 

(Bakhoum et al., 2014). I find a similar incidence (0-13%) in non-expressing anaphase 

cells (n=150, 219) and Astrin WT expressing anaphase cells (4-19%; n=69), and the 

difference between non-expressing and Astrin WT expressing cells is not significant 

(Fig 5.4). In contrast to Astrin WT expressing anaphase cells (n=69), the incidence of 

lagging chromosomes is significantly increased in Astrin p.Q1012* expressing cells 

(n=98; p<0.05; Fig 5.3, 5.4), confirming the results observed in live-cell imaging 

studies. 
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Figure 5.3 Representative images of Astrin wild type (WT) and p.Q1012* anaphase cells with 

lagging chromosomes. HeLa cells expressing YFP-Astrin WT (A) and p.Q1012* (B) were fixed 48 hrs 

post-transfection and probed for GFP and CREST. DNA was stained with DAPI. Scale bar: 15µm. In 

insets, the scale bar is 1 µm (WT and p.Q1012* C05-06) or 5 µm (p.Q1012*: C01-C04). Yellow 

arrowheads represent lagging chromosomes, and yellow circles represent centromeric signals on or near 

lagging chromosomes. Data represent four experiments. 
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Figure 5.4 Human Astrin p.Q1012* expressing cells have a high incidence of lagging chromosomes 

in anaphase. The violin plot shows the percentage of anaphase cells with lagging chromosomes in cells 

transiently expressing Astrin wild type (WT) and p.Q1012* for 48 hrs before fixation. The solid line 

represents the median, dotted lines represent quartiles, and symbols represent independent sets. One-way 

ANOVA was performed to find statistical analysis. * represents p<0.05, ns=not significant. 

The data collectively suggests that human Astrin p.Q1012* variant expressing 

cells have chromosome congression and maintenance defects resulting in prolonged 

mitosis. Moreover, these cells display chromosome segregation defects suggesting that 

the expression of this variant in humans may have health consequences. 

5.3 HUMAN ASTRIN P.Q1012* EXPRESSING CELLS HAVE 

DNA DAMAGE 

Both prolonged mitosis and lagging chromosomes at anaphase can result in 

DNA damage (Reviewed in: (Ganem and Pellman 2012; Tahmasebi-Birgani, Ansari, 

and Carloni 2019)). Astrin p.Q1012* expressing cells have delayed anaphase onset and 

display lagging chromosomes in anaphase. To investigate whether Astrin p.Q1012* 

expressing cells also accumulated DNA damage, I probed HeLa cells transiently 

expressing the variant with γH2AX, a DNA damage marker (Reviewed in: (Mah, El-

Osta, and Karagiannis 2010)). Data indicate that the proportion of γ H2AX positive 

Astrin p.Q1012* (n=300) expressing cells is significantly higher than the WT (n=300, 

p<0.01; Fig 5.5 B-C), suggesting Astrin p.Q1012* expressing cells are prone to DNA 

damage. 
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Figure 5.5 Astrin p.Q1012* expression leads to an increased proportion of γH2AX positive cells. 

A. Experimental regimen. B. Representative images of Astrin wild type (WT) and p.Q1012* cells treated 

as in A and probed for GFP, γH2AX, and CREST. 24 hr Aphidicolin treatment was used as a positive 

control. Scale bars: 15 µm. C. Violin plot showing the percentage of gamma H2AX positive cells. The 

solid line represents the median, dotted lines represent quartiles, and symbols represent independent sets. 

A paired t-test was performed for statistical analysis. ** represents p<0.01. 

DNA damage may lead to the accumulation of S-phase cells as the cells try to 

repair their DNA before going into the next cell cycle (Cliby et al. 2002). To confirm 

that high γH2AX levels observed with Astrin p.Q1012* expression are due to DNA 

damage and not due to the enrichment of cells in S-phase, I immunostained cells using 

antibodies against PCNA, a marker of S-phase (Celis and Celis 1985; Bravo and 

Macdonald-Bravo 1985), in addition to γH2AX (Fig 5.6 B). Moreover, I used stably 

expressing cells instead of transiently expressing cells and followed the same timeline 

as the live-cell imaging experiment for YFP-Astrin induction (Fig 5.6 A). CENP-E 

inhibited HeLa cells were used as controls as inhibition of CENP-E, a motor protein 
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required for chromosome congression, leads to nuclear morphology defects (Hart, 

Adams, and Draviam 2021). Quantitative analysis shows that 2 hr treatment with 

CENPE inhibitor significantly increases γH2AX positive and PCNA negative 

population (n=300, p<0.01; Fig 5.6 C); however, the effect is lost when treatment is 

increased to 16 hrs (Fig 5.6 C). Moreover, a significantly higher percentage of Astrin 

p.Q1012* expressing cells are γH2AX positive and PCNA negative compared to Astrin 

WT (Fig 5.6 C), suggesting high γH2AX positive cells in Astrin p.Q1012* is not due 

to an accumulation of S- phase cells. 

 

Figure 5.6 Expression of Astrin p.Q1012* variant increases gamma H2AX positive and PCNA 

negative population. A. Experimental regimen. B. Representative images of Astrin p.Q1012* cells 

treated as in A and probed for γH2AX, PCNA, and CREST. Scale bars: 15 µm. C. Violin plot showing 

the percentage of gamma H2AX positive and PCNA negative cells (subpanel B, bottom row) in the 

treatments indicated. The solid line represents the median, dotted lines represent quartiles, and symbols 

represent independent sets. A paired t-test was performed to find statistical significance. * represents 

p<0.05, ** represents p<0.01. 

The data collectively suggests that cells expressing the human Astrin p.Q1012* 

variant may be prone to DNA damage. 
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5.4 HUMAN ASTRIN P.Q1012* EXPRESSING CELLS DISRUPT 

ENDOGENOUS ASTRIN-SKAP COMPLEX'S 

LOCALIZATION AT THE KINETOCHORES 

The functional studies-both live and fixed, were carried out in the presence of 

endogenous Astrin but show chromosome congression and segregation defects. This 

led me to question whether the expression of this variant impaired endogenous Astrin- 

SKAP complex's localization. To answer this, I first probed metaphase arrested, 

transiently expressing YFP-Astrin WT and p.Q1012* cells with Astrin antibody that 

detects both exogenous (YFP-Astrin) and endogenous Astrin. The post-transfection 

time for this study was kept the same as the YFP-Astrin localization studies. I then 

counted 40 kinetochores per cell (n=10 cells per set) and asked whether the Astrin 

signal was present or not. Quantitative analysis shows that the Astrin signal at the 

kinetochores is significantly reduced in Astrin p.Q1012* expressing cells compared to 

Astrin WT (p<0.0001; Fig 5.7 B-C), suggesting an impairment of endogenous Astrin 

localization. 

 

Figure 5.7 Astrin p.Q1012* expressing cells have impaired endogenous Astrin localization. A. 

Experimental regimen. B. Representative images of Astrin wild type (WT) and p.Q1012* cells treated 

as in A and probed for GFP, Astrin, and CREST. Scale bars: 5 µm in uncropped images and 1 µm in 

insets. C. Violin plot showing the percentage of kinetochores with Astrin (endogenous and exogenous-

YFP-Astrin) localized as a crescent. Dots represent independent kinetochores, the solid line represents 

the median, dotted lines represent quartiles and colors represent independent sets. Mann-Whitney U test 

was performed to find statistical significance. **** represents p<0.0001. 
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Next, I ran a similar experiment and asked whether localization of endogenous 

SKAP, whose localization at the kinetochores is dependent on Astrin localization 

(Dunsch et al. 2011; Kern, Wilson-Kubalek, and Cheeseman 2017), is also impaired. 

Similar to quantification for Astrin at KTs (Fig 5.7), I counted 40 kinetochores per cell 

(n=10 cells per set) and asked whether the SKAP signal was present or not. Data show 

that endogenous SKAP localization at the kinetochores is also significantly reduced in 

Astrin p.Q1012* expressing cells compared to the WT (p<0.01; Fig 5.8 B-C), 

suggesting an overall impairment of Astrin-SKAP complex's localization at the KTs of 

Astrin p.Q1012* expressing cells. 

 

Figure 5.8 Astrin p.Q1012* expressing cells have impaired endogenous SKAP localization. A. 

Experimental regimen. B. Representative images of Astrin wild type and p.Q1012* cells treated as in A 

and probed for GFP, SKAP, and CREST. Scale bars: 5 µm in uncropped images and 1 µm in insets. C. 

Violin plot showing the percentage of kinetochores with SKAP localized as a crescent. Dots represent 

independent kinetochores, the solid line represents the median, dotted lines represent quartiles, and colors 

represent independent sets. Mann-Whitney U test was performed to find statistical significance. ** 

represents p<0.01. 

The data collectively indicate that expression of Astrin p.Q1012*   variant 

disrupts endogenous Astrin-SKAP complex's localization, which may explain why 

Astrin p.Q1012* expressing cells display chromosome congression and segregation 

defects despite the presence of endogenous Astrin. 
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5.5 DISCUSSION 

Other than Astrin p.L7Qfs*21, no homozygous loss of function (LOF) variants 

of Astrin are found in the Genes and Health database (a genetic study of UK residents 

of Pakistani-Bangladeshi ancestry who self-reported as healthy; (Finer et al. 2020)) and 

gnomAD database (an international coalition of several genetic studies excluding 

severe pediatric diseases; (Karczewski et al. 2020)). Moreover, a compound 

heterozygous variation in Astrin has been linked with microcephaly; a child presented 

with small head size, mild speech delay, and short stature (Boonsawat et al. 2019). 

Together, the data suggest that genomic variations in Astrin may have health 

consequences, especially in communities with a high incidence of consanguineous 

marriages due to high chances of inheriting homozygous variants. The C-terminal 

human Astrin variant p.Q1012*, found in the Pakistani-Bangladeshi community in East 

London, normally localizes at the spindle but fails to localize at the metaphase 

kinetochores (KTs) both in the presence and absence of endogenous Astrin (see 

Chapter 4). Here I show that despite the presence of endogenous Astrin, cells stably 

expressing the p.Q1012* variant have delayed anaphase onset (Fig 5.1 B-D, 5.2 B-D). 

Using sirDNA, a DNA tracker, I show that Astrin p.Q1012* expressing cells take 

longer to form metaphase plate (Fig 5.1 B, E). Moreover, once aligned, they fail to 

maintain chromosome congression (Fig 5.1 B, F). At the KTs, Astrin plays an essential 

role in stabilizing KT-MT attachments by a) interacting with NDC80, a key KT-MT 

attachment protein ((Kern, Wilson-Kubalek, and Cheeseman 2017); Tamura PhD, 

Draviam Lab; unpublished data), b) replacing Kif2b from Kif2b-CLASP complex 

(Manning et al. 2010) and c) possibly through targeting phosphatases to the KTs (Conti 

et al. 2019; Hertz et al. 2016). Unstable KT-MT attachments may explain delayed 

chromosome alignment and failure to maintain chromosome congression in Astrin 

p.Q1012* expressing cells.   

Using both fixed and live-cell imaging, I show that Astrin p.Q1012* expressing 

cells have a higher incidence of lagging chromosomes in anaphase than the WT (Fig 

5.1 B, G, Fig 5.3 A-B, Fig 5.4). The Lagging chromosomes can a) go to the wrong 

daughter cell causing aneuploidy, b) go to the right daughter cell but acquire DNA 

damage during cytokinesis and/or c) acquire DNA damage in micronuclei which may 

or may not join the main nucleus (Reviewed in: (Ganem and Pellman 2012; Tahmasebi-
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Birgani, Ansari, and Carloni 2019)). In addition to lagging chromosomes, prolonged 

mitosis can also cause DNA damage (Reviewed in: (Ganem and Pellman 2012)). Using 

γH2AX as a DNA damage marker, I show a higher incidence of DNA damage in Astrin 

p.Q1012* expressing cells than the Astrin WT (Fig 5.5 B-C, Fig 5.6 B-C) that is not 

due to the accumulation of S-phase cells (Fig 5.6 B-C). These experiments were carried 

out in the HeLa cell line, an immortalized cancer cell line with a high chromosome 

number (Macville et al. 1999), and should be repeated in other cell lines such as near-

diploid RPE1 for confirmation.  

Lastly, I show Astrin p.Q1012* variant not only fails to localize at the KTs but 

also impairs the localization of endogenous Astrin-SKAP complex (Fig 5.7 B-C, Fig 

5.8 B-C). The Astrin-SKAP complex is a four-unit complex with a 2:2:2:2 

stoichiometry (Gruber et al. 2002; Kern, Wilson-Kubalek, and Cheeseman 2017). 

However, which region of Astrin is required for dimerization is not known. It is possible 

that YFP-Astrin p.Q1012* can form dimers with the endogenous Astrin, and this 

dimerization impairs endogenous Astrin's localization to KTs. The data suggest that the 

human Astrin p.Q1012* variant, if expressed, may cause health consequences even if 

in the presence of a normal copy of Astrin. mRNA and protein expression studies from 

individuals carrying this variant need to be carried out to see whether this variant is 

being expressed in the individuals or not. Cells may choose only to transcribe the 

normal copy of Astrin, or the variant mRNA is degraded through mechanisms such as 

non-sense mediated mRNA decay (NMD). In the microcephaly child with compound 

heterozygous variation in Astrin, the faulty copy of Astrin is degraded through NMD, 

resulting in the expression of only the normal copy of Astrin, albeit in a lower amount, 

in the patient's fibroblast (Boonsawat et al. 2019). However, the child still develops the 

developmental disorder. Studies on a microcephaly-linked KNL1 variation, another key 

KT protein, show that selective expression of the variant in neural cells due to 

differences in expression of splicing factors leads to increased neural cell apoptosis and 

reduced neural cell specialization (Javed et al. 2018). The brain-specific phenotype in 

the microcephaly-linked Astrin variation may also be linked to differences in 

expression of splicing factors and these differences may also be important for other 

human Astrin variants. 
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CHAPTER 6: RESULTS-IV-C-TERMINUS OF 

ASTRIN IS IMPORTANT FOR SPINDLE 

CHECKPOINT SIGNALLING 

6.1 INTRODUCTION 

For accurate chromosome segregation, each sister chromatid must attach to the 

microtubules (MTs) emanating from opposite spindle poles (termed biorientation). 

Initially, chromosomes are captured along the lateral surface of the MTs through a 

multiprotein complex called the kinetochore (KT) which assembles at the centromeric 

region of the chromosomes (Reviewed in: (Yamagishi et al. 2014; Musacchio and Desai 

2017; Monda and Cheeseman 2018)). Laterally attached KTs are then brought at the 

MT-ends forming the end-on attachments (Tanaka and Hirota 2016; Shrestha and 

Draviam 2013). Once each sister KT is attached to the MT's emanating from the 

opposite spindle pole, MT's pulling and pushing forces at the KTs increase the distances 

between the sister centromeres and KTs, generating tension which has been shown to 

stabilize KT-MT attachments in vivo (Dewar et al. 2004; Lampson and Grishchuk 2017; 

Cane et al. 2013; Harasymiw et al. 2019). Moreover, the forces result in the outward 

expansion of the KTs as observed by an increase in intra-KT distances, distances 

between the inner and outer KT proteins, leading to an increase in KT 

dephosphorylation and inactivation of spindle assembly checkpoint (SAC) (Wan et al. 

2009; Maresca and Salmon 2009; Uchida et al. 2009a). 

Genetic manipulation studies in budding yeast show that a drop of 1 pN or  

~20% of normal-tension per KT increases KT-MT detachment by ~5 fold, and this 

detachment is Aurora B dependent (Mukherjee, Ali, and Arunachalakasi 2019).  Aurora 

B kinase, a major player in error correction pathway, phosphorylates numerous 

substrates including residues in the N-terminal region of NDC80, a key attachment 

protein, to inhibit MT binding and thus destabilizing KT-MT attachments (Guimaraes 

et al. 2008; Miller, Johnson, and Stukenberg 2008; DeLuca, Lens, and DeLuca 2011). 

KT-MT attachments are regulated through phosphorylation and dephosphorylation 

events (Reviewed in: (Saurin and Kops 2016; Vallardi, Cordeiro, and Saurin 2017)); 

however, whether a phosphatase is involved in KT-MT attachment stability is not 

known. In addition to destabilizing KT-MT attachments, Aurora-B mediated 
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phosphorylation of KNL1 inhibits KNL1 binding to PP1 phosphatase, which is required 

for dephosphorylating "MELT" repeats on KNL1 to inhibit recruitment of BubR1, a 

spindle assembly checkpoint (SAC) protein (Nijenhuis et al. 2014; Meadows et al. 

2011; Rosenberg, Cross, and Funabiki 2011; Liu et al. 2010). SAC proteins such as the 

BUBs (Bub1, BubR1 and Bub3) and RZZ complex (ROD, ZWILCH and ZW10) arrive 

at the KTs in early prometaphase and recruit MAD1 and MAD2 checkpoint proteins 

resulting in inhibition of anaphase-promoting complex/cyclosome (APC/C) (Reviewed 

in: (Musacchio 2015; Joglekar 2016)). Continued SAC activation gives the cells time 

to correct erroneous KT-MT attachments and ensures chromosome segregation occurs 

only once correct attachments are formed.  

Aurora B kinase negatively regulates the Astrin-SKAP complex levels at the 

KTs (Schmidt et al. 2010; Shrestha et al. 2017). Astrin-SKAP complex arrives only at 

the end-on attached KTs (Shrestha and Draviam 2013), interacts with NDC80 (Kern, 

Wilson-Kubalek, and Cheeseman 2017), and plays a key role in stabilizing KT-MT 

attachments (Dunsch et al. 2011; Kern, Wilson-Kubalek, and Cheeseman 2017; 

Shrestha et al. 2017). Checkpoint proteins such as the BUBs and Mad1/2 are retained 

at the KTs of Astrin depleted cells (Thein et al. 2007; Schmidt et al. 2010), and live-

cell imaging has shown that Astrin's arrival at the KTs coincides with the removal of 

MAD1 protein (Kuhn and Dumont 2017). Whether the RZZ complex is also retained 

in Astrin depleted cells is not known. Human Astrin p.Q1012* variant fails to localize 

at the KTs, leading to chromosome congression defects, delayed anaphase onset, and 

chromosome segregation defects (see chapters 4 and 5). Here, I ask whether Astrin 

p.Q1012* expressing cells a) can generate tension at the KTs by measuring the inter-

centromeric distances and b) retain SAC proteins by immunostaining cells for ROD 

protein, part of the RZZ complex. I further ask whether the Astrin p.Q1012* cells have 

high phosphorylation at KNL1 p.S24, an Aurora B target that leads to inhibition of 

KNL1 PP1 phosphatase interaction (Welburn et al. 2010; Bajaj et al. 2018). Lastly, the 

C-terminus of Astrin has a potential PP1phosphatase binding site (See chapter 3), and 

here, I ask whether Astrin targets PP1 phosphatase to the KTs by a) pulldown studies 

in HeLa cells using exogenously expressed PP1 phosphatase and b) co-

immunoprecipitation studies by exogenously expressing Astrin fragments and PP1 

phosphatase. 
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6.2 HUMAN ASTRIN P.Q1012* EXPRESSING CELLS HAVE 

REDUCED INTER-CENTROMERIC DISTANCES 

To investigate whether expression of human Astrin p.Q1012* variant affects 

kinetochore (KT)-microtubule (MT) attachment stability, which could be inferred as 

inter-centromeric stretching or tension, I co-transfected HeLa cells with plasmids 

encoding either YFP tagged Astrin WT or p.Q1012* and CENPB-ds-Red (centromeric 

marker). Time-lapse imaging was performed 24 hrs later, and inter-centromeric 

distances were measured every minute over a period of ten minutes (Fig 6.1 A-B). Inter-

centromeric distances in the Astrin WT expressing cells range from 0.3 µm to 1.7 µm 

(n=9 cells, 5 KT pairs/cell; Fig 6.1 C-D). However, they are significantly reduced in 

the Astrin p.Q1012* expressing cells (0.4-1.3 µm, p<0.01; Fig 6.1 C-D). Next, I tracked 

inter-centromeric distance change for five consecutive time-points before and after the 

time-point at which the KT pair was unstretched, here forth termed t=0. Data indicate 

that centromeres in Astrin p.Q1012* cells stretch upto approximately 0.2 µm, but this 

stretching is less compared to the Astrin WT cells (approximately 0.37 µm; Fig 6.1 E-

F) I conclude that inter-centromeric stretching is reduced in cells expressing Astrin 

p.Q1012* variant compared to Astrin WT expressing cells. 
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Fig 6.1. Inter-centromeric stretching is reduced in cells expressing Astrin p.Q1012*. A. 

Experimental regimen. B. Cartoon showing inter-centromeric distance as a measurement of inter-

centromeric stretching. C. Representative time-lapse images of Astrin wild type and p.Q1012* 

expressing cells treated as in A. Scale bars: 5 µm in uncropped images and 1 µm in insets. Yellow circles 

indicate individual kinetochores (KTs) of a pair. D. Scatterplot showing inter-centromeric distances in 

cells treated as in A measured for five pairs of KTs per cell over 10 minutes (1 frame/min). "n" is the 

number of cells. Error bars show mean with SD. Man-Whitney U test was performed for statistical 

significance. ** represents p< 0.01. E-F. Change in inter-centromeric distances (normalized to least 

inter-centromeric distance) over time in cells treated as in A. "0" is the time point of least inter-

centromeric distance. The shaded area represents a 95% confidence interval.  "nKT" is the number of 

KTs. (D-F) Data represent three independent experiments. 

Next, I asked whether inter-centromeric stretching is reduced in Astrin 4A 

mutant, a PP1 phosphatase docking mutant where a potential PP1 docking domain 

conforming to RVxF motif in the C-terminus of Astrin is mutated into 4 Alanines to 
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disrupt Astrin PP1 interaction (Conti et al. 2019). For this, I used a stably expressing 

YFP-Astrin cell line, transiently expressed CENPB-ds-Red (centromeric marker) and 

performed time-lapse imaging 24 hrs later. Unlike the Astrin WT, the intensity of the 

4A mutant's signal at the KT is not constant. Instead, it appears to be "blinking"-

dimming and coming back (Duccio Conti et al. 2019). To ask whether the "blinking" 

Astrin impacts inter-centromeric distances, time intervals between inter-centromeric 

distance measurements were reduced to every 4 sec over a period of two minutes. In 

the absence of endogenous Astrin, inter-centromeric distances in Astrin WT expressing 

cells range from 0.18 µm to 0.91 µm (Fig 6.2 B-C) compared to 0.3 µm to 1.7 µm in 

the presence of endogenous Astrin (Fig 6.1 B-C). Moreover, inter-centromeric 

distances in Astrin 4A expressing cells are significantly reduced compared to the Astrin 

WT (0.098-0.67 µm in 4A compared to 0.18-0.91 µm in WT, p<0.0001; Fig 6.2 B-C). 

Interestingly, not only the maximum "stretch" but the minimum "stretch" is also 

reduced in Astrin 4A (Fig 6.2 C). Next, I tracked inter-centromeric distance change for 

one minute before and after the time-point at which the KT pair was unstretched, termed 

t=0. Data indicate that both Astrin WT and 4A stretch approximately 0.1-0.15 µm (Fig 

6.2 D-E). I conclude that inter-centromeric distances are reduced in cells expressing the 

Astrin 4A variant compared to Astrin WT, but the amount of stretching is similar. 
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Fig 6.2. Inter-centromeric stretching is reduced in cells expressing Astrin 4A depleted of 

endogenous Astrin. A. Experimental regimen. B.  Representative time-lapse images of Astrin wild type 

and 4A expressing cells treated as in A. Scale bars: 5 µm in uncropped images and 1 µm in insets. C. 

Scatter plot showing inter-centromeric distances in cells treated as in A measured for five pairs of 

kinetochores (KTs) per cell over 2 minutes (1 frame/4 s). "n" is the number of cells. Error bars show 

mean with SD. Man-Whitney U test was performed to find statistical significance. **** represents p< 

0.0001. D-E. Change in inter-centromeric distances (normalized to least inter-centromeric distance) over 

time in cells treated as in A. "0" is the time point of least inter-centromeric distance. The shaded area 

represents a 95% confidence interval. "nKT" is the number of KTs. (D-F) Data represent four 

independent experiments. 

Collectively, the data suggests that Astrin's C-terminus is required for adequate 

stretching and unstretching of centromeres.  
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6.3 HUMAN ASTRIN P.Q1012* EXPRESSING CELLS DISPLAY 

AN INCREASED INCIDENCE OF CHECKPOINT PROTEIN 

ROD AT METAPHASE KINETOCHORES 

One of the pathways for recruiting checkpoint proteins Mad1/2 at the 

kinetochores (KTs) involves the RZZ complex (Silió, McAinsh, and Millar 2015; Kops 

et al. 2005; Buffin et al. 2005). To investigate the spindle assembly checkpoint's status 

in Astrin p.Q1012* expressing cells, I looked at ROD (part of the RZZ complex) levels 

at the metaphase KTs.  Data indicate that ~77% of the Astrin p.Q1012* cells (n=44) 

have more than 4 KTs positive for ROD signal compared to only ~13% of Astrin WT 

cells (n=38, p<0.01; Fig 6.3 B-C). Next, I compared the ROD levels in Astrin p.Q1012* 

expressing cells with two Astrin C-terminal mutants: 4A (PP1 docking site mutant) and 

∆70 (lacks last 70 a.a. of Astrin including the potential PP1 docking site). Data indicate 

that only ~23% of cells expressing C-terminal mutants of Astrin have more than 4 KTs 

positive for ROD (n=21 for both 4A and ∆70), which is higher than the WT but less 

than the p.Q1012* (Fig 6.3 B-C). I conclude that expression of the Astrin p.Q1012* 

variant increases ROD retention at KTs, and this retention is higher than observed for 

Astrin 4A and ∆70 mutants. High checkpoint protein levels would delay anaphase onset 

and lead to an accumulation of metaphase cells. Indeed, in non-MG132 treated cells, 

there is a higher proportion of Astrin p.Q1012* expressing metaphase cells compared 

to Astrin WT (p<0.01; Fig 6.3 D).  
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Fig 6.3. Astrin p.Q1012* expressing cells display an increased incidence of ROD positive metaphase 

kinetochores. A. Experimental regimen. B. Representative immunofluorescence images of Astrin wild 

(WT) type, p.Q1012*, 4A and ∆70 expressing cells treated as in A and probed for GFP, ROD, and 

CREST. DNA was stained with DAPI. Scale bars: 5 µm in uncropped images and 1 µm in insets. C. Box 

plot showing the number of cells treated as in B with 0-1, 2-4, or >4 kinetochores (KTs) positive for 

checkpoint protein ROD (ROD +ve KTs). Symbols represent independent experiments. One-way 

ANOVA was performed to find statistical significance. * represents p<0.01, ns=not significant. D. Box 

plot showing the proportion of metaphase and anaphase cells after 24 hrs of transfection with Astrin WT 

and p.Q1012* plasmids. Symbols represent independent experiments. One-way ANOVA was performed 

to find statistical significance. * represents p<0.01, ns=not significant. 

6.4 HUMAN ASTRIN P.Q1012* EXPRESSING CELLS HAVE 

HIGH PHOSPHORYLATION AT KNL1 P.S24 

Recruitment of phosphatases at the kinetochores (KTs) and subsequent 

dephosphorylation of their KT targets is essential for silencing of spindle assembly 

checkpoint. To investigate whether retention of checkpoint protein ROD in Astrin 

p.Q1012* expressing variant is due to persistently high phosphorylation status of KT 
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proteins, I looked at phosphorylation at p.S24 residue of KNL1 whose phosphorylation 

by Aurora B prevents KNL1-PP1 phosphatase binding (Welburn et al. 2010; Bajaj et 

al. 2018). For this, I used a phospho antibody targeting p.S24 and data indicate that 

~67% metaphase KTs in Astrin p.Q1012* expressing cells are positive for phospho 

p.S24 compared to ~38% of Astrin wild type (WT; p<0.0001; Fig 6.4 B-C). Moreover, 

Astrin C-terminal mutants also have higher phosphorylation (~64% in ∆70 and ~54% 

in 4A) than WT (Fig 6.4 B-C). I conclude that cells expressing Astrin p.Q1012* have 

higher phosphorylation at KNL1 p.S24, which is similar to Astrin ∆70.   
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Fig 6.4. Astrin p.Q1012* expressing cells have high phosphorylation at KNL1 p.S24.  A. 

Experimental regimen. B. Representative immunofluorescence images of Astrin wild type (WT), 

p.Q1012*, 4A and ∆70 expressing cells treated as in A and probed for GFP, phospho KNL1 p.S24, and 

CREST. DNA was stained with DAPI. Scale bars: 5 µm in uncropped images and 1 µm in insets. C. 

Scatter plot showing the percentage of kinetochores positive for phospho KNL1 p.S24 staining. Dots 

represent individual cells, error bars represent mean with SD and data represents two independent sets.  

One-way Anova was performed to find statistical significance. *** represents p<0.001, **** represents 

p<0.0001. 

Next, I imaged and analyzed Astrin WT and ∆70 expressing cells depleted of 

endogenous Astrin for phosphorylation at p.S24 of KNL1. The experiment was set up 

by a previous postdoc in the lab, Duccio Conti. Data indicate that ~60% of metaphase 

KTs in Astrin ∆70 expressing cells are positive for phospho KNL1 p.S24 compared to 

~33% in Astrin WT (Fig 6.5 B-C). I conclude that Astrin ∆70 expressing cells have 

high phosphorylation at KNL1 p.S24.  

 

Fig 6.5. Astrin ∆70 expressing cells have high phosphorylation at KNL1 p.S24 in the absence of 

endogenous Astrin.  A. Experimental regimen. B. Representative immunofluorescence images of Astrin 

wild type (WT) and ∆70 expressing cells treated as in A and probed for GFP, phospho KNL1 p.S24, and 

CREST. DNA was stained with DAPI. Scale bars: 5 µm in uncropped images and 1 µm in insets. C. 

Scatter plot showing the percentage of kinetochores (KTs) positive for phospho KNL1 p.S24 staining. 

Dots represent individual cells, error bars represent mean with SD and data represents two independent 

sets. Man-Whitney U test was performed to find statistical significance. **** represents p<0.0001.  
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Collectively, the data suggest that expression of C-terminal variant and mutants 

of Astrin prevent successful dephosphorylation of KT proteins. 

6.5 ASTRIN IS PULLED DOWN FROM HELA CELLS BY 

EXOGENOUSLY EXPRESSED PP1 PHOSPHATASE 

Bioinformatics analysis shows a potential PP1 docking motif conforming to 

RVxF in Astrin's C-terminus (Conti et al. 2019). A PhD student in the Lab, Parveen 

Gul, standardized PP1γ phosphatase pulldown protocol and pulled down endogenous 

Astrin from HeLa cells (Conti et al. 2019). To investigate sensitivity and 

reproducibility, I repeated her pulldown experiment using exogenously expressed, 

purified and bead-bound GST and GST-PP1γ kindly provided by her. Immunoblot 

analysis shows multiple bands where endogenous Astrin is expected in GST-PP1γ 

pulldown but not in GST pulldown (Fig 6.6 A-B).  Next, I ran a coomassie to assess 

enrichment specific to GST-PP1γ pulldown and the gel shows enrichment of several 

bands which are not present in the GST pulldown lane (Fig 6.6 B).  
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Fig 6.6. Endogenous Astrin is pulled down from HeLa cell lysates by exogenously expressed GST-

PP1γ. A. Immunoblot of pulldown assay shows the interaction of GST-PP1γ, but not GST, with Astrin 

in lysates of mitotically synchronized HeLa cells. Cells were exposed to STLC for 24 hrs prior to lysate 

generation. Cells were sonicated (WCL=whole cell lysate), soluble fraction was separated by 

centrifugation (HeLa input) and exposed to exogenously expressed GST and GST-PP1γ bound to 

glutathione beads. Beads were then centrifuged (unbound) and washed four times (wash-1 and wash-4). 

Unbound, wash-1 and wash-4 are from GST-PP1 pulldown. Immunoblot was probed with antibody 

against Astrin. Yellow asterisks show Astrin bands. A cropped image of the immunoblot with Astrin 

bands is shown on the right. B. Coomassie of the same pulldown assay as in A showing the pulldown 

and inputs. Boxes show indicated proteins. GST and GST-PP1γ were purified by Parveen Gul. 

In addition to four bands matching the expected size of Astrin isoforms and 

Astrin phosphorylated forms, several non-specific bands were detected in the pulldown. 



CHAPTER 6 

141 

 

To confirm the detected bands were indeed Astrin, HeLa cells were treated by control 

siRNA and Astrin siRNA (Fig 6.7 A) and exposed to freshly purified GST and GST-

PP1γ (Fig 6.7 B). Again, immunoblot analysis shows multiple bands of Astrin being 

pulled down by exogenously expressed GST-PP1γ but not GST, but these bands are 

absent in cell lysates treated with Astrin siRNA (Fig 6.7 A-C). I conclude that Astrin, 

directly or indirectly, interacts with PP1 phosphatase in HeLa cells.  
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Fig 6.7. Endogenous Astrin is pulled down from HeLa cell lysates by exogenously expressed GST-

PP1 gamma in control siRNA treated cells. A. Immunoblot of pulldown assay shows the interaction 

of GST-PP1γ, but not GST, with Astrin in lysates of mitotically synchronized HeLa cells. Cells were 

treated with Astrin or Control siRNA, as indicated, and exposed to STLC for 24 hr prior to lysate 

generation. Immunoblot was probed with an antibody against Astrin. Yellow arrowheads indicate Astrin 

bands and the red arrow indicates a non-specific band. B. Coomassie-stained gel showing purified GST-

PP1γ and GST used as bait in A. GST and GST-PP1γ were purified by Parveen Gul. C. Graph of the 

ratio of Astrin intensities in the GST-PP1 or GST pulldown lane relative to input lysate lane. 

To investigate whether Astrin and PP1 interaction is direct, I standardized the 

expression and purification of Astrin C-terminal fragments-WT and 4A, and GST-

PP1γ. Using immobilized GST-PP1γ as bait, I coimmunoprecipitated both Astrin WT 
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and 4A (Fig 6.8 A-B). Immunoblot analysis shows PP1γ interacts more with Astrin WT 

than 4A (Fig 6.8 B).  However, the experiment does not include a negative control. 

Moreover, the results could not be reproduced when frozen-thawed purified Astrin 

fragments were used instead of freshly purified Astrin fragments (Fig 6.8 C-F).   

 

 

Fig 6.8. Direct interaction study of Astrin fragments and GST-PP1 gamma. A. Coomassie-stained 

gel of co-immunoprecipitation assay shows Astrin WT and 4A both interacting with GST-PP1γ. Freshly 

purified Astrin fragments and GST-PP1γ were used. B. Immunoblot of the co-immunoprecipitation assay 

as in A was probed for GST (top) and Astrin (bottom). Astrin-PP1 interaction seems reduced in Astrin 

4A. C. Coomassie-stained gel of co-immunoprecipitation assay shows Astrin WT and 4A both 

interacting with GST-PP1γ and GST control. Purified Astrin fragments frozen at -80 C were thawed one 

day later, and freshly purified GST-PP1γ were used. D. Immunoblot of the co-immunoprecipitation assay 

as in C was probed for GST (top) and Astrin (bottom). Both Astrin fragments interact with GST-PP1γ 

and GST control. E-F. Graphs of the ratio of Astrin intensities in pulldown lanes relative to input lysate 

lanes in C-D. 



CHAPTER 6 

144 

 

Collectively, the data indicate that Astrin is in complex with PP1γ phosphatase 

in mammalian cells. Preliminary findings suggest that Astrin directly interacts with 

PP1γ and mutating potential PP1 motif in the C-terminus of Astrin disrupts but does 

not abolish this interaction.  

6.6 DISCUSSION 

Microtubule (MT) pulling and pushing forces acting on either side of the sister 

kinetochores (KTs) results in the generation of tension. In vivo studies have shown that 

tension at the KT-MT interface is important for stabilizing KT-MT attachments (Dewar 

et al. 2004; Cane et al. 2013; Lampson and Grishchuk 2017; Harasymiw et al. 2019). 

Moreover, cancer cells have reduced tension (Harasymiw et al. 2019).  Tension at the 

KT-MT interface can increase a) inter-centromeric stretching, b) inter-KT stretching, 

and c) intra-KT stretching.  Using inter-centromeric distances as a readout for KT-MT 

attachment stability, I show that inter-centromeric distances are reduced in both C-

terminal human Astrin variant p.Q1012* and PP1 phosphatase docking mutant Astrin 

4A compared to the WT (Fig 6.1 C-F, Fig 6.2 B-C). Tracking the inter-centromeric 

distances over time shows that centromeres in Astrin p.Q1012* expressing cells only 

stretch an average of ~0.2 µm compared to 0.37 µm in the WT (Fig 6.1 E-F). In 

contrast, the Astrin 4A stretches similar to the WT (Fig 6.2 D-E) and appear to have 

reduced minimum inter-centromeric distances (Fig 6.2 C). Similar to the inter-

centromeric distances, both the maximum and minimum inter-KT distances are reduced 

in Astrin 4A expressing cells (Duccio Conti et al. 2019). Both of these studies were 

carried out in the absence of endogenous Astrin. One possible explanation is that the 

endogenous Astrin in the p.Q1012* study does not let the inter-centromeric distances 

fall below a specific limit. Compared to cells with endogenous Astrin, depletion of 

endogenous Astrin reduces inter-centromeric distances in the WT itself (0.18-0.91 

compared to 0.3-1.7 µm in the presence of endogenous Astrin; Fig 6.2 C vs. Fig 6.1 

D). However, both cell lines are different (HeLa vs. HeLa FRT/TO), and the method 

used to express Astrin is also different (transient vs. stable expression). Either of these 

may be responsible for the differences in the inter-centromeric measurements between 

the two studies. A future study investigating both Astrin p.Q1012* and 4A together in 
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the absence of endogenous Astrin could help answer whether the two proteins influence 

tension at the KTs differently.  

The error correction pathway senses reduced tension at the KT-MT interface, 

leading to Aurora B kinase-dependent KT-MT detachment (Mukherjee, Ali, and 

Arunachalakasi 2019; Guimaraes et al. 2008; S. A. Miller, Johnson, and Stukenberg 

2008; K. F. DeLuca, Lens, and DeLuca 2011). This may explain the presence of 

unaligned chromosomes in Astrin p.Q1012* expressing cells (See chapter 5) and 

increased incidence of lateral attachments in C-terminal Astrin mutants (4A and ∆C; 

(Conti et al. 2019)). Lateral attachments have high levels of spindle assembly 

checkpoint (SAC) proteins (Shrestha and Draviam 2013; Kuhn and Dumont 2017), and 

indeed all C-terminal Astrin variant/mutants have a high incidence of ROD checkpoint 

protein (Fig 6.3 B-C), and both C-terminal mutants have a high incidence of Mad2 

checkpoint protein at the metaphase KTs (Conti et al. 2019).  Moreover, ROD positive 

KTs are higher in Astrin p.Q1012* expressing cells compared to both C-terminal 

mutants (Fig 6.3 B-C). This is surprising as both Astrin p.Q1012* and ∆70 have 

impaired KT localization to a similar extent (see chapter 4). However, Astrin ∆70 has 

112 a.a. more than the p.Q1012*, and a motif search in this region found a potential 

PP2A phosphatase docking site (see Chapter 3). Astrin is pulled down by B56_PP2A 

(Hertz et al. 2016); however, whether this interaction is direct or not is unknown.  

Each step of mitosis is tightly regulated through phosphorylation and 

dephosphorylation events (Reviewed in: (Saurin and Kops 2016; Vallardi, Cordeiro, 

and Saurin 2017)). Aurora B phosphorylates KNL1 to inhibit KNL1-PP1 phosphatase 

interaction and  SAC silencing (Liu et al. 2010; Meadows et al. 2011; Rosenberg, Cross, 

and Funabiki 2011; Nijenhuis et al. 2014). Compared to the Astrin WT, all three C-

terminal Astrin variant/mutants have high phosphorylation at KNL1 p.S24 (Fig 6.4 B-

C, 6.5 B-C). Moreover, the high KNL1 p.S24 phosphorylation in Astrin p.Q1012* 

expressing cells is higher than the 4A but similar to ∆70 (Fig 6.4 B-C). Intra-KT tension 

and not inter-centromeric and inter-KT tension is required for reduced phosphorylation, 

SAC silencing, and anaphase onset (Maresca and Salmon 2009; Uchida et al. 2009a; 

Wan et al. 2009). Both C-terminal Astrin variant/mutant-p.Q1012* and 4A, expressing 

cells have reduced inter-centromeric distances, and Astrin 4A has reduced inter-KT 

distances (Fig 6.1 C-F; (Conti et al. 2019)); however, whether manipulating C-terminus 
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of Astrin also influences intra-KT stretching is not known. In the future, live-cell 

movies of Astrin 4A co-expressing a centromeric marker can be analyzed to determine 

intra-KT distances changes.  

Both C-terminal Astrin deletion variant/mutant-p.Q1012* and ∆70, cells have 

impaired KT localization and undergo checkpoint dependent prolonged mitosis (See 

chapter 4 and 5, Fig 6.3 B-C; (Conti et al. 2019)). Both Astrin p.Q1012* and ∆70 lack 

a potential PP1-docking motif, and GBP-PP1γ targeting at the C-terminus of Astrin 

leads to stabilization of KT-MT attachments (Conti et al. 2019). Astrin is pulled down 

by exogenously expressed GST-PP1γ (Fig 6.6 A, 6.7 A, C), but whether this interaction 

is direct or indirect is not known. I standardized the expression and purification of His 

tagged Astrin fragments (956-1193 a.a.), and preliminary co-immunoprecipitation 

results suggest that Astrin directly interacts with PP1γ phosphatase (Fig 6.8 A-B), and 

this interaction is reduced but not abolished with Astrin 4A mutant. However, the 

experiment could not be reproduced with frozen-thawed purified Astrin fragments (Fig 

6.8 C-F) and did not have a negative control (Fig 6.8 A-B). To confirm Astrin-PP1 

direct interaction, the experiment should be repeated using freshly purified Astrin 

protein fragments. Lastly, coomassie stained gel of the pulldown assay shows enriched 

bands in the GST-PP1γ lane (Fig 6.6 B). In the future, mass spectrometry studies can 

be carried out to find PP1γ interacting partners. 
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CHAPTER 7: DISCUSSION 

7.1 SUMMARY 

Stable end-on kinetochore (KT)-microtubule (MT) attachments are required for 

accurate chromosome segregation. Genomic variations in KT proteins can cause 

pregnancy loss, primary microcephaly (MCPH) and cancer-susceptible mosaic 

variegated aneuploidy (MVA) (Reviewed in: (Degrassi, Damizia, and Lavia 2019)). 

The incidence of MCPH is higher in populations where consanguineous marriages are 

common such as in northern Pakistan (Reviewed in: (Cox et al. 2006; Woods, Bond, 

and Enard 2005)). In this thesis, I first identified genomic variations in KT proteins 

from the Genes and Health (GH) database (Finer et al. 2020), a population genetic study 

of UK residents of Pakistani-Bangladeshi origin (Chapter 3). Next, I compared the 

percentage of tumor samples with somatic mutations in seven categories in the 

COSMIC database (Tate et al. 2019), a database of somatic mutations in cancer 

(Chapter 3). I found that the percentage of tumor samples with somatic mutations in 

the SPAG5 gene is lower than MCPH and tumor suppressor genes (Chapter 3).   

SPAG5 gene is a potential biomarker for cancer prognosis and a potential target 

for cancer therapy (Reviewed in: (He et al. 2020; Z. Ying et al. 2020)).  Moreover, a 

compound heterozygous genomic variation in the SPAG5 gene is associated with 

microcephaly (Boonsawat et al. 2019). SPAG5 gene encodes Astrin protein, a key KT 

protein required for stable end-on KT-MT attachments (Thein et al. 2007; Dunsch et al. 

2011; Manning et al. 2010; Shrestha et al. 2017; Gruber et al. 2002).  I identified two 

loss of function (LOF) Astrin variants - p.L7Qfs*21 and p.Q1012*-  from the GH 

database and one somatic Astrin mutant p.E755K from the COSMIC database 

(Chapter 3) and investigated their localization in human epithelial cells. My data 

suggest that Astrin p.L7Qfs*21 may express as a shorter protein (Chapter 4). 

Moreover, both Astrin p.L7Qfs*21 and p.E755K localize normally at the spindle and 

KTs (Chapter 4). However, the Astrin p.Q1012* variant fails to localize at the KTs 

(Chapter 4). Also, Astrin p.Q1012* expressing cells display prolonged mitosis, 

chromosome misalignment, chromosome missegregation and increased DNA damage 

(Chapter 5).  
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Next, I investigated three C-terminal Astrin variant/mutants and show that the 

C-terminus of Astrin is required for imparting MT-mediated pulling forces and 

silencing of spindle assembly checkpoint (SAC) (Chapter 6). Lastly, a PhD student in 

the lab had successfully pulled down endogenous Astrin with exogenously expressed 

GST-PP1γ phosphatase. I reproduced the pulldown, and my preliminary data suggest 

that the C-terminus of Astrin may directly interact with PP1 phosphatase (Chapter 6).  

In this chapter, I will discuss my work and possible future directions. 

7.2 IDENTIFICATION OF LOSS OF FUNCTION GENOMIC 

VARIATIONS IN KINETOCHORE PROTEINS 

GH is a community-based genetic study of people of Pakistani-Bangladeshi 

origin in East London, Birmingham and Bradford (Finer et al. 2020). This thesis 

identified 142 LOF genetic variants in KT proteins from the GH database (2018 LOF 

list; sample size = 7465; (Finer et al. 2020)) (Chapter 3). 94 of the 142 variants are not 

listed on the Ensembl (Yates et al. 2020). Only 6 of the 142 KT variants are homozygous 

variants, and of these 6, only 3 are listed on the Ensembl (Yates et al. 2020) (Chapter 

3). The list includes LOF genomic variations in several essential KT proteins, such as 

those involved in KT-MT attachment and spindle assembly checkpoint (SAC). 

Studying these variations can help increase our knowledge of disease and find better 

treatments.  

7.3 SOMATIC MUTATIONS IN KINETOCHORE PROTEINS 

This thesis has shown that in the COSMIC database (Tate et al. 2019), the 

percentage of tumor samples with somatic mutations in the Astrin-SKAP complex 

(required for stable end-on attachments), NDC80 complex (form the core KT-MT 

attachments) and MVA genes is lower compared to MCPH and tumor suppressor genes  

(Chapter 3). The low percentage of tumor samples with somatic mutations in these 

genes could mean that either these genes are located in regions that are less prone to 

damage or mutations in these genes are not tolerated (Reviewed in: (Nesta, Tafur, and 

Beck 2021)). This is interesting as the SPAG5 gene that encodes Astrin is upregulated 

in several cancers (Yuan et al. 2014; Abdel-Fatah et al. 2016; H. Zhang et al. 2016; 

Zhang et al. 2020; Liu et al. 2018; G. Liu et al. 2019; Song et al. 2018; Yang et al. 2018; 
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Yang et al. 2020). One possible explanation is that as Astrin is a mitotic protein, its 

expression is upregulated to drive increased cancer cell proliferation. However, being 

an essential protein, mutations in Astrin affecting its function may not be tolerated.  

This thesis shows that the most frequently observed Astrin mutation in the 

COSMIC database, Astrin p.E755K (n=3), normally localizes at the metaphase spindle 

and KTs ((Tate et al. 2019); Chapter 3, 4). However, whether the mutant normally 

localizes throughout the cell cycle was not investigated. Moreover, the mutant may 

cause functional defects despite normal localization, and this should be investigated in 

the future.   

7.4 HOMOZYGOUS ASTRIN VARIATIONS ARE FOUND IN 

THE N-TERMINUS OF ASTRIN 

This thesis identified two LOF Astrin variants (p.L7Qfs*21 and p.Q1012*) 

from the GH database and showed that Astrin p.Q1012* (n=2; heterozygous; sample 

size=8,921) might be exclusive to the Pakistani-Bangladeshi community in East 

London (Tate et al. 2019; Karczewski et al. 2020; Finer et al. 2020) (Chapter 3). The 

Astrin p.L7Qfs*21 variant, on the other hand, is listed on the GH (hetrozygous=134, 

homozygous=1; sample size=8,921) and gnomAD (heterozygous=320; 

homozygous=6; sample size=141,456) but not on the COSMIC database (sample 

size=38,303) (Tate et al. 2019; Karczewski et al. 2020; Finer et al. 2020) (Chapter 3). 

Interestingly, in the 1000 Genomes project Phase 3, the Astrin p.L7Qfs*21 variant is 

exclusive to South Asians with an allele frequency of  2% ((Yates et al. 2020); Assessed 

on: 05-03-2021). There are also five non-South Asians (European, African-American) 

with this variation on gnomAD (Karczewski et al. 2020). However, the variant is not 

present on the UK10K database ((Yates et al. 2020); Assessed on: 05-03-2021). A 

possible explanation for this trend is that the variant originated in South Asia and is 

now spreading. In the UK, it may still be restricted to the South Asian community.  

Interestingly, a homozygous Astrin start loss variant is also listed on the GH 

(heterozygous=223; homozygous=12; sample size=8,921) and gnomAD 

(heterozygous=1761; homozygous=25; sample size=141,456) databases (Karczewski 

et al. 2020; Finer et al. 2020) (Chapter 3). Moreover, this variant is also listed on the 

UK10K database ((Yates et al. 2020); Assessed on: 05-03-2021) and is present in all 
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ethnicities but more in Europeans (Karczewski et al. 2020), suggesting it may have 

originated in Europe. Astrin start loss and p.L7Qfs*21 variants are the only 

homozygous LOF Astrin variants present on the gnomAD database (Karczewski et al. 

2020) (Chapter 3). Heterozygous Astrin start loss and p.L7Qfs*21 variants are also 

listed on the GenomaAsia100K and TOPmed databases (Wall et al. 2019; Taliun et al. 

2021). Interestingly, no other LOF Astrin variant was listed on the GenomeAsia100K 

database (Wall et al., 2019). This could be due to the small sample size, but it reinstates 

that these variations are not rare.  

It is intriguing to speculate that two homozygous variations in the N-terminus 

of Astrin may have originated in two continents and now are spreading to other 

continents. The presence of homozygous Astrin variations exclusively in the N-

terminus suggests that variations are tolerated in the N-terminus but not in the C-

terminus. 

7.5 HUMAN ASTRIN P.L7QFS*21 VARIANT  

7.5.1 HUMAN ASTRIN P.L7QFS*21  MAY EXPRESS AS THE SHORT 

ASTRIN ISOFORM 

Using mass spectrometry, Thein et al. (Thein, 2008) showed that Astrin has two 

isoforms, and the short isoform lacks the N-terminal amino acid residues. To date, all 

the Astrin studies have been conducted on the long Astrin isoform, and the function of 

the short isoform is not known. This thesis suggests that Astrin p.L7Qfs*21 variant may 

express as a short protein starting from 152 a.a. of Astrin (Chapter 4). On an 

immunoblot, the two Astrin isoforms migrate with a difference of ~15 kDa, which is 

approximately the same as the Astrin WT and ∆151 (Chapter 4), suggesting the short 

protein expressed is the short Astrin isoform.  

Except for one lung cancer cell line HBEC, all immunoblot studies published 

so far show both Astrin isoforms (Table 7.1). However, the transcriptomics data does 

not show the short isoform expression on the transcript level (Karczewski et al., 2020), 

suggesting it is formed by a post-translational modification. Both N-terminal and C-

terminal Astrin residues were detected in my analysis of proteomics studies in the 

PRIDE database (Chapter 3). However, they were not segregated to compare Astrin 

isoform expression between cell types or within the same cell type. Future studies 
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should look into when and how the short Astrin isoform is formed and why the cells 

need it. 

Table 7.1: Astrin isoforms detected in immunoblot studies. 

Cell line Number of bands 

(untreated/control)  

Publication 

Cervical cancer cell line 

(HeLa) 

Two (Mack and Compton 2001; 

Yang et al. 2006; Cheng et al. 

2007; Thein et al. 2007; 

Duccio Conti et al. 2019; 

Cheng et al. 2008; Schmidt et 

al. 2010; Thedieck et al. 2013; 

Chung et al. 2016; Chu et al. 

2016) 

Embryonic kidney cell line 

(Hek293T) 

Two (L. Liu et al. 2009) 

Osteosarcoma cell line 

(U2OS) 

Two (Halim et al. 2013) 

Breast cancer cell lines 

(MDA-MB453, BT474, 

MCF-7, MDA-MB231, 

MDA-MB468, MCF10A) 

Two (Thedieck et al. 2013; Canu et 

al. 2020; Li et al. 2019) 

Lung cancer cell lines (A549, 

HCC827, HCC515, 

HCC1833, NCI-HI993, NCI-

H2347, NCI-H3225, H460, 

H1299, H1792, H1975, 

HCC827, Calu-1, PC9) 

Two (Huang and Li 2020; Wang et 

al. 2019) 

Lung cancer cell line 

(HBEC) 

One (low signal 

despite good 

(Wang et al. 2019) 



CHAPTER 7 

153 

 

Cell line Number of bands 

(untreated/control)  

Publication 

loading control 

signal) 

Hap1 cell line (haploid cells 

derived from chronic 

myelogenous leukemia 

(CML) 

Two Draviam Lab, unpublished 

Patient-derived fibroblasts 

(Microcephaly) 

Two (Boonsawat et al. 2019) 

Retinal pigment epithelial 

cells (RPE-1) 

Two Draviam Lab, unpublished 

7.5.2 THE N-TERMINUS OF ASTRIN MAY NOT BE ESSENTIAL 

This thesis shows that Astrin ∆151, mimicking the new start site in Astrin 

p.L7Qfs*21, normally localizes at the spindle and KTs (Chapter 4). Moreover, a short 

Astrin protein starting from 275 a.a. of Astrin can localize normally at the spindle and 

KTs in the absence of endogenous Astrin (Chapter 4). Astrin ∆274 expressing cells 

have a mild localization defect in the presence of endogenous Astrin (Chapter 4), 

which may be due to the competition with the endogenous Astrin.  

Four studies have previously looked at Astrin’s N-terminal deletion mutants. 

Mack and Compton (Mack and Compton 2001) showed that Astrin 161-1193 a.a. 

normally localizes at the spindle, but the study did not look at the KT localization. 

Dunsch et al. (Dunsch et al. 2011) showed that Astrin 482-1193 a.a. and Kern et al. 

(Kern, Wilson-Kubalek, and Cheeseman 2017) showed that Astrin 465-1193 a.a. is 

sufficient for Astrin’s arrival at the spindle and KTs and the formation of a bipolar 

spindle. However, Astrin 465-1193 a.a. showed compromised localization at KTs in 

prometaphase arrested cells (Geraghty et al. 2021).   

Four kinases phosphorylate the N-terminal of Astrin: Aurora-A, CDK1, PLK1 

and GSK3-β (Cheng et al., 2008; Shao-Chih Chiu et al., 2014; Chung et al., 2016; 

Geraghty et al., 2021). Overexpressing Aurora A phospho mutant disrupts spindle size 
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while overexpressing PLK1 docking site mutant reduces KT-MT attachment stability 

(Chiu et al., 2014; Geraghty et al., 2021). Both lead to prolonged mitosis (Chiu et al., 

2014; Geraghty et al., 2021). Moreover, the N-terminal region of Astrin interacts with 

NDC80 and is required for synergistic binding with the MTs (Kern, Wilson-Kubalek 

and Cheeseman, 2017). The Astrin 465-1193 a.a. expressing cells form unaligned 

chromosomes earlier than the WT in metaphase arrested cells (Geraghty et al. 2021). 

Moreover, these cells show reduced MT intensity in prometaphase arrested cells 

(Geraghty et al. 2021). However, Astrin 465-1193 a.a. was able to rescue Astrin 

depletion mitotic defects similarly to the WT (Kern, Wilson-Kubalek, and Cheeseman 

2017). Also, a live-cell imaging study using a stable expressing cell line showed that 

Astrin 465-1193 a.a. expressing cells can progress through an unperturbed cell cycle 

(Geraghty et al. 2021), suggesting that the N-terminus of Astrin is not essential for cell 

survival.  

This thesis shows that amino acids corresponding to the first and second exon 

of Astrin are conserved in mammals but not in birds, reptiles and fish (Chapter 3). A 

possible explanation is that the Astrin evolved to gain an additional function, but that 

function is not essential. Unlike human NDC80, the N-terminus of Yeast NDC80 is not 

essential, but it becomes essential when Dam1 protein is compromised (Demirel et al. 

2012). Dam1 protein is part of the Dash/Dam1 complex, a ring-like structure that circles 

the MTs and interacts with NDC80 to form stable KT-MT attachments (Miranda et al. 

2005; Westermann et al. 2005; Jenni and Harrison 2018). In humans, the Dam/Dash1 

complex is replaced by the SKA complex (Van Hooff, Snel, and Kops 2017). The SKA 

complex does not form a complete ring but instead forms W-shaped structures 

(Jeyaprakash et al. 2012). This structural difference between the Dash/Dam1 complex 

and the SKA complex may explain why the SKA complex is insufficient for KT-MT 

stabilization and why the cells need the Astrin-SKAP complex. However, like the N-

terminus of yeast NDC80, the N-terminus of human Astrin may only become essential 

when other KT-MT attachment stability proteins are compromised. 

Non-essentiality of the N-terminus of Astrin would explain the homozygous 

Astrin p.M? and Astrin p.L7Qfs*21 variations. Future studies should look at the 

function of the short Astrin to confirm whether it is indeed not essential. Moreover, 

mRNA and protein expression studies should be carried out in humans to confirms the 
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size and sequence of the Astrin protein expressed in both homozygous N-terminal 

Astrin variants.  

7.6 HUMAN ASTRIN P.Q1012*VARIANT 

7.6.1 COMPROMISED KINETOCHORE LOCALIZATION 

The Astrin-SKAP complex is present at the MTs throughout mitosis but only 

localizes at the KTs once the end-on attachments have formed (Shrestha et al. 2017; 

Shrestha and Draviam 2013; Kuhn and Dumont 2017). The localization of this complex 

at the KTs requires the C-terminus of Astrin (Dunsch et al. 2011; Kern, Wilson-

Kubalek, and Cheeseman 2017). This thesis has shown that a human Astrin p.Q1012* 

variant fails to localize at the metaphase KTs (Chapter 4). The C-terminus of Astrin 

beyond 1011 a.a. of Astrin is conserved in mammals, birds, reptiles and fish (Chapter 

3). Work in the lab has shown that the C-terminus of Astrin has a potential PP1 docking 

motif at 1123-1126 a.a. conforming to RVxF motif and converting it to AAAA (4A) 

compromises Astrin’s localization at the KTs (Conti et al. 2019). Moreover, a C-

terminal deletion mutant ∆70 lacking the potential PP1 docking motif fails to localize 

at the KTs (Conti et al. 2019). In this thesis, I have shown that in addition to the PP1 

docking motif, the region lacking in Astrin ∆70 has two potential PP2A and one 

potential PP2B docking motif (Chapter 3). Moreover, a potential PP2A docking motif 

in the 112 a.a. region is additionally lost in Astrin p.Q1012* (Chapter 3).  The Astrin 

p.Q1012* localization at the KTs is reduced compared to Astrin 4A but is comparative 

to Astrin ∆70 (Chapter 4). Work from the lab has shown that artificially tethering PP1γ 

phosphatase to the C-terminus of Astrin 4A and ∆70 rescues their KT localization 

defect (Conti et al. 2019). KT localization defect in Astrin p.Q1012* may also rescue 

similarly. In the future, this could be tested by generating a plasmid with a C-terminal 

GFP tag and lacking the last 182 a.a. of Astrin and co-expressing it with the mcherry-

GBP- PP1γ available in the lab. 

7.6.2 MICROTUBULE PULLING FORCES AND CHROMOSOMES 

MISALIGNMENT 

Using inter-centromeric distances as a readout for MT-mediated pulling forces, 

I have shown that MT-mediated pulling forces are reduced in both Astrin p.Q1012* 

and 4A expressing cells (Chapter 6). The Astrin 4A data is part of the work already 
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published (Conti et al. 2019). Next, I normalized inter-centromeric distances to 

minimum inter-centromeric distances for each KT pair and tracked them over time. My 

data suggest that the amount of stretching is reduced in Astrin p.Q1012* but not in 4A 

(Chapter 6). A possible explanation is that the presence of endogenous Astrin in Astrin 

p.Q1012*cells was sufficient to maintain minimum inter-centromeric distances but not 

the maximum inter-centromeric distances. To investigate this, the experiment should 

be repeated in the absence of endogenous Astrin and Astrin p.Q1012* and 4A should 

be compared simultaneously. Studies have shown intra-KT and not inter-centromeric 

stretching is required for SAC silencing (Maresca and Salmon 2009; Uchida et al. 

2009b; Wan et al. 2009). Measuring intra-KT distancing is not possible in Astrin 

p.Q1012* expressing cells with the current experiment settings. However, Astrin 4A’s 

recruitment at the KTs is not as compromised as the p.Q1012* and could be used as a 

KT marker.  

At the KTs, Astrin interacts with both the MTs and the NDC80 complex (Kern, 

Wilson-Kubalek, and Cheeseman 2017). Moreover, work from the lab shows that 

Astrin mediated PP1 delivery at the KTs is required for its own enrichment at the KTs 

(Conti et al. 2019). Together, this leads to the stabilization of end-on attachments. 

Reduced inter-centromeric distances in Astrin p.Q1012* and 4A cells suggest unstable 

KT-MT attachments (Chapter 6). Unstable KT-MT attachments are prone to break off 

and may explain prolonged chromosome congression time and failure to maintain 

chromosome congression in Astrin p.Q1012* cells (Chapter 5).  

To track the chromosomes, I used sirDNA, a dye that can impair cell cycle 

progression (Sen, Saurin, and Higgins 2018). My own results indicate impaired mitotic 

progression observed in Astrin p.Q1012* is more marked in cells with sirDNA 

(Chapter 5). Ideally, a DNA or centromeric marker should be stably expressed to 

minimize the effect on the cells. I have used a stable expressing HeLa FRT/TO YFP-

Astrin cell line for my mitotic expression experiments. However, my attempts to 

generate a double-expressing HeLa FRT/TO YFP-Astrin CENPB-dsRed (centromeric 

marker) failed. The cells appeared stressed and underwent massive death. Using a 

different marker may resolve this issue.  
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7.6.3 ACTIVE SPINDLE ASSEMBLY CHECKPOINT AND DELAYED 

ANAPHASE ONSET 

KNL1, a core KT protein, directly interacts with PP1 phosphatase (Meadows et 

al. 2011; Rosenberg, Cross, and Funabiki 2011; Liu et al. 2010). KNL-PP1 interaction 

is essential for SAC silencing but not for KT-MT attachment stabilization (Shrestha et 

al. 2017). Aurora B kinase phosphorylates KNL1 at p.S24 and inhibits KNL1-PP1 

interaction (Bajaj et al., 2018). This thesis has shown that phosphorylation at KNL1 

p.S24 is high at metaphase KTs of Astrin p.Q1012*, 4A and ∆70 expressing cells 

(Chapter 6), suggesting an active SAC. Work from the lab has shown that Astrin 4A 

and ∆70 expressing cells retain Mad2 checkpoint protein at metaphase KTs and have 

delayed anaphase onset (Conti et al. 2019). This thesis shows that Astrin p.Q1012*, 4A 

and ∆70 expressing cells retain ROD checkpoint protein at metaphase KTs and have 

delayed anaphase onset (Chapter 5, 6). Collectively, the studies show that the C-

terminus of Astrin is required for SAC silencing. 

7.7 ASTRIN RECRUITS PHOSPHATASES TO THE 

KINETOCHORES 

In this thesis, I reproduced previous work in the lab and showed that endogenous 

Astrin is pulled down by exogenously expressed GST-PP1γ. This is part of the work 

already published (Conti et al., 2019). Preliminary findings from this thesis suggest that 

Astrin directly interacts with PP1γ and this interaction is reduced but not abolished in 

Astrin 4A (Chapter 6). The finding could not be reproduced when frozen-thawed 

Astrin protein fragments were used. In the future, Astrin-PP1γ direct interaction should 

be confirmed using freshly purified Astrin fragments.  

Astrin p.Q1012* and ∆70 have similar phosphorylation levels at KNL1 p.S24 

but different ROD checkpoint protein levels (Chapter 6). High ROD levels in Astrin 

p.Q1012* suggest that the 1012-1122 a.a. region of Astrin has an additional role. Work 

from the lab has shown that tethering PP1γ to short Astrin fragments 694-1122 and 851-

1122 a.a. but not 694-850 partially rescues their KT localization defects (Conti et al., 

2020). Astrin is pulled down with PP2A-B56 phosphatase (Hertz et al., 2016), 

suggesting that they both interact in human cells. This thesis identified a potential PP2A 

phosphatase docking motif in the Astrin 1012-1122 a.a. region (Chapter 3). Astrin may 
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be recruiting PP2A phosphatase through this region. Direct interaction can be 

investigated in the future using purified Astrin fragments standardized in this thesis.  

 ROD is part of the RZZ complex, which expands the fibrous corona (outermost 

KT) in prometaphase (Gama et al., 2017; Pereira et al., 2018; Sacristan et al., 2018). 

The expanded fibrous corona shrinks once end-on attachments are formed (Magidson 

et al., 2015; Sacristan et al., 2018). Astrin-PP2A at the KTs may be required for 

shrinking fibrous corona. This should be investigated in the future by mutating the 

potential PP2A docking motif identified in this thesis (Chapter 3).   

7.7.1 CHROMOSOME SEGREGATION DEFECTS AND DNA DAMAGE 

This thesis shows that Astrin p.Q1012* expressing cells have a delayed 

anaphase onset and a high incidence of lagging chromosomes in anaphase (Chapter 5). 

Both prolonged mitosis and lagging chromosomes can lead to DNA damage and 

aneuploidy (Stephens et al. 2011; Hatch et al. 2013; Lanni and Jacks 1998; Dalton et 

al. 2007; Quignon et al. 2007; Hoffelder et al. 2004; Janssen et al. 2011; Santaguida et 

al. 2017; Soto et al. 2017; Crasta et al. 2012b; Zhang et al. 2015; Ly et al. 2017). This 

thesis shows a high incidence of DNA damage in Astrin p.Q1012* expressing cells 

(Chapter 5). However, these experiments were conducted in HeLa and HeLa FRT/TO 

cell lines which already have high DNA damage. A near diploid cell line with functional 

p53 status can be used for better quantification of DNA damage in the future. Moreover, 

karyotyping should be done to see whether Astrin p.Q1012* expression leads to 

aneuploidy.  

7.7.2 WHAT DOES THIS MEAN FOR THE HUMANS CARRYING THE 

ASTRIN P.Q1012* VARIATION? 

A compound heterozygous Astrin variant has been shown to cause 

microcephaly (Boonsawat et al. 2019). mRNA studies on patient-derived fibroblasts 

show a deletion of exon 11, resulting in a predicted p.G1064E*3 (Boonsawat et al. 

2019). However, the variant transcript is eliminated through nonsense-mediated decay 

(NMD) (Boonsawat et al. 2019). Moreover, protein expression studies show the variant 

is not expressed (Boonsawat et al. 2019). As the Astrin p.Q1012* heterozygotes are 

reported to be healthy, it is likely that Astrin p.Q1012* transcript also undergoes NMD, 

and the variant protein is not expressed. However, p.G1064E*3 transcript expression 
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reduces normal Astrin protein levels (Boonsawat et al. 2019). The patient has 

microcephaly and reduced stature, suggesting that reduced Astrin levels are insufficient 

for growth and differentiation (Boonsawat et al. 2019). Hence, mRNA and protein 

expression studies are needed in individuals with Astrin p.Q1012* variation to assess 

the size and sequence of transcript/s and the size and level of expressed protein/s. These 

studies were part of the plan for this thesis, and ethical approval has been obtained. 

However, due to the COVID-19 pandemic, the studies have been paused. 

 At the time of the study, the Astrin microcephaly patient was only 2.3 years old 

and had a mild speech delay and short stature (Boonsawat et al. 2019). The study was 

published only about two years ago, and whether the child has or eventually will 

achieve normal milestones is not known. A child carrying a compound heterozygous 

KNL1 variation initially displayed a developmental delay but achieved normal 

milestones by 17 months of age (Zarate et al. 2016). The participants in the GH study 

are all adults who self-report themselves as healthy. An individual with mild speech 

delay as a child or short stature is unlikely to be picked in the initial screening. 

So far, there are only two Astrin p.Q1012* cases in GH, but there are over 100 

p.L7Qfs*21cases. My results suggest that humans may tolerate a lack of N-terminus of 

Astrin. However, inheriting both variations as a compound heterozygous variant may 

not be tolerated. Moreover, there are several hundred cases of missense Astrin 

variations in GH. Most are likely to be tolerated, but a few may not, especially in 

combination with other variants. Hence, humans with Astrin p.Q1012* variation are at 

risk of frequent pregnancy loss and having children with congenital disabilities and may 

need genetic counseling. 
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7.8 GRAPHIC SUMMARY 

 

Fig 7.1 Human Astrin is an essential protein that starts to decorate the microtubules (MTs) at the start of 

mitosis but only arrives at the kinetochores (KTs) once end-on attachments are formed. The arrival of 

Astrin at the KTs is through its C-terminus. Moreover, the C-terminus of Astrin has a docking site for 

PP1 phosphatase, and Astrin-mediated PP1 targeting to the KTs is important for KT-MT attachment 

stability. Lack of the first 151 a.a. in the N-terminus of Astrin does not impair localization of Astrin at 

both the spindle MTs and KTs despite lacking Aurora A phosphorylation, CDK1 phosphorylation and 

PLK1 binding sites. Hence, humans carrying homozygous Astrin p.L7Qfs*21 variation may use the 

transcriptional site at 152 a.a. of Astrin to express a shorter Astrin protein which may localize and 

function normally. On the other hand, the human Astrin p.Q1012* variant fails to localize at the KTs and 

leads to unstable KT-MT attachments, chromosome congression and segregation defects even in the 

presence of endogenous Astrin. In a heterozygous state, cells may not express or destroy the variant copy 

and the normal copy of Astrin may be sufficient for fulfilling the function of Astrin in the cells. However, 

homozygous Astrin p.Q1012* variation may not be tolerated and individuals heterozygous for this 

variant are at risk of fertility issues and having children with developmental disorders.
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APPENDIX 

APPENDIX TO CHAPTER 6: RESULTS-IV-C-TERMINUS OF ASTRIN IS 

IMPORTANT FOR SPINDLE CHECKPOINT SIGNALLING 

 
Fig 6.7 - Supplementary Fig 1.  A. Immunoblot of pulldown assay shows the interaction of GST-PP1γ, 

but not GST, with Astrin in lysates of mitotically synchronized HeLa cells. Cells were treated with Astrin 

or Control siRNA, as indicated, and exposed to STLC for 24 hrs prior to lysate generation. Immunoblot 

was probed with an antibody against Astrin. WCL = whole cell lysate.  B. Ponceau stain of the 

membranes shown in A before blocking in the blocking buffer. 
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Fig 6.8 – Supplementary Fig 1. Direct interaction study of Astrin fragments and GST-PP1 gamma 

(third repeat). A. Coomassie-stained gel of co-immunoprecipitation assay shows Astrin WT and 4A 

both interacting with GST-PP1γ and GST control. Frozen-thawed purified Astrin fragments were used. 

B. Immunoblot of the co-immunoprecipitation assay as in C was probed for GST (top) and Astrin 

(bottom). Both Astrin fragments interact with GST-PP1γ and GST control. C-D. Graphs of the ratio of 

Astrin intensities in pulldown lanes relative to input lysate lanes in A-B. 
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